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Abstract. In the work, we study the mechanisms of structural phase state formation in NiTi surface layers after low-
energy pulsed electron beam irradiation depending on the electron beam energy density. It is revealed that after electron
beam treatment of the NiTi specimens at energy densities £, = 15 Jem?, E,= 20 Jem?, and E;= 30 J/em?, a series of
effects is observed: the absence of the Ti,Ni phase and the presence of new peaks correspond to the B19" martensite
phase with monoclinic structure. Estimation of the relative volume content of the B2 and B19’ phases from the total
intensity of their peaks shows that the percentage of the martensite phase increases from ~5 vol.% in the NiTi specimen
irradiated at £, = 15 J/ecm® to ~80 vol.% in the NiTi specimen irradiated at £ = 30 J/em?®. 1t is found that in the NiTi
specimens irradiated at £ < 20 J/cm?, the layer that contains a martensite phase resides not on the surface but at some
depth from it.
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INTRODUCTION

NiTi shape-memory alloys are typical representatives of a class of materials, physical and mechanical properties
are strongly dependent on the structural-phase state and the chemical composition of the alloy [1]. Previous studies
[2, 3] have shown that the surface modification of TiNi-based alloys by low-energy electron beams leads to an
increase in their corrosion resistance, fatigue resistance, surface hardening. At the same time, the final surface
microstructure and properties of electron beam-treated materials depend directly on the treatment parameters: on the
electron beam energy density, pulse duration, and number of pulses [2]. Therefore, attaining the best surface
properties of NiTi alloy requires studies to provide an optimum choice of these parameters.

It is known that the modification of electron beams induces dynamic temperature fields in the surface of the
material, giving rise to superfast heating and melting, as well as a dynamic stress field that causes intense
deformation at the material surface [4]. So, nonequilibrium structural phase states may arise not only in the regions
of direct electron beam action but also in the underlying layers of treated materials. Therefore, the surface properties
of NiTi alloy after electron beam surface treatment are defined by the structural phase state in its surface layer.

The objective of the work was to study the mechanisms of structural phase state formation in NiTi surface layers
after low-energy pulsed electron beam irradiation depending on the electron beam energy density.
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MATERIALS AND RESEARCH TECHNIQUES

The alloy under study was melted from iodide titanium and NO-grade nickel in an electric arc furnace (with six-
fold remelting of the ingot). The initial NiTi specimens at room temperature were in the two-phase state: a B2 phase
(~95 vol.%) and a Ti,Ni phase (~5 vol.%). The start temperature of direct B2 — B19’ martensite transformation for
the alloy was Mg =290 K. The equipment used in the study and mentioned hereinafter was provided by Shared Use
Center “Nanotekh” of ISPMS SB RAS. The chemical composition of the B2 phase was measured with a Wave 500
wavelength dispersive spectrometer and an EVO 50 scanning electron microscope. According to the obtained data,
the Ti—Ni ratio in the B2 phase corresponded to TissNisgs. The NiTi specimens were subjected to pulsed (pulse
duration 1 = 150 ps, number of pulses = 5) surface irradiation by a low-energy high-current (/ = 70 A) electron beam
with surface melting under the conditions of high vacuum (~107° Pa) with oilless pumping. The beam energy density
was constant (E = const) and was either E;= 15 J/cm?, or E,= 20 J/em?, or E;= 30 J/cm®. X-ray diffraction (XRD)
analysis was performed at room temperature on a DRON-7 diffractometer in Co-K, radiation with a Fe-filter for
cutoff of Kg-radiation. The phase composition and the structure of surface and deeper layers were analyzed using
X-ray diffraction in symmetric (Bragg—Brentano) and asymmetric geometries. Here we consider that the data
obtained from diffraction patterns in symmetric Bragg diffraction geometry characterize the specimen structure in
the material bulk, and those obtained from diffraction patterns in asymmetric geometry characterize the structure of
a layer whose thickness corresponds to a chosen glancing incidence angle o.

The microstructure of NiTi near-surface layers before and after electron beam treatment was examined on a JEM
2100 transmission electron microscope (JEOL, Japan) at an accelerating voltage of 200 kV. Foils of lateral sections
for transmission electron microscopy were prepared by a special procedure which allowed one to preserve the
irradiated surface and to examine the structure at a specified depth from the surface.

RESULTS AND DISCUSSION

Figure 1 shows X-ray diffraction patterns in symmetric geometry for NiTi before (a) and after electron beam
treatment (b—d). It is seen that the X-ray pattern of the initial NiTi specimen contains peaks of only two phases: B2
(NiTi) and Ti,Ni. The B2 phase is textured such that the X-ray pattern lacks the main (200)g, peak (in the range of
angles 20 ~ 71°-72°).

65 70 75

FIGURE 1. Fragments of X-ray patterns for initial NiTi (a) and NiTi irradiated at £ = 15 (b), 20 (c), and 30 J/em® (d).
Bragg-Brentano geometry (symmetric), Co-K,, radiation
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FIGURE 2. Bright-field image of near-surface microstructure for NiTi irradiated at £, = 15 J/cm® (a) and
microdiffraction patterns for B2 (b) and Ti,Ni (c)

After electron beam treatment of the NiTi specimens at different energy densities £, = 15 J/em® (b), E, =
20 J/em? (c), and E5= 30 J/cm?® (d), a series of common effects is observed on all X-ray patterns: (1) the presence of
new peaks the most intense of which are found in the vicinity of the (110)z, peak; (2) the absence of peaks of the
Ti,Ni phase; (3) the appearance of the (200)g, peak on the X-ray pattern (b) suggesting that the B2 phase texture is
changed after electron beam treatment of the NiTi specimens at £, = 15 J/cm®. Interpretation of the X-ray patterns
shows that the new peaks correspond to the B19" martensite phase with monoclinic structure (space group P2;/m).
Comparison of the X-ray patterns reveals that increasing the electron beam energy density increases the intensity of
B19’" peaks. Estimation of the relative volume content of the B2 and B19’ phases from the total intensity of their
peaks shows that the percentage of the martensite phase increases from ~5 vol.% in the NiTi specimen irradiated at
Ey =15 J/em® to ~80 vol.% in the NiTi specimen irradiated at E5 = 30 J/cm” The presented experimental data
demonstrate that electron beam treatment changes the structural phase states in NiTi near-surface zones beneath the
irradiated surface. At the same time, the data give no way to determine which of these changes occur in the modified
layers and in the layers beneath them. To identify the contributions of these layers to the X-ray diffraction patterns
and to assess the structural and phase states formed in them after irradiation, all specimens were studied by X-ray
diffraction in asymmetric geometry at glancing angles a; = 3° (the layer thicknesses 4 is from ~0.3 to ~2.8 um), a, =
6° (h ~0.5+5.2 um), and o3 = 12° (h ~ 0.9+20 pum). The study shows that in the NiTi specimens irradiated at £, =
15 J/em® and E,= 20 J/cm?, decreasing the glancing angle ., i.e., decreasing the analyzed layer thickness, decreases
the intensity of B19" peaks on the X-ray pattern to the point of almost complete disappearance at the least glancing
angle o = 3° used in the study.

Another situation is observed in the NiTi specimens irradiated at £5 = 30 J/cm®. The X-ray patterns in both
symmetric geometry and asymmetric geometry reveal intense peaks of the B19’ phase, whereas peaks of the B2
phase are much less intense. Decreasing the glancing angle does not cause any decrease in the intensity of B19’
peaks, as opposed to the two previous cases.

From the obtained data it follows that although the martensite phase with B19" structure appears in the NiTi
near-surface region in all modes of electron beam treatment, the amount of this phase depends on the electron beam
energy density £: the lower the energy density, the smaller the martensite amount. Besides, the localization region of
the martensite phase also depends on the electron beam energy density. In the NiTi specimens irradiated at lower
beam energy densities, the layer that contains the martensite phase resides not on the surface but at some depth from
it. On the contrary, in the NiTi specimen irradiated at the highest electron beam energy density, the entire near-
surface region is in a two-phase state (B2 and B19’) with the volume fraction of the B19" martensite phase far
greater than that of the B2 phase. The results of X-ray examination of the phase composition in NiTi near-surface
regions after electron beam treatment agree with data of transmission electron microscopy (TEM). Figure 2(a)
shows a bright-field TEM image of the microstructure in the layer adjacent to the surface of the NiTi specimen
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irradiated at £, = 15 J/cm®. In this outer layer of thickness ~10 um, the microstructure characteristic of martensite
phases is not observed and Ti)Ni particles are absent. The microdiffraction patterns of the layer (Fig. 2(b))
correspond to an ordered B2 structure. Particles of the Ti,Ni phase are found only at a depth of 8—10 um from the
surface, as evidenced by the bright-field images of the microstructure (Fig. 2(a)) and microdiffraction patterns of
these particles (Fig. 2(c)). Similar results of microstructure analysis were obtained for the specimens irradiated at
E,= 20 J/em’. Tt is revealed that in the near-surface region of the NiTi specimen irradiated at £5= 30 J/cm® the
microstructure typical of lath martensite with a bimodal internal structure is found not only in the immediate
proximity to the irradiated surface (in a layer of thickness less than 10 um) but also at a larger depth. It should be
noted that according to the data of electron microscopy, the surface layer after irradiation at 3= 30 J/cm® was free
of Ti,Ni particles, like in the previous two cases.

CONCLUDING REMARKS

The conducted study demonstrates the following. After electron beam treatment of NiTi at beam energy
densities E,= 15 J/em?, E,= 20 J/em?, and E;= 30 J/em?, a phase with B19’ martensite structure is formed beneath
the irradiated surface with the phase amount and localization dependent on the electron beam energy density. In the
NiTi specimens irradiated at £ < 20 J/cm?, the layer containing the martensite phase is found not on the surface but
at some depth from it. In the NiTi specimen irradiated at £5= 30 J/cm?, the entire near-surface region (including the
modified outer layer of depth ~10 um) is characterized by a two-phase state (B2 and B19") in which the B19’
martensite phase dominates over the B2 phase. It is found that the lower the beam energy density, the smaller the
martensite amount. In the irradiated NiTi specimens, the modified outer layer (melted and quenched) is free from
Ti,Ni particles which are present in large amount in the specimens before treatment.
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