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The modification in the surface layer of steel vith different carbon contents (0.14—1 9/5) is studied
after irradiation with an electric beam having 250—300 keV electron energy, 8—12 kA/cm? cur-
rent density and 15X 10—% s pulse duration.

Introduction

In the last decade, intensive studies have been carried out on the possibilities to
modify the surface physico-mechanical and chemical properties of metals and alloys
using energy fluxes with high density (105—10'° W/cm?). The energy source is laser
radiation, electron and ion beams [1—4], [6].

As a result of the short-time introduction of energy, fast heating of the metal
surface layer occurs to 1300—1500° C with subsequent cooling mainly due to the con-
ductivity mechanism. The main factor for the phase structure modification in the metal
is the high rate of temperature change in the surface layers (10>—107 °C/s). The major
physico-mechanical change occurring in the surface layer is the enhancement of corro-
sion resistance, wear life and microhardness.

The effective transfer of the laser beam energy to the irradiated sample is restric-
ted by the large refractive index of the metal surface. The energy transfer of powerful
electron and ion beams is free of this restriction. Since the penetration depth of ions
with 100—200 keV energy is less than 1pum, the main interest is in the variations of the
metal surfaces due to implantation of the carbon, nitrogen, etc. ions.

The effect of powerful electron beams on metals and metal alloys is reduced to
superhigh rate heating and cooling. The range of parameters of the electron beams is
very wide: 10 keV to 10 MeV electron energy, several tens to several hundreds of
mA/cm? current density, 6 10— s to init seconds pulse duration [2]. The wide range
of energies and pulse durations of their electron beams produces modified layers with
different depth and also differences in the phase transitions and the mechanical proper-
ties in depth [4]. In this paper we show the possibilities for surface modification of
different steel under irradiation by a high current electron beam with 15x10~9s du-
ration.

Experimental

The samples were irradiated on the high current accelerator “Perun-2” in which
the pulse formation by the diode voltage occurs by a double co-axial pulse forming
line (Blitmlein line). The cathode is graphite, 20 mm in diameter and operating in a
regime of explosive clectron emission. Depending on the diode geometry, the accelera-
tor permits electron beams to be obtained with the following parameters: 250—500 keV
electron energy, 1 — 10 kA current. The voltage and current pulse duration is 30 ns.
Since the current pulse maximum is obtained after the voltage maximum, the two pul-
ses after recording coincide and the power pulse with halfwidth of 15 ns is plotted.
The irradiated samples are cylindrical, 8—15 mm in diameter and 10 mm high. The

cylinder base is subjected to the irradiation. The cathode and anode (irradiated sample)

9294



which forin a planar diode, are placed in a tube 56 mm in diameter where the pressure
is maintained to be 5% 10—+ Torr. An external magnetic field is applied to the diode,
and this field focuses the beam and ensures its comparative homogeneity along the
radius. To attain satisfactory homogeneity, the cathode is made round, i. e. the catho-
de-anode distance smoothly increases towards the cathode edge which reduces the
influence of the edge effects on the emission.

The cathode-anode distance is chosen experimentally to be about 2 mm, so that
the irradiated sample should reach the melting temperature without visible evaporation
of the material. In such a regime the diode voltage is 270 kV and the current density
is 10—12 kA/cm2.

Before irradiation all samples were annealed to remove the internal strains and to
achieve homogeneization. The samples were irradiated only once (by a single pulse).
After irradiation cross and slanted sections at an 2—3° angle of the samples were
prepared. The samples were polished by a standard procedure. Etching in 4 0/, solution
of nitric acid in ethanol was used for the metallographic analysis. The irradiated surface
was observed by a scanning electron microscope “Philips”. The cross-sections were
observed and photographed with a metallographic microscope MIM-7. The microhardness
of the samples was measured with a microhardness meter PMT-3 type with 50 g
load. Measurements at 20 to 30 points were carried out at each depthand the results
obtained were averaged. X-ray pictures were taken prior and subsequent to irradiation
on a “TUR-M62” equipment.

Rresults and discussion

After single pulse irradiation of the samples with beam power density (2—3)x10°
W/cm2, the surface is quickly melted the rate of temperature rise being about
1010—101t° C/s. Rapid solidification and quenching with a superhigh rate of the melt
follows. The melted surface is shown in Fig. 1. The effect of crater formation is cle-

Fig. 1. Surface of irradiated steel St 45. Magnification X 1500 (marker
10 pm)
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arly seen, the number of craters Deing strongly dependent on the power density and
the current density nonuniformities. The melting of the surface strongly disrupts its
uniformity and smoothness and it should be applied in the cases when these two pro-
perties are not essential for the treated sample. In fact no crater formation is observed

Fig. 2. Structure of the irradiated zone of steel U 10 A (x200).
Cross-section

Fig. 3. Structure of irradiated zone of St 45 (x200).
Cross-section

when the power density is such (about 10° W/cm?) that the surface temperature does
not exceed considerably the melting temperature, and the evaporation and ejection of
material from the sample are reduced to the possible minimum. Beside chosing experi-
mentally the power density, this reduction is possible also by maintaining the cathode
surface sufficiently uniform and smooth. When using cathodes with a sufficiently large
area, the screening effect of the leading emission centres appears and this interferes
with the formation of new centres in their vicinity. The external magnetic field reduces
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Table
p H,, kg/mm? H,, kg/mm?
Sample ’ € %% l S % ‘ iLrlradiated norﬁirradiated
i 0.14 0.012 830 160
2 0.29 0.014 420 200
St 45 0.49 0.019 540 170
U10A 1.06 0.015 700 215
aust. steel 0.33 0.008 620 240

the screening effect and increases the number of emission centres. In general the pto-
blem of beam homogeneity for beams with large cross-sections requires additional the-
oretical and experimental studies [3].

The metallographic study of cross-sections from the irradiated samples shows (Fig.
2) that the melt depth is about 10—20 pm. Taking into account that for electron energy
of 300 keV, the electron penetration depth in steel is about 50 pm, the explanation for
the much thinner melted layer should be explained by the real form of the electron energy
transfer function, the deviation of the pulse shape from the rectangular one and by
the scattering of part of the electron energy for excitation of plasma oscillations [4].
Further the maximum path of electron beams with high density is reduced also by the
bulk charge introduced in the sample [3].

The structure of the solidified melted zone is martensite and residual austenite,
which is confirmed also by the X-ray analysis of the samples. Next to this zome, fol-
lows. a zone with more dispersive nature of the grains than that of the main matrix
(Fig. 3). A sharp differentiation of five zones has been observed elsewhere [2], and
this is due to the long times of action (300 pS, gmax=2X 105 W/cm?). Under our condi-
tions (t=10—15ns)such a differentiation is not observed due to the peculiarities in
the development of the thermal processes in depth. Most likely, the bulk source of
heat (the melted zone) is insufficient to provoke the phase changes in depth while at
long pulse-time the internal regions are also heated during the pulse action. This pro-
blem requires an additional analysis of the heat transfer processes during the pulse
time and after its end.

The averaged values of the microhardness of the steel surfaces studied here are
shown in the Table, where for comparison the microhardness of non-irradiated samples
is also given.

Before analysing the data from the Table we shall point out the peculiarities of
the superhigh rate quenching from liquid phase [5]. The quenching from liquid
phase, proceeding without diffusion at rates 10—107 K/s produces the following ef-
fects: expansion of the solubility limits in solid state (for example, carbon in marten-
site may reach up to 29/, and in austenite to 3.59/,); grain size reduction and chan-
ges in the grain form; microsegregations are reduced or eliminated ; methastable phases
are formed; high concentrations of the point defects are attained. Further, the super-
high rate quenching of the surface layer generates a powerful acoustic wave in the
sample which, durind the superhigh rate cooling, may cause the appearance of residual
plastic deformations in the material and its strengthening. Most likely the strengthening
of sample 7/ and the austenite steel is due to a large extent to microstrains of the Il
and Il kind. This may be proved by an experimental study of the microstrains
in depth.

The microhardness of the surface (averaged) of hypoeutectoid steel (2 and St 45)
and hypereutectoid steel (U10A) increases with increasing carbon content. The maximum
microhardness of- about 2000 kg/mm? observed by the authors [2] for St 45 could
not be observed in our studies. In fact, in the surface modified layer, the microharndess
averaged for about 800/, of the points isapproximately 920 kg/mm2, but atsome of these
points the microhardness reaches 1600 kg/mm2, The remaining 200/ show considerably

Bulg. J. Phys. 16 (1989), 3 297



lower values than those cited above and they correspond to the microhardness of the
austenite. The higher values of the microhardness are due to the small size martensite
grains, produced during the superhigh rate quenching from the liquid phase that have
3—4 times higher microhardness than this produced during the quenching from the
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Fig. 4. Microhardness variation in depth of irradiated
steel St 45. The root-mean-square deviation of the average
value of A, in three typical regions of the curve isshown

solid phase |5]. The lower averaged microhardness of the surface layer is due to resi-
dual austenite in the structure, which, as it is determined by the X-ray diffraction using
the method of comparing the two line intensities, reaches about 209/,

The variation of the microhardness of the irradiated samples decreases monotono- |
usly in depth, attaining ths microhardness of the main non-modified structure at a
depth of 30 — 40 pm. This is also a manifestation of the shorter irradiation time which
in our case is 3— 5 times shorter than that used by the authors of [2]. The periodic
nature of the microhardness variations in depth corresponding to different structure
zones was not displayed in our studies. This confirms once again the impossibility to
heat the zones below the melt to temperatures higher than 4, and A; which may lead
to solid phase quenching.

The variation of the St 45 microhardness in depth is shown in Fig. 4. It is seen
that the microhardness reaches a maximum value at a depth of about 5 pm, after
which it decreases monotonously. The layer with microhardness 5009/, greater than that \
of the main matrix is 20 pm deep which corresponds to the melt depth. The micro- |
hardness variation for the hypereutectoid steel Ul0 A is smaller, but its maximum
value is at the sutface. For sample 2 (C=0.299/,) the modified layer depth is appro-
ximately 10—12 pm and for sample 7/ (C=0.149/) it is 5—6 pm. These differences
may be due both to the different depths of the melted layers and to the different
mechanisms of strengthening. As mentioned above, these assumptions require an inde
pendent confirmation.
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5 Conclusiort

1. The possibility for surface strengthening of different steel after irradiation with
a nanosecond high current electron beam with subsequent superhigh rate quen-
ching from liquid phase is demonstrated experimentally.

2. The different nature of the microhardness variations in the sample’s depth com-
pared with that at longer irradiation pulses is shown: The depth of the modified zone
is 2 to 3 times smaller. (For t=80 ps, W=250 keV this depth is approximately 70 um).

3. An assumption is made about the insufficient heating of the zone below the
melt which greatly restricts the strengthening from the solid phase. This assumption,
as well as the role of microhardnesses — a result from plastic deformation of the
surface layer, require an additional independent confirmation.
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[ToBepxHocTHAsT MOAM(HKALMSA CTajell myTeM Oo0MyYeHds CHIbHOTOKOBBIM
HAHOCEKYH/HBIM IIyYKOM 3/IEKTPOHOB

E. Zlanuesa, H. Tpugoros

(Peswome)

B paGore mpoBeneHo HCcJ/eJ0BaHHE U3MEHEHHS CTPYKTYPbl H MHKDOTBEPAOCTH MOBEPX-
HOCTHOTO CJIOSI CTaJlell ¢ Pa3iMyHBIM colepxanueM yriaepoxa (or 0.14 9/, 10 10/5) B pesyiib-
Tate 06Jy4eHHS CHJLHOTOUHBIM 3JIEKTPOHHBIM nyuxoM 3sueprueit 250 — 300 keV, naot-
HOCTBIO TOKAa 8 — 12 kA/cm® M AJMTeNbHOCTBIO uMmyJasca 15X 1079 s.

.
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