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Abstract

This work investigates the diffusion behavior of Cr and V elements in 50CrVA steel under
heating at 950◦C for 30 min, followed by shot peening treatment. The results show that the
50CrVA steel is significantly oxidated. The oxides are mainly Fe2O3, Fe3O4, and FeCr2O4.
The Cr element is enriched at the transition layer between the oxides and the matrix. The
V element is homogeneously distributed in the oxidation layer and Fe matrix. After the shot
peening treatment, the oxides are successfully removed. The oxides containing the V element
form during the shot peening treatment. The oxides strengthen surfaces but lead to uneven
surfaces. The relatively low heating temperature can effectively decrease the thickness of the
oxide layer and reduce V oxides formed in the shot peening process, which is conducive to
improving the surface quality.
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1. Introduction

Leaf springs are elastic components in automobile
suspension systems, requiring good reliability, simple
structure, and low cost [1–3]. As an essential part of
the automobile, the reliability of leaf spring perfor-
mance and quality directly affects its driving safety.
Furthermore, leaf springs are subjected to great al-
ternating loads during driving [4–6]. Therefore, auto-
mobile manufacturers have high requirements for the
high surface quality of the leaf springs.
The 50CrVA steel is a medium carbon alloy spring

steel with a specific strength and good plasticity [7,
8]. It is widely used to manufacture automobile leaf
springs [9]. High-temperature treatment is usually
adopted for 50CrVA steel to ensure high mechanical
performance. However, the high-temperature treat-
ment generates oxides, which damage the surface qual-
ity [10]. Although the shot peening treatment removes
the surface oxide layer, the surface quality is still not
optimistic. The formation of oxides has an important
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effect on surface quality. The various alloying elements
play different roles in the oxidation process, which hin-
ders or promotes the oxidation process [11]. Therefore,
understanding the diffusion behavior of the alloying
elements in the 50CrVA steel under high-temperature
oxidation and shot peening treatment processes is very
important to control the surface quality.
For the 50CrVA steel, the Cr and V elements are

the main alloying elements. Previous studies [12–14]
show that Fe-Cr steel can form a continuous Cr en-
richment layer between the matrix and iron oxide
at high temperatures. Cr and V carbide composite
coatings are reported to improve the corrosion resis-
tance and wear resistance of the steel [15, 16]. Li et
al. [17] discovered the chromium delamination phe-
nomenon of T92 high chromium alloy steel under high-
-temperature conditions. In addition, the formation of
oxides is affected by the amount of Cr added to the
Fe-base alloy [18, 19]. When the Cr content reaches
5 %, the Fe oxides react with the Cr element in the
FeO phase region to form FeCr2O4, and the solubil-

daiqingwei@cqust.edu.cn


120 P. Peng et al. / Kovove Mater. 62 2024 119–128

Ta b l e 1. The main chemical compositions of the 50CrVA
steel (wt.%)

C Si Mn P S Ni V Cr

0.346 0.21 0.613 0.019 0.002 0.013 0.103 0.776

ity of the spinel structure can be suppressed due to its
stability. Although the diffusion behavior of the Cr ele-
ment has been widely investigated, the reports about
the V element are still limited. Meanwhile, whether
there are other effects of the two elements is also un-
known.
In this work, the 50CrVA steel is selected as the

object. The diffusion behavior of Cr and V elements
under heating at 950◦C for 30 min, followed by shot
peening treatment, is investigated. Meanwhile, the for-
mation of oxides and their effects during heating and
surface treatment are discussed in detail.

2. Experimental procedures

The commercial 50CrVA steel was purchased from
Baowu Steel in China. The related chemical composi-
tions are displayed in Table 1. The samples for oxida-
tion were polished with SiC paper to mirror the sur-
face. The oxidation process was performed in the ordi-
nary resistance furnace (KJ-V1200-12LW). The heat-
ing rate was 20◦Cmin−1. When the temperature was
raised to 950◦C, the samples were put into the furnace
and heated for 30 min. The cooling process was air
cooling. The contrast sample was protected by argon
in a hypoxic environment. The shot peening process
was adopted to remove the oxide from the surface.
The holding time of the shot peening was 30min. The
diameter of the steel shot was 5 mm, and the shot
peening pressure was 0.5MPa.
The microstructure and the element distribution

were observed by optical microscopy (OM, MDS400),
X-ray diffraction (XRD, Rigaku Ultma IV), scanning
electron microscopy (SEM, JEOL 7800F), and energy-
dispersive X-ray spectroscopy (EDS). The EDS line
analysis and mapping analysis were adopted to iden-
tify the chemical composition of the oxides. The sam-
ples were cut by an electric spark and polished to
mirror to obtain a high-quality cross-section. Sam-
ples for OM, XRD, and SEM observation were pol-
ished with the SiC paper (200#–4000#) to make the
viewing surface mirror. OM samples were eroded by
4% alcohol nitrate. XRD test parameters: tube volt-
age 40 kV, tube current 200 µA, Cu target, diffraction
width DS = SS = 1◦, RS = 0.3mm, scanning speed
2.000 (d min−1), scanning range 25◦–85◦. SEM test
parameters: accelerating voltage 15 kV, probe current
8 nA, working distance 10 mm.

Fig. 1. The macro surface of the 50CrVA steel after heat-
ing at 950◦C for 30 min in an ordinary resistance furnace:
(a) heating in the air and (b) heating in the hypoxic envi-

ronment.

3. Results

3.1. High-temperature heating process

Figure 1 shows the macro surface of the 50CrVA
steel after heating at 950◦C for 30 min in an ordinary
resistance furnace. As shown in Fig. 1a, the sample
surface is significantly oxidized under heat treatment
in the air. As a result, the surface exhibits a bumpy
state and is partially green. In comparison, the sample
heating in the hypoxic environment remains almost
flat and shiny. Therefore, the 50CrVA steel oxidates
in the oxygen-containing environment.
To identify the composition of the oxide in the

50CrVA steel, the XRD, SEM, and EDS point anal-
yses were employed. The results are shown in Fig. 2.
Fe3O4 and Fe2O3 can be identified according to the
XRD pattern. Since the diffraction peaks of the Fe3O4
and FeCr2O4 phases overlap, the FeCr2O4 phase is
uncertain. The SEM image shows three layers: the ox-
idation layer, the transition layer, and the matrix. The
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Ta b l e 2. EDS point analysis results

Spectrum number
Elements

1 2 3 4 5 6 7 8

Fe 42.2 41 60.7 58 64.1 88.6 88.4 81.4
O 33.6 31.4 31.6 31.1 30.2 0.2 0.3 6.3
Cr 12.4 12.7 1.3 1.8 0.1 0.9 0.9 1.7
C 5.1 9.6 5.6 8.1 5 9 9.5 9.3
Si 4.4 2.9 0.2 0.4 0 0.3 0.2 0.4
V 1.8 2 0.1 0.3 0 0.1 0.1 0.2
Mn 0.6 0.4 0.5 0.4 0.5 0.8 0.6 0.6

Fig. 2. XRD pattern, SEM, and related EDS point analysis
results of the oxidized interface, (a) XRD pattern, and (b)

SEM image.

EDS results are displayed in Table 2. Spectrum 5 il-
lustrates that the oxide layer is mainly an iron oxide
compound. According to the literature reported [20],
the iron oxide compound may be Fe3O4. In addition,
the oxidation layer exhibits a relatively compact state.
It is worth noting that the Cr and V elements are en-
riched at the interface between the oxidation layer and
matrix, as shown by the spectra 1–4. This illustrates

Fig. 3. EDS mapping analysis results of the oxidized inter-
face.

that the diffusion of the Cr atoms differs from that
of the matrix Fe atom during the high-temperature
oxidation process.
Figure 3 shows the EDS mapping results of the

oxidation layer of the 50CrVA steel. The oxidation
layer mainly contains Fe and O elements. The Cr el-
ement is enriched at the transition layer. The V el-
ement is homogeneously distributed in the oxidation
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Fig. 4. EDS line analysis results of the oxidized interface.

layer and Fe matrix. Combined with the XRD results,
the Cr-containing second phase can be considered the
FeCr2O4 phase.
To further evaluate the layer thickness and ele-

mental composition, the EDS line analysis results are
shown in Fig. 4. The thickness of the oxidation layer is
about 95 µm. The thickness of the Cr-enriched tran-
sition layer is about 8 µm. In addition, the oxidation
layer is divided into two parts, containing outer and
inner layers. According to EDS line analysis results,
the thickness of the outer layer is about 15µm, while
that of the inner layer is about 80 µm. Meanwhile, the
oxygen content of the outer layer is higher than that
of the inner layer. Therefore, it can be identified that
the outer layer is Fe2O3, and the inner layer is Fe3O4.

3.2. Shot peening treatment

The shot peening treatment is generally used to
remove the oxidation layer. After 30 minutes of shot
peening, the oxidation layer of the 50CrVA steel is al-
most removed, as shown in Fig. 5. However, the bumpy
regions of the surface are still preserved. Compared
with the sample before peening, the surface is rela-
tively smoother. Only part of the hollow and bulge
zones remains, as shown in Fig. 5.

Fig. 5. The macro surface of the 50CrVA steel after shot
peening treatment.

Figure 6 displays the OM microstructure of the
50CrVA steel after the shot peening treatment. The
interior matrix exhibits a uniform microstructure
(Fig. 6a). However, the interface shows two typical
structures containing a bulge and a hollow zone, as
shown in Fig. 6b. Further magnified images of the
two zones are shown in Figs. 6c,d. Again, some coarse
white particles can be observed. In addition, the mi-
crostructure of the hollow zone exhibits a fine struc-
ture, with only a small fraction of these coarse parti-
cles. Such variation presents that the decarburization
phenomenon has occurred in the bulge zone.
Figure 7 shows the element distribution of the

bulge zone in the 50CrVA steel after the shot peen-
ing treatment. From the SEM result, some holes and
metal carbides can be observed. EDS mapping illus-
trates that particles in the holes are enriched with
V and O elements, which can be considered vana-
dium oxides. The occurrence of vanadium oxides in
the bulge zone illustrates that the vanadium oxides
provide good strength to avoid being shot down dur-
ing shot peening treatment.
Figure 8 shows the element distribution of the hol-

low zone in the 50CrVA steel after the shot peening
treatment. From the SEM results, the hollow zone is
relatively flat and has no holes. The element distri-
bution maps display that vanadium oxides occur on
the surface. Meanwhile, these vanadium oxides show
a specific direction, mainly related to the stress state
during the shot peening treatment. The existence of
the vanadium oxides indicates that they have some
toughness and are not easily shot down during shot
peening. Therefore, the hollow zone shows a certain
level.

4. Discussion

The 50CrVA steel exhibits a significant oxidation
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Fig. 6. OM images of the 50CrVA steel after shot peening treatment, (a) interior zone, (b) interface, (c) bulge zone, and
(d) hollow zone.

reaction during the high-temperature heating process.
Alloying elements of Cr and V play an important role
in the oxidation reaction and following shot peen-
ing treatment. Elucidating the diffusion behavior of
the alloying elements during the oxidation reaction is
very important for further understanding the oxida-
tion mechanism of 50CrVA steel.
The oxidation reaction of steel has been reported

in the literature [21–23]. When the oxidation tem-
perature is over 900◦C, the partial oxygen pressure
in the hot air is higher than the partial equilib-
rium pressure of oxides such as FeO, Fe3O4, and
Fe2O3. Hence, the oxides can be nucleated. The par-
tial oxygen pressure variation for the alloying elements
can also promote metallic oxide formation. Accord-
ing to Ellingham’s diagram [24], the degree of dif-
ficulty of their formation is in the following order:
Fe2O3 > Fe3O4 > FeO > Cr2O3. Therefore, the oxi-
dation reaction of the Cr-containing steel can be un-
derstood by the following reactions [25–27]:

Fe + O2 → 2FeO, (1)

4Cr + 3O2 → 2Cr2O3, (2)

FeO + Cr2O3 → FeCr2O4, (3)

6FeO + O2 → 2Fe3O4, (4)

4Fe3O4+ O2 → 6Fe2O3. (5)

In the initial stage, the reaction is dominated by
the oxide formation of FeO and Cr2O3. As the reaction
developed, the part of FeO reacted with Cr2O3 and
formed FeCr2O4. The other FeO continues to react
with oxygen and form Fe3O4. At the end of the oxida-
tion reaction, the Fe3O4 further reacts with oxygen,
forming Fe2O3. The above reaction process provides
the opportunity for various oxides to nucleate. It is
worth noting that the Cr element is involved in a reac-
tion with an oxide in the reaction process. This process
results in the diffusion of the Cr element. According to
Li et al. [17], the diffusion behavior produces barren
and enriched regions of the Cr element. Thus, after
forming the Cr2O3, the newly formed FeO will react
with the Cr2O3, forming FeCr2O4. The newly formed
FeO generally exists between the matrix and the ox-
ide. Therefore, the reaction between FeO and Cr2O3
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Fig. 7. EDS mapping analysis results of the bulge zone after shot peening treatment.

results in a Cr-rich region appearing at the interface
between the oxide and the matrix.
The Cr-rich region is beneficial in hindering the

further progress of the oxidation reaction. Hao et
al. [20] reported that the activation energies of Fe-
-1Cr-0.2Si and F-0.2Si steels were calculated to be
217.785 and 215.095 kJmol−1, respectively. This illus-
trates that adding the Cr element increases the ac-
tivation energy, thus slowing down the oxidation re-
action. According to Arrhenius, the relationship be-

tween activation energy and oxidation rate constant
of the steel can be understood by the following Eq.
(6) [20]:

Kp = K0 exp (−Q/RT ) , (6)

where Kp is the oxidation rate constant, K0 is the
model constant,Q is the activation energy,R is the gas
constant, and T is the oxidation temperature. Taking
the logarithm, Eq. (6) can be written as:
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Fig. 8. EDS mapping analysis results of the hollow zone after shot peening treatment.

lnKp = lnK0 −Q/RT. (7)

The key factors influencing the oxidation behavior
are Kp, K0, Q, R, and T . The oxidation rate constant
is closely related to the activation energy and the ox-
idation temperature. The activation energy increases
with the addition of the Cr element. For 50CrVA steel,
the oxidation temperature is the most crucial parame-
ter. Increasing the oxidation temperature is beneficial
to the formation of the oxidation. According to Bal-

aško et al. [28], when the tool steel is oxidated at 400
and 700◦C, the thickness of the oxidation layer is in-
creased from 3.3 µm to 223.6µm.
In order to clarify the effects of the oxidation tem-

perature on the 50CrVA steel, the steel is oxidated
at 1000◦C for 30min. The related cross-section mi-
crostructure and the EDS line analysis result are dis-
played in Fig. 9. The thickness of the oxidation layer
reached 192 µm, which is higher than that of the sam-
ple heated under 950◦C (95 µm). The outside layer
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Fig. 9. EDS line analysis results of the oxidized interface
in the 50CrVA steel after heating at 1000◦C for 30 min.

is the Fe2O3, while the inner layer is the Fe3O4. In
addition, the Cr forms a continuous enrichment layer
on the surface, which can protect the matrix. How-
ever, this protective effect is feeble under temperatures
higher than 950◦C. Therefore, with the increment of
the oxidation temperature, the oxidation reaction is
rapidly intensified, and an oxide containing the Cr el-
ement is difficult to hinder the oxidation reaction.
An interesting phenomenon was found after shot

peening to remove the oxide layer on the surface. Ox-
ides containing V element appear in both the bulge
and hollow zones. The difference between the two
zones is that the oxides are in different regions. Oxides
in the bulge zone are located in the matrix, while the
oxides in the hollow zone are on the surface. Notably,
the oxides containing the V element are only observed
in the sample after the shot peening treatment. Af-
ter high-temperature oxidation, the V element is uni-
formly distributed in the matrix, as shown in Fig. 3.
This illustrates that oxygen enters the matrix and re-
acts with the V element when the steel shot removes
the oxide layer from the surface. The formation of the
oxides containing the V element generates the second
phase strengthening effect, which can resist the im-

Fig. 10. Schematic diagram of Cr and V elements diffu-
sion behavior in the 50CrVA steel under high-temperature

oxidation and surface treatment process.

pact of steel shot. The oxides protect the matrix in the
bulge zone to avoid further shedding. The oxides are
bombarded off the surface in the hollow zone, forming
a layered structure.
To sum up, the reaction of the Cr and V elements

during the oxidation process and the shot peening
treatment can be understood in Fig. 10. Under the
high-temperature oxidation process, Fe atoms react
with O atoms and form oxides containing Fe. The Cr
element in the steel also combines with the O atoms
and forms Cr oxides. These oxides prevent oxygen
atoms from further interacting with Fe atoms. Mean-
while, these oxides are loose and have microvoids in
them. After the shot peening, the oxides are success-
fully removed. However, oxides containing the V ele-
ment form during the shot peening treatment. These
oxides containing V elements can strengthen surfaces
but can also lead to uneven surfaces. It is worth noting
that the V element enriched region is found on the sur-
face after heating at 1000◦C for 30min (Fig. 9). It can
be predicted that after heating at 1000◦C, the surface
of the steel will be more uneven after shot peening,
which is consistent with the actual production results.
With the increase in heating temperature, the surface
smoothness will become worse. Therefore, in a certain
temperature range, reducing the heat treatment tem-
perature can effectively decrease the thickness of the
oxide layer and reduce the V oxides formed in the shot
peening process, which is conducive to improving the
surface quality.

5. Conclusions

This work investigates the diffusion behavior of
Cr and V elements in 50CrVA steel under high-
-temperature oxidation and surface treatment. The
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main findings are displayed as follows:
(1) After heating at 950◦C for 30 min, the 50CrVA

steel is significantly oxidated. The oxides are mainly
Fe2O3, Fe3O4, and FeCr2O4. The Cr element is en-
riched at the transition layer. The V element is ho-
mogeneously distributed in the oxidation layer and Fe
matrix.
(2) The oxides are successfully removed after the

shot peening treatment. Oxides containing V element
form during the shot peening treatment. The oxides
can strengthen surfaces but can also lead to uneven
surfaces. Heating at high temperatures will generate
a V-enriched region, easily decreasing the surface qual-
ity.
(3) Enriching the Cr element protects the matrix

from further oxidation. However, enriching the V ele-
ment will damage the surface quality by forming the
oxides containing the V element during the shot peen-
ing treatment.
(4) Choosing a relatively low heating temperature

can effectively decrease the thickness of the oxide layer
and reduce the V oxides formed in the shot peening
process, which is conducive to improving the surface
quality. The findings can provide theoretical support
for the engineering application of heat treatment for
50CrVA steel.
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