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Abstract: High current pulsed electron beam (HCPEB) has recently been developed as an effective
technique of material surface modification. In this research, a self-developed HCPEB equipment
(HOPE-I) was adopted to perform surface modification on quenched and tempered 40CrNiMo7 steel.
A composite nanometer structure was formed on the modified surface layer, and the martensite
transformation and the dissolution and fracture of cementite can be observed. After initial irradiation,
the high cooling rate caused the formation of nanocrystalline on the surface. With continuous
irradiation treatments, the cooling rate gradually reduced, while the carbon kept dissolving and
ended with surface composition homogenization. Both competitive factors result in the evolution
rule of nanometer dimensions of surface structure. After HCPEB treatment, the average size of
austenite phase on the modified surface decreased from micron-sized to nanoscale. The corrosion rate
decreased from 0.12 mm/a to 0.02 mm/a, showing remarkable improvement of corrosion resistance.
The main factors of the improvements of corrosion resistance property are the flat, dense structured
and preferred crystal orientation on the modification layer of the treated material surface.

Keywords: high current pulsed electron beam; 40CrNiMo7 steel; surface nanocrystallization;
surface modification

1. Introduction

High-strength structural steels have been widely used in the manufacture of core mechanical
components such as heavy loading shafts, large-section shafts, gas turbine cranks and gears, engines
and various pump systems. As a typical low-alloy structural steel, 40CrNiMo7 steel is a kind of
chrome-nickel-molybdenum steel, which has good performance and is widely used to withstand
the impact load of parts and large section, high load shaft class. Though these types of structural
steel can well meet the requirements of heavy load and frequent impact. It also suffers from inherent
shortcomings, such as relatively low hardness, soft dot. Especially when the structural steel bears
a large load for a long time. Thus, local spalling and excessive wear on the bearing surface will
damage the integrity of the structure. If no effective measures are taken, the expected service life
will be significantly shortened with the accumulation of friction effect, even resulting in the failure of
the whole machine and even industrial accidents [1–4]. Up to now, there have been few reports on
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surface treatment of high-strength structural steel parts with improved surface performance. Therefore,
Special treatment of 40CrNiMo7 steel is urgently needed to improve its practicability.

In recent years, high-current pulsed electron beam (HCPEB) has been developed rapidly and
proved to be an effective material surface-modification technology. Hao et al. [5–8] designed a new type
of HCPEB source by using the advantages of large diameter, high density plasma and long distance
channel. As the extremely high energy density (108–109 W/cm2) shifts to the surface of materials in
a very thin layer (no more than tens of micrometers) within a few microseconds, causing extremely
rapid melting or even evaporation and resulting in surface tissue imbalance and accompanied
by changes in physicochemical properties [9,10]. Meanwhile, self-quenching (108–109 Ks−1) and
thermal stress impact processes occur quite intensively in the near-surface layers [11–14]. Meanwhile,
self-quenching (108–109 Ks−1) and thermal stress impact processes occur quite intensively in the near
surface layers. Meanwhile, there have been very interesting results with mechanical methods such as
ultrasonic-vibration-assisted ball burnishing on Ti-6Al-4 V surfaces[15]. Compared with other surface
engineering methods such as surface carbonization or nitriding, film and coating deposition, and
even laser and ion beam technology, modern HCPEB equipment with good handling adaptability
has significant advantages in terms of efficiency, reliability, and low cost [16,17]. In this paper, the
HCPEB surface treatment of 40CrNiMo7 steel was carried out to study the microstructure evolution
mechanism and the associated corrosion properties.

2. Materials and Methods

The quenched and tempered 40CrNiMo7 steel is supplied by Shenyang Blower Group Co., Ltd.
The experimental samples were wire-cut in the tempered state of 40CrNiMo7 ingot, and its chemical
composition is shown in Table 1. The sample size was 10 mm × 10 mm × 8 mm and 15 mm × 15 mm
× 8 mm. Firstly, the wire-cut samples were cleaned and decontaminated with acetone. After grinding
the metallographic sandpaper in 200#, 400#, 600#, 800#, 1000#, 1200#, 1500#, 2000# step by step, the
diamond abrasive pasted with a particle size of 1.5w was used for precise polishing. The samples were
cleaned with an alcohol solution and then dried for use. The surface modification of 40CrNiMo7 ingot
was carried out with the independently developed hope-I HCPEB device. The process parameters of
the electron beam equipment used in the experiment are as follows: the working environment vacuum
is 8× 10−3 Pa, the acceleration voltage is 27 kV, the sample-target distance is 7 cm, the pulse duration is
2.5 s, the energy density is 3 J/cm2, and the pulse frequency are 1, 3, 8, 15, 25 and 50 times, respectively.

Table 1. The chemical compositions of quenched and tempered 40CrNiMo7 steel (wt%).

C Cr Ni Mo Mn Si Fe

0.39 0.73 1.69 0.24 0.67 0.25 Balance

The changes of surface microstructure and microstructure before and after modification were
observed with Olympus GX51 optical microscope (OM), JEOL jsm-7100f and jsm-6360lv scanning
electron microscope (SEM) and jem-2100 transmission electron microscope (TEM). The samples were
prepared by the unilateral thinning method. Firstly, the sample was mechanically thinned to 80
nm on one side and punched (φ3 mm); Then the sample was unilaterally thinned to ≤50 m on one
side by using the Gatan Disc Grinder623 manual grinding disc; The sample was further thinned to
∼25 m by using the Model 656 Dimple Depth ultra-precision dimpling grinder, and the sample was
ultimately thinned to center perforation by using the Danish Struer-Tenupol-5 dual-jet electrolytic
thinning apparatus. The thinning solution was 9% perchloric acid, the experimental voltage was
26v, and the temperature was −30 ◦C (in liquid nitrogen). The surface roughness of the sample was
measured by TR110 surface profilometer. The surface phase structure of the modified sample was
analyzed by the Empyrean X-ray diffraction (XRD). Cu target Kαradiation was adopted, characteristic
wavelength λ = 1.5406 nm, step length 0.025◦, acceleration voltage 40 kV, and scanning range (2θ) of
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20∼100◦ were used. The CS350 electrochemical workstation was used for corrosion resistance testing.
The system was composed of three electrodes, including the working electrode sample, reference
electrode saturated calomel (SCE), and auxiliary electrode Pt. The corrosive medium was 3.5% NaCl
solution, the effective test area was 10 mm × 10 mm, and the experimental temperature was room
temperature.

3. Results and Discussion

3.1. Surface and Cross-Sectional Morphology

After quenching and tempering heat treatment, the original microstructure of 40CrNiMo7 steel
becomes tempered sorbite, and the composite microstructure of carbide pellet is generated in the
matrix ferrite [7]. It can be seen from the figure that the high-temperature tempering martensite strips
were generated, among which dispersedly distributed with cementite, carbide precipitate and a small
amount of strip ferrite phase structure of different sizes. The original grain size is about 10 microns, as
shown in Figure 1a.

After once pulse HCPEB treatment, as shown in Figure 1b, a large number of molten pits were
formed on the surface of the sample, and the thermophysical difference between the original ferrite,
cementite and carbide results in the modified surface melt and form molten droplets at the phase
boundary firstly, which is consistent with the literature [18,19], the eruption source of the molten
pit is closely related to the phase structure defects of HCPEB treated surface and the difference in
thermophysical properties of the surface phase structure. In addition, it is commonly recognized that
the electron beam irradiation penetrating heating mode causes the melting of treated samples to start
in the subsurface layer. It can be observed from Figure 1c that the morphology of splash of molten
droplets is shown in the enlarged metallographic diagram of molten pits. The reason is that when the
energy density increases to a certain value, the molten metal tends to gasify, along with the spill of
molten metal droplets, and the morphology of transient plume distribution can be generated.

Figure 1. Typical surface optical microscope (OM) and scanning electron microscope (SEM) of quenched
and tempered 40CrNiMo7 steel before (a) and after (b,c) high-current pulsed electron beam (HCPEB)
irradiation with one pulse.

The surface roughness of samples before and after HCPEB treatment was measured by surface
profilometer. The results showed that the average surface roughness (Ra) of the original polished
samples was 0.13 µm. After one pulse treatment, the roughness of the modified sample surface
increase to 0.54 µm. This is because a large number of craters formed on the sample surface after
the first HCPEB treatment, hence the roughness of the modified surface increased correspondingly.
The surface roughness was 0.48 µm and 0.36 µm after 3 and 8 pulses HCPEB treatments, respectively.
After 15 pulses treatment, the modified surface became smoother with the roughness less than 0.2 µm.
With the increase of pulse numbers, the treated sample surface underwent repeated remelting and
the crater density gradually decreased, then the modified surface became smoother and denser, and
the microstructure was refined and uniform, in this way, the modified surface roughness gradually
decreased as shown in Figure 2. Wang et al. [20] studied the influence of surface roughness on
micro-dynamic friction and wear properties. They found that the wear rate decreases monotonically
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with the decrease of surface roughness in dry friction condition, and the worn surface with low
roughness has a few furrows and slight plastic deformation.

Figure 2. The surface roughness of quenched and tempered 40CrNiMo7 steel under HCPEB treadment
with different pulses number.

The high magnification SEM morphology observation results of the modified surface after HCPEB
treatments are shown in Figure 3. After the initial pulse treatment, the modified surface of the sample
showed obvious melting traces, and many embedded acicular structures were observed covering
the modified surface (Figure 3a). When the cooling rate is sufficient to avoid the diffusion phase
transition, martensitic phase transition can occur in all metals and alloys at high temperature, while
the appearance of embedded acicular structure on the modified surface indicates that martensitic
phase transition may occur on the modified surface after HCPEB treatment, with the formation of
martensitic phase transition. After 15 pulse treatments, the modified surface gradually flattens out,
and the embedded needle structure becomes smaller in size and more evenly distributed (Figure 3c).
After 50 pulse treatments, it can be seen from Figure 3d that the modified surface is more smooth
and even, and the size of the embedded needle structure is more refined. The results showed that
with the increase of HCPEB treatment times, the formation of embedded acicular structures related to
martensitic transformation in the modified subsurface layer was gradually inhibited. In addition, the
SEM morphology observation results of the modified surface at high power are shown in Figure 3b,d,f.
The embedded needle-like structure of the modified surface is shown as a ridge of uplift and is
covered by a layer of fine nanoscale grains. The following XRD and TEM analysis results show that
these nanoscale grains can be identified as a complex phase structure, the majority of which is a
nano-austenitic phase. Thus, the crystallization process occurred on the modified surface during rapid
heating and rapid cooling after HCPEB treatment, resulting in the formation of nanoscale grains.
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Figure 3. SEM surface morphology of 40CrNiMo7 steel after HCPEB treatment with 3 pulses (a,b),
15 pulses (c,d), and 50 pulses (e,f).

Figure 4 shows the cross-sectional SEM morphologies of the samples after HCPEB treatment
with different pulse numbers. The modified surface shows obvious stratification, remelting layer,
heat-affected zone and matrix can be seen from top to bottom. After one and three pulse treatments,
the remelting layer of the modified surface shows uniform contrast, and the microstructure in the
heat-affected zone is significantly more refined than that in the matrix (Figure 4a,b). After 8 pulses
HCPEB treatments, columnar crystals growing parallel to the incident direction of the electron beam in
the remelting layer were observed in Figure 4c,d, and the texture in the heat-affected zone was evenly
refined. The cooling rate can reach up to 108∼109 ks−1 and the crystallization rate can reach up to
2∼5 m/s. The melt generated on the irradiation surface grew rapidly into the columnar crystal in the
opposite direction from the heat dissipation direction.

After 15 pulse treatments, the typical layered structure of the modified surface can be observed,
as shown in Figure 4e. After 25 pulses HCPEB treatments, the dendritic structure can be clearly seen
in high magnification SEM morphology (Figure 4f,g). Such highly branched crystal with primary
dendrites parallel to the electron beam heat flow direction are called columnar dendrites. When the
liquid phase of the columnar crystals formed in the modified remelting layer was extremely subcooled
before solidification, the latent heat released during solidification increased the temperature of the
solid-liquid phase interface, and then the interface will bulge and form columnar crystals. A similar
process could occur on the sides of the column crystals, which grows in a dendritic form and form
dendrites. Temperature gradient and growth rate are two basic solidification parameters that determine
the morphology and size of the microstructure. With the increase of pulse number, alloy and carbon
elements in modified surface were fully diffused and can be spread to the clearance between two
grains, or the front end of the crystallization, thus provide the premise of lateral crystal branching. In
addition, the cooling rate is gradually reduced in the modified remelting layer, and the grain growth
rate decreased gradually, which also provides enough growth time for the lateral branch, i.e., columnar
dendrites can be generated.

After 50 pulses HCPEB treatment, the dendrite growth marks and the formation of near-surface
equiaxed crystals (nanoscale) in the modified remelting layer can be observed from SEM morphologies,
as shown in Figure 4h,i. In the process of HCPEB treatment, when the solidification reaches to
a certain extent, the melt near the surface in front of the dendrite growth in the remelting layer
becomes supercooled due to rapid cooling. In the liquid phase, such a supercooled melt may nucleate
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independently and grow until it meets other crystal nuclei, i.e., it becomes nanoscale equiaxed crystal
on the modified near-surface.

Figure 4. Cross-sectional SEM morphology of quenched and tempered 40CrNiMo7 steel with different
pulses 1 pulse (a), 3 pulses (b), 8 pulses (c,d), 15 pulses (e), 25 pulses (f,g) and 50 pulses (h,i).

3.2. XRD Analysis and TEM Observation

Figure 5 shows the XRD diffraction pattern of grazing incident on the sample surface before and
after HCPEB treatment. The results prove that the modified surface is composed of austenitic and
martensitic phases. The diffraction peak intensity of the newly formed γ-fe phase increased with the
increasing pulse number, and γ-fe phase became the dominating phase of the modified surface layer.

The XRD peaks of the original samples correspond to the diffraction peaks of a single pattern
α-Fe phase, and the diffraction peaks are sharp. After HCPEB treatment, XRD diffraction peaks
become dull and wider. After three pulses HCPEB treatment, it can be found that the diffraction
peaks corresponding to (200) and (211) crystal planes show obvious peak cleavage by observing the
diffraction spectra. In general, such diffraction peak cleavage can be seen in the XRD spectra of newly
formed martensite. Refer to standard PDF CARDS of martensite (α-Fe) diffraction spectrum and
SEM appearance (Figure 5) of electron beam modification quenched and tempered 40CrNiMo7 steel
microstructure, it can be deduced that after HCPEB treatment, with the rapid melting, cooling and
solidification process on the sample surface, the surface modification layer of quenched and tempered
40CrNiMo7 steel sample will appear large-scale grain refining and martensite phase transformation.
As the number of pulses increased to eight, significant new phase diffraction peaks appeared in the
diffraction pattern, corresponding to the diffraction peaks of austenitic phase (γ-fe) in the standard
PDF card. In addition, with the increase of pulse number, the diffraction peak intensity of γ-fe increases
gradually, which is proved by the XRD diffraction peak intensity of the modified surface after 50 pulses
HCPEB treatment as shown in the figure.
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Figure 5. GAXRD (θ − 1◦) of quenched and tempered 40CrNiMo7 steel before and after
HCPEB irradiation.

TEM micrograph (Figure 6a) shows that these carbides appear as long shapes and with black
contrast due to high carbon content, and with sizes ranging from 1.10 to 0.25 µm embedded in α-Fe.
After one pulse HCPEB treatment, as shown in Figure 6b,c, the newly formed lath martensite and
acicular martensite in the modified surface layer can be clearly observed. In addition, the size of
carbide particles in the original structure was significantly reduced, as shown in Figure 6d. The results
show that the rapid heating of the quenched 40CrNiMo7 steel by initial HCPEB treatment results in
surface melting. When the liquid metal became cool and crystallized, the atomic diffusion occurred at
first, and the melting locations were where the carbides dissolved. Subsequently, the rapid cooling rate
induced the martensitic transformation in the surface-modified layer.

After eight pulse HCPEB treatments, as shown in Figure 6e, the modified area of the sample
became more flat and dense, and the microstructure characteristics corresponding to martensitic
transformation are even less. The analysis results of the electron diffraction SAED (Figure 6f) shows
that the refined grains are austenitic phase and located near the modified surface, which matched the
X-ray diffraction analysis results. With more HCPEB treatments, the carbides were fully melted and
dissolved.

After 50 times HCPEB treatments, The carbide particles basically disappeared in the modified
surface as shown in Figure 6g, and the modified surface composition was evenly distributed, SAED
analysis results show that (Figure 6h) the microstructure of the modified surface was compound phase
structure consists of austenitic phase and a small amount of nano martensite phase composition, this
result is consistent with grazing incidence XRD analysis results (Figure 5). Researches show that even
though the cooling rate during the electron beam process can reach up to 108∼109 ks−1, the ultrafine
grain size in the austenitic phase and the large amount of dissolved alloying elements still inhibit
the normal martensitic phase transition. F. Meyers et al. [21] found that nanostructures appeared in
the shear zone of 304 stainless steel in the study of high-speed deformation with strain rate up to
104 s−1, and F. Meyers believed that rapid heating and cooling in the shear zone was conducive to the
formation of non-equilibrium structures.
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Figure 6. Transmission electron microscope (TEM) bright field image of quenched and tempered
40CrNiMo7 steel before (a) after HCPEB irradiation (b–d) 1 pulse, (e,f) 8 pulses, and (g,h) 50 pulses;
(f,h) the selected area electron diffraction (SAED) pattern were given inset, respectively.

3.3. Microstructure Evolution of Modified Layer

The surface modification mechanism of HCPEB of quenched and tempered 40CrNiMo7 steel is
summarized as follows: the surface of the sample melted after irradiation of electron beam. Due to
the self-cooling effect of the matrix, solid–liquid interface exists, and liquid metal firstly nucleated at
the solid-liquid interface junction. After initial pulse treatment, the modified surface carbide partially
melted, and the molten liquid metal in the remelting layer presented greater condensate depression,
the molten layer was shallow, and the cooling rate was very high. In this case, the nucleation rate
is extremely high, accompanied by the martensite phase transformation and the formation of ridge
topography, which were shown in the ridge shape and fine grain in Figure 7 (1 pulses), With the increase
of pulse number, the remelting layer deepening continuously and the melt carbides dissolve more
fully, meanwhile, carbon atoms were fully dissolved and spread, the nucleation rate increase gradually.
The generated nanometer austenitic organization became slighter, and the nanoscale grain inhibited
the occurrence of martensite phase transformation. The modified ridge shape surface morphology
became more round, this is because extreme shear stress was needed during the martensite phase
transformation, whereas it is not possible to overcome the stress disorder in the process of HCPEB
treatments. The cooling rate in the remelting layer was gradually reduced, thus the grains could
grow along the opposite direction of heat dissipation, and then extended into the liquid solution and
eventually formed columnar crystals, which can be proved by the parallel-aligned columnar crystal
in the remelting layer as shown in Figure 7 (8 pulses). When the cooling rate continues to reduce,
columnar dendrites might generate in the remelting layer, as shown in Figure 7 (25 pulses). After 50
times HCPEB treatments, almost all surface carbides melted, when the cooling rate decreased to a
certain extent, the melt which located in front of the columnar dendrites became subcooled and may
independently nuclear and growth in the liquid phase, ultimately turned into nanometer isometric
when contacting other crystal nuclei, as shown in Figure 7 (50 pulses).
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Figure 7. Schematic of modified layer of electron beam irradiated 40CrNiMo7 steel.

3.4. Corrosion Property

Figure 8a shows typical potentiodynamic polarization cures of 40CrNiMo7 steel recorded in the
NaCl (3.5%) solution before and after HCPEB treatment. The corrosion potentials Ecorr of HCPEB
treated samples shift indifferently as compared with the initial sample. While the self- corrosion current
density (Icorr) and corrosion rate decreases significantly. After 25 pulses of HCPEB treatment. The
result indicated the significant improvement on corrosion resistance of the alloying samples the Icorr

value was reduced greatly from the initial 10.097 to 2.2099 µA/cm2 as shown in Figure 8b, according to
the inverse relationship between the corrosion resistance (Rp) and the Icorr, the Rp of treated samples
would be improved. Correspondingly, the corrosion rate was decreased drastically from the initial 0.12
to 0.02 mm/a given in Figure 8c. However, the surface corrosion resistance of the samples decreased
slightly after 50 pulses of HCPEB treatment.

Figure 8. (a) Polarization curves, (b) self-corrosion current density, (c) corrosion rate of 40CrNiMo7
steel before and after HCPEB irradiation.

The unbalanced electrochemical distribution on the material surface leads to the potential
difference and forms corrosion microbattery. The surface roughness and the microstructure
inhomogeneity of the material surface will lead to unbalanced electrochemical distribution. Li [22]
illustrated that surface roughness accelerated the corrosion process of material surface. Three possible
mechanisms that increased corrosion resistance can be concluded as follows:
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• The selective purification of the sample surface and the homogenization of the modified surface
components by HCPEB effectively reduced the generation probability of the microbattery on
material surface;

• Refined grain structure in modified layer and compact and smooth of surface effectively reduce
the direct contact between the material and the corrosive medium, meanwhile, intergranular
corrosion is also reduced;

• The reduction of surface roughness effectively reduces the corrosion rate of the material surface.

Optimal performance of the material surface corrosion resistance was obtained after 25 pulses
of HCPEB treatment, which mainly attributed to the generation of the austenitic phase with high
alloy content.

4. Conclusions

In this paper, the modification mechanism of the surface microstructure of quenched and tempered
40CrNiMo7 steel modified by HCPEB was studied, and the transformation mechanism of ferrite and
cementite during the rapid melting and solidification of the surface was revealed. The most significant
advantage of HCPEB surface modification technology is that a new layer form on the surface of the
material which is significantly superior to the original material in terms of mechanical and physical
properties without changing the composition of the material. Considering the experimental results
of material surface structure changes and surface properties before and after HCPEB treatment, we
concluded that after intense electron beam irradiation, the surface roughness of the modified material
decreased and became smoother and dense. The surface composition was more uniform and the tissue
was refined, hence the surface performance was significantly improved. The improvement of corrosion
resistance is mainly due to the decrease of surface roughness and the generation of high alloy austenitic
phase in the modified surface. The above experimental results show that the HCPEB can serve as a
potential technology for the surface modification of low-alloy high-strength steel, thereby improving
the surface mechanical properties accordingly.
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