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Crater Creation on the Surface of Refractory Alloy Parts During
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Abstract – The effect of intense pulsed ion and
electron beam irradiation and various methods of
the preliminary surface treatment on the crater
creation process was examined using Auger elec-
tron spectroscopy, X-ray diffraction analysis,
scanning electron spectroscopy, and optical metal-
lography. The crater distribution density, sizes and
shape, along with their microhardness and chemi-
cal composition inside and outside them were de-
termined. The studied samples were made of bars,
produced of the following refractory alloys: VT8M,
VT9, VT18U, EP866sh, and EP718ID with the use
of machining. The irradiation of these samples was
carried out using TEMP and GESA accelerators
under the crater creation regimes. Some of targets
were also subjected to various treatments as
grinding, polishing, diamond smoothing, surface
plastic deformation, chemical etching, and oxida-
tion prior to irradiating by intense pulsed ion and
electron beams. As a result of these experiments,
the most probable mechanisms of crater formation
on the surface of refractory alloy targets were es-
tablished. In order to reduce the negative effect of
crater creation upon the properties of targets can
be proposed to use the fine polishing when pre-
paring the surface for the irradiation and to carry
out the final ion and electron beam treatment at
low energy density in a pulse (crater free irradia-
tion.

1. Introduction

It is well known that crater creation on the solid sur-
faces, when irradiating them by intense pulsed, ion
and electron beams (IPPIB and IPEB) [1–4] leads to
the catastrophic deterioration of the property level
(fatigue strength, oxidation resistance, salt corrosion
resistance, etc.) of irradiated components. As a result,
the study of crater creation mechanisms and the de-
velopment of methods allowing to decrease the nega-
tive influence of already created craters upon the op-
erating characteristics of irradiated components are the
most important factors. The objective of the present
paper is the study of such effects as the preliminary
surface treatment and irradiation conditions (particu-

larly, energy density in a pulse and number of pulses)
on the crater creation process.

2. Experimental

The studied specimens were made of bars, produced
of the following alloys and steels: VT8M (Ti-6Al-
3.7Mo-0.2Fe-0.3Si), VT9 (Ti-7Al-3.8Mo-0.2Fe-
2.5Zr-0.3Si), VT18U (Ti-6Al-3.4Mo-0.2Fe-4.5Zr-
1.5Nb-0.25Si-3Sn), VT25U (Ti-7Al-2.5Mo-1.5W-0.2Fe-
2.5Zr-0.25Si), EP866sh (Fe-2.1Ni-16.5Cr-1.6Mo-1W-
0.3Nb-5.5Co-0.6Si), and EP718ID (Ni-33Fe-2.4Ti-
16Cr-1.4Al-5.2Mo-3.5W-1.5Nb-0.6Mn-0.3Si) with
the use of machining [5]. Furthermore, the super-pure
monocrystals of Zr and Cr produced by chemical
transport reaction methods were used as the special
samples. The irradiation of these targets
(14×7×3 mm3) was carried out at the TEMP accelera-
tor [6] and the GESA-1 accelerator [7]. The treatment
at the TEMP accelerator was realized by carbon (70%)
and protons under the following conditions: ion en-
ergy – 300 keV (E), pulse duration – 50 ns (τ), and the
energy density in a pulse (w) as well as a number of
pulses (n) were varied from w = 0.3 J⋅cm–2, n = 1 up to
w = 3.3 J⋅cm–2, n = 10. The processing with the use of
the GESA-1 accelerator was carried out under the
following regimes: E = 115–120 keV, τ = 20–40 µs,
w = 16–55 J⋅cm–2, n = 1–10 pulses. After the irradia-
tion some targets were studied by Auger electron
spectroscopy (AES), X-ray diffraction analysis, scan-
ning electron microscopy (SEM), optical microscopy
(OM), and microhardness (Hµ) measurements. Other
irradiated specimens were subjected to vacuum an-
nealing for 2 hours at the given operating temperature
for each alloy, in particular, VT8M, VT9-500 °C;
VT18U, VT25U-550 °C; EP866sh-600 °C, and
EP718ID-650 °C. After completing the pointed heat
treatment the studying cycle was repeated again. In
this case it should be noted that some of targets were
also subjected to various treatments as grinding, pol-
ishing, diamond smoothing, surface plastic deforma-
tion, chemical etching, and oxidation prior to irradi-
ating by IPIB and IPEB. The crater distribution
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density (ρ), their evarige linear size (Dav) and form
along with the microhardness and chemical composi-
tion inside and outside them were determined during
the performed studies. In addition to these studies,
there were some prescratched samples, which were
also irradiated and investigated.

3. Results and Discussion

The results of the performed investigations allow to
divide all craters into several groups depending on the
crater shape. They can be classified into the following
types: round-shaped craters with the convex centre
(Fig. 1, a) and the concave centre (Fig. 1, b); round-
shaped multi-rings craters (Fig. 1, c); adjoining craters
(Fig. 1, d); craters in the form of ellipse, crack and
disk including also faceted and dent-shaped ones.

Fig. 1. SEM-micrograph of VT9 alloy surface treated
by IPIB (w = 2 J⋅cm–2, n = 3 pulses): a, b – round-shaped
craters with the convex centre and the concave centre;

c – round-shaped multi-rings craters; d – adjoining crater

Analysis of the results presented in Tables 1, 2 and
published in [8–10] gives a possibility to trace the
effect of irradiation conditions on the type, size, and
distribution density of craters through the surface. It is
obvious that the energy density (w) increase from 0.6
up to 1.7 J⋅cm–2 leads to the increase of the crater dis-
tribution density (ρ) from 0 up to 1100–1400 cm–2

after IPIB irradiation and from 0 up to 8–10 cm–2 as a
result of the irradiation by IPEB with the energy den-
sity rise from 18 up to 32 J⋅cm–2. The tendency to the
decrease of ρ down to 200–500 cm–2 (IPIB) and 3–
5 cm–2 (IPEB) and the growth of craters takes place
with the further increasing w (1.8 → 2.6 J⋅cm–2, IPIB)
and (32 → 55 J⋅cm–2, IPEB). However, a value of ρ is
firstly increased with a rise of a pulses number (n = 1,
2, 3) and then it is decreased (n = 5–10). It is impossi-
ble to establish any dependence between ρ and n val-
ues if the energy density achieves high values of w
(w > 2.4–2.6 J⋅cm-2, IPIB and w > 32–36 J⋅cm-2, IPIB).
On the base of the fixed experimental results one more
important conclusion can be made, that the formation
of round-shaped and faceted craters occurs mainly
when irradiation with the energy density of 1.5–
2.2 J⋅cm–2 (IPIB) and 24–32 J⋅cm–2 (IPEB) and the
creation of dent-shaped and faceted craters and cracks

of dent-shaped and faceted craters and cracks takes
place at very high values of the energy density
(Fig. 2, a). The depth of the craters created by ion
beams achieves 1–2 µm while the craters formed by
electron beams have the depth of more, than 20–
25 µm. The microhardness values near craters are
significantly lower than the appropriate Hµ values,
fixed on the “free” surface. Hµ (craters) is equal to Hµ

(surface) only after the final annealing of irradiated sam-
ples.
Table 1. Distribution density and average size of craters
formed on VT9 alloy specimen surface (Temp accelerator)
and on EP866sh* steel specimen surafce (GESA-1 acce-
lerator)

Irradiating conditions
w, J/cm2 n, pulses ρ, cm–2 Dav, µm

0.9 1 0 0
1.2 1 420 ± 20 5–10
1.5 1 580 ± 40 5–40
1.8 1 340 ± 30 15–50
2.4 1 260 ± 20 28–38
0.9 2 0 0
1.2 2 200 ± 20 5–7
1.5 2 1200 ± 200 5–7
1.8 2 1060 ± 200 10–40
0.9 3 0 0
1.2 3 1480 ± 200 5–15
1.5 3 1100 ± 200 5–15
1.8 3 1100 ± 200 10–40
0.9 5 0 0
1.2 5 920 ± 100 5–10
1.5 5 1100 ± 200 10–20
1.8 5 500 ± 100 25–60
2.4 5 260 ± 30 30–70
0.9 7 0 0
1.2 7 660 ± 70 10–40
1.5 7 900 ± 100 20–50
1.8 7 680 ± 50 20–60
2.4 7 460 ± 30 15–25
20* 1 0 0
26* 1 12 ± 2 90–130
32* 1 14 ± 4 80–150
40* 1 18 ± 3 120–130
45* 1 20 ± 4 100–120
50* 1 16 ± 4 130–180
55* 1 15 ± 4 120–170
20* 5 1–2 20–30
26* 5 5 ± 2 45–120
32* 5 6 ± 3 40–150
40* 5 5 ± 2 110–140
45* 5 6 ± 2 130–190
50* 5 5 ± 3 120–180
55* 5 4 ± 2 130–190

The chemical composition of craters being formed
as a result of ion and electron beam irradiation with
high values of the energy density can be similar to the
chemical composition of the studied alloys. Only a
great amount of carbon was determined into these
craters. Meanwhile, if ion and electron beam process-
ing was carried out at the average values of w, craters

 a
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 b
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contained a considerable amount of Mo, Zr, Si (tita-
nium alloys) and Al, Mo, W (steels and nickel-base
alloys).

a

b

Fig. 2. SEM-micrograph of EP866sh steel (a) and VT9 alloy
(b) surface treated by IPIB (w = 2 J⋅cm–2, n = 3 pulses)

Moreover, it was revealed that some craters con-
tained the elements, typical of a structural material of
the cathode system, when the irradiation was realized
by ion beams (for example, Sn, Fe, Ni etc.). It points
to the fact of the of the cathode erosion under HPPIB
irradiation effect, and when bombarding the already
melted surface of targets by eroded particles. Table 1
illustrates the effect of the energy density on the aver-
age size of formed craters. The intensive growth of
new phases (carbides, oxides, and oxicarbides of Sn,
Zr, Mo, W, Si, Al) within craters with the changed
composition is observed during the final annealing.
It' s explained by the rise of microhardness within
craters as a result of the vacuum annealing. In this
case the formation of separate 1–20 µm-crystals cab
be occurred within craters These crystals can have
various forms (dendrites, cubic and pyramidal crys-
tals, Fig. 2, b). The intensive growth of crystals de-
pends on the different conditions of heat transfer at the
craters boundaries and the high residual stresses near
craters.

It' s evident, that the preliminary diamond
smoothing and vacuum annealing of sample surfaces
allow to obtain the “crater-free” surface when irradi-
ating by using any energy density (Fig. 3, a). The sur-
face of the similar prescatched samples after the irra-
diation contains craters however, they are
concentrated along the scratch (Fig. 3, b) only after
ion beam treatment.

Some results of the second stage of experiments
are presented in Table 2 and Fig. 3.

Table 2. Effect of the initial surface treatment on the crater
creation process during the irradiation by IPIB (VT9,
VT18U, and VT8, w = 2 J⋅cm–2, n = 1 pulse) and IPED
(EP866sh, w = 32 J⋅cm–2, n = 1 pulse)

Crater density, ρ, cm-2
Treatment VT8 VT9 VT18U EP866sh

Grinding 290 320 270 35
Polishing 60 90 70 4
Deformation 480 460 420 45
Etching 450 500 430 7
Oxidation 420 380 410 6

a

b

c

Fig. 3. SEM-micrographs of VT9 alloy (a) and VT25U alloy
(b, c) specimen surface treated by IPEB (a – w=18 J⋅cm–2,

n = 3 pulses) and IPIB (b, c – w = 2 J⋅cm–2, n = 3 pulses)

The craters were not observed along the scratch
after electron beam treatment. One more important
result of these experiments is the creation of craters,
separate areas of which were not melted if the targets
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were subjected to the preliminary diamond smoothing,
final chemical etching and the irradiation by IPIB
(Fig. 3, c). The irradiation of such specimens by IPEB
exhibited the homogenious melt surface. The last dif-
ferences are explained by more thickness of the sur-
face layer modified with IPEB (20–30 µm) then with
IPIB (1–2 µm). The craters were created even on the
surface of the super-pure monocrystals of Zr and Cr
produced by chemical transport reaction method as a
result of the irradiation with IBEB (Fig. 4).

a

b
Fig. 4. Micrographs of Zr (a) and Cr (b) specimen surface 

treated by IPEB (w = 32 J⋅cm–2, n = 1 pulse) x400

According to our experimental and published data
[8, 9] the variety of the following crater creation
mechanisms can be possible: the formation of a gas-
plasma phase during the ablation of surface volatiles;
the bombardment of the melted surface by the accel-
erator structure elements; and the availability of non-
stable conditions during melting due to the difference
in phase and chemical compositions, impurity distri-
butions and dislocation densities of targets.

The formulated crater creation mechanisms give a
possibility to propose a number of methods to reduce

this surface phenomenon including: changes in ion
accelerator electrode material (in particular, the target
material instead of steel); target surface preparation
such as fine polishing; follow-on beam treatment at
low energy when the craters are not created; and the
final implantation by heavy ions at low angles.

4. Conclusion

The major conclusions from this study can be summa-
rized as follows:

1. Crater formation process takes place on the sur-
face of solids during irradiation by IPIB and IPEB.
This phenomenon is due to the cathode material ero-
sion (technological factor) and the nonstability in the
physical and chemical state of the irradiated surface.

2. In order to reduce the negative effect of crater
formation upon the properties of targets can be pro-
posed: changing the accelerator diode system material;
to use the fine polishing when preparing the surface
for the irradiation; to carry out the final IPIB and
IPEB treatments at low energy density (crater-free
irradiation); and to perform the final heavy ion im-
plantation.
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