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The influence of high-power pulsed ion-beann (HPPIB) irradiation and various methods of preliminary surface treatment on 
crater creation was examined with the use of Auger electron spectroscopy, X-ray diffraction analysis, and scanning electron 
microscopy. The crater distribution density, sizes and shape, along with the microhardness and chemical composition Inside and 
out side craters were determined. The targets from refractory alloys treated with HPPIBs under the Irradiating conditions (Ion 
energy - E=300 keV; pulse duration - т=50 ns; the ion current density in a pulse - j=120-220 A/cm^, the number of pulses - n=1-
100; Temp accelerator), when crater creation takes place on the surface of refractory alloys, were subjected to the fatigue and 
corrosion tests. It was determined that crater creation results in the catastrophic fracture of the irradiated samples during a cycle 
load In air at operating temperature. In this case the nucleation of fracture lies into the locality of formed craters. Furthermore, 
corrosion tests have shown that titanium alloys Irradiated by HPPIBs under the condition of crater creation were subjected to the 
pitting corrosion mechanism in seawater at thermocycling from 500 to 20 °C. According to the fatigue and corrosion test results, 
the adjoinity and dent-shape craters are the most dangerous under the cycle load. 

Introduction 
Crater creation is one of the most important 

phenomena taking place during irradiation of metals 
and alloys by HPPIBs [1-4]. It is conditioned by 
insufficient study of crater creation mechanisms. 
Furthermore, the experimental results on the 
influence of various crater types created on the 
target surface during irradiation v\/ith high values of 
the ion current density on operating properties of 
irradiated parts have not been published up to now. 
So, some publications of technological directions 
present the results of researches carried out using 
the dependence between the irradiating regimes and 
properties did not contain the detail analysis of the 
reasons lead to changing properties [1-4]. The 
papers [3,4] exhibit only the negative effect of crater 
creation on service properties of the irradiated parts. 
The objective of the present paper is the 
investigation of mechanisms resultjng in the fracture 
of the metal parts treated with HPPIBs when the 
various amount of craters with diverse shapes and 
sizes. This paper is a sequel to the papers [3,4] that 
is why the terminology introduced in these 
researches will be used on discussion of the 
obtained results. 

I. Experimental 
The studied samples were made of bars, 

produced of the following refractory alloys: VT8M (Ti-
6AI-3.7Mo-0.2Fe-0.3Si); VT9 (Ti-7AI-3.8Mo-0.2Fe-
2.5Zr-0.3Si); VT18U (Ti-6AI-3.4Mo-0.2Fe-4.5Zr-
0.25Si-1.5Nb-3Sn); VT25U (Ti-7AI-2.5Mo-0.2Fe-
2.5Zr-0.3Si-1.5VV) with the use of machining. 
Moreover, compressor blades of gas turbine engines 
were used for the fatigue tests (EP866 sh: Fe-2.5Ni-
16.5Cr-1.6Mo-1W-0.3Nb-5.5Co-0.6Si and EP718 ID: 
Ni-33Fe-2.4Ti-16Cr-1.4AI-5.2Mo-3.5W-1.5Nb-0.6Mn-
0.3Si). The irradiation of these targets were carried 

using the Temp-M accelerator [6] by carbon (70 % ) 
and proton ion beams under the following conditions: 
ion energy - E=300 keV; pulse duration - т=50 ns; 
the ion current density in a pulse - j i =60- 80 A/cm^, 
І2 =120-150 A/cm^; ]з =160-220 A/cm^; the number of 
pulses - n=3-20 pulses. The beam had an elliptic 
shape with the cross section area from 60 to 200 
cm .̂ After the irradiation and vacuum annealing for 
120 min at the given operating temperature for each 
alloy (in particular, VT8M, VT9 - 550 °C; VT18U, 
VT25U - 600 °C; EP178 ID - 650 and EP866 sh 
- 600 °C), the samples and blades were subjected to 
the fatigue and corrosion tests. The measurements 
of the oxidation resistance were made using the 
weight method [3] (thermoexposure was carried out 
for 100-500 hours in air at 450-650 °C). Salt 
corrosion resistance tests were conducted under the 
following conditions: heating to operating 
temperature (450-650 °C), cooling into sea water at 
room temperature, repeating this cycle, the number 
of testing cycles was equal to 250-150. 

II. Results and discussion 
Tables 1-3 summarize the results of the comparable 
fatigue and corrosion tests. These results show the 
possibility to improve service properties of studying 
materials due to HPPIB irradiation and a post-
process high temperature annealing. It is well known 
that the increase of operating characteristics takes 
place under the optimal conditions of irradiation, but 
even in this case the party of irradiated samples 
consists the targets having still significantly lower 
level of operating properties than one obtained for 
the majority of the specimens. Furthermore, Tables 
1-3 show that the HPPIB irradiation under some 
conditions leads to a decrease of the blade 
properties. For example, HPPIB treatment o1 
refractory alloys with high values of the ion current 
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density in a pulse (j=160-220 A/cm ) results in a 
decease of the fatigue strength and corrosion 
resistance. The analysis of the sample surface 
irradiated at such values of j shows the creation of 
adjoining craters and craters in the form of cracks 
mainly. The adjoining craters often are rounded a net 
of microcracks [4]. Moreover, in this case the 
creation of separate 1-20 ц т crystals can occur 
within the adjoining craters. These crystals can have 
various forms (dendrites, cubic and pyramidal forms). 
The intensive growth of these crystals during a post-
process annealing can lead to formation of high 
residual stresses near craters. As a result, even new 
microcracks can be created [4]. The fatigue fracture 
of these targets practically always begins to be near 
the formed craters [3]. The step of fatigue furrows of 
irradiated targets (and consequently the rate of the 
fatigue crack growth) is lesser in 10 times than one 
of the initial samples. Hence, the observed decrease 
of the fatigue long life of samples and blades 
irradiated with high values of the ion current density 
can be caused only by the initial stage of fracture, 
because the adjoining craters and the craters in the 
form of cracks are the most dangerous surface 
defects concerning high residual stresses. The 
results of oxidation and corrosion tests and the 
results of low frequent fatigue tests in an 
environment concerning Cl-lons (Tables 1 and 3) 
confirm the last conclusion. One can see that in this 
case the surface without craters had not significant 
changes, while a depth of craters increased during 
the tests from 0.5 to 10 ц т . The increase of the 
crater depth leads to a decrease of the material 
properties level, especially with reversal loading. The 
corrosion mechanisms into craters are not presently 
studied. However, due to the results of chemical 
composition determination on the surface and into 
craters [2-4], it is possible to expect the crevice and 
pitting corrosion. The formation of microcracks, great 
changes of the element composition in near crater 
areas and accumulation of substances containing Cl-
ions into craters during the tests indicate this 
possibility. The surface of samples irradiated with 
lower values of j contains more number of craters but 
their sizes decreased (5-20 цт). In this case round-
shaped craters, craters in the form of ellipse and 
disks including also faceted ones are created on the 
surface of targets mainly. The average level of 
operating properties of these targets is higher than 
one of initial samples. Especially, this effect appears 
for homogeneous materials having low 
thermoconductivity (VT18U and VT25U titanium 
alloys). However, even these parties of specimens 
irradiated and annealed under the same conditions 
contained some samples having low values of the 
operating characteristics. First of all, it concerns the 
samples passed fatigue tests and short life strength 
tests [2] after thermoexposure in air (Tables 1). The 
results of fractography analysis shows that the 
surface of these targets contains on a level with 
round-shaped craters yet adjoining craters and ones 
in the form of cracks. It is well known that the 
nucleation of fracture lies near defects of the last 
type [3,4]. Furthemnore, these samples have a multi-
nucleation fracture [2,3]. The most high level of 
service properties was determined for the blades and 

samples irradiated by HPPIBs with low values of 
j=60-80 A/cm^ and with a great number of pulses 
(n>10 pulses). This positive change of operating 
properties was especially considerable for 
a-i-p-titanium alloys (VT8M and VT9) and, to a lesser 
extent, for refractory steels (EP866sh and EP718ID) 
and pseudo-a-titanium alloys (VT18U and VT25U). 
Due to such treatment it is possible to reach the 
record values of the fatigue strength (more than 2 
times) and the corrosion resistance (more than 3 
times). In related studies, authors [1,2] explained 
effectiveness of low current multi-pulsed treatment 
by the following reasons: a decrease of surface 
roughness (Ra=0.06-0.10 цт); formation of fine 
dispertional carbide precipitates in the thin surface 
layer (h~0.2 цт); an increase of alloying element 
distribution homogeneity in a depth; creation of the 
structure with the optimal size of grains (40-60 цт) in 
the surface layer; conservation of strengthening 
phases (P-phase for VT8m and VTQ titanium alloys 
and x+x'-phases for EP718 ID alloy). The surt'ace of 
samples irradiated with j=60-80 Ncvr? has not 
craters practically [3,4]. The lesser effectiveness of 
ion beam treatment of EP866sh steel and EP718ID 
alloy is explained by carbide deposition under the 
beam and higher probability of crack creation during 
high-speed crystallization. However, some 
specimens having round-formed and faceted craters 
(even adjoining ones) can be observed among of the 
sample parties treated with low values of the ion 
current density. An average, the party from 8 
samples irradiated by 3 pulses contains 2 specimens 
with craters. These samples have low mechanical 
and corrosion properties and their fracture nucleation 
lies near craters. The number of these defect 
samples did not almost change with the increasing 
pulse number (2 defect specimens in each party of 
the samples). At the same time, due to the results of 
previous researches [3,4] the crater distribution 
density on the surface (p) is firstly increased with a 
rise of the pulse number (n=1,2,3) and then it 
decreased (n=5,7). In this connection, the existence 
of targets irradiated under the "non-crater" conditions 
and contained still a great amount of craters can be 
explained only by non-stable operation of the 
accelerator, when every series of pulses with j=60-80 
A/cm^ contains some pulses with high values of the 
ion current density. Therefore, the absence of the 
increasing number of samples containing craters in 
each party from 8 unites with a rise of the pulses 
number down to 15 is explained by the opposite 
influence of the following factors: the non-stable 
operation of a diode system of the accelerator (the 
number of defect targets would be increased with a 
rise of n) and the decrease of crater creation 
probability with a rise of the pulses number. The 
obtained previous results [1-4] and the data of the 
present research allow the formulation of the most 
important problems preventing the introduction of 
HPPIBs into aircraft engine building (for treatment 
and recycling of compressor and turbine blades and 
disks). They are low homogeneity of the ion current 
density distribution on the beam cross section; low 
stability of the irradiating parameters from pulse to 
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pulse; negative influence of crater creation on the 
material properties. 

Table 1 
The results of fatigue tests of the blades and samples from 
refractory alloys (cr.i - the fatigue limit) after irradiation 
(E=300 keV; т=50 ns): f-loading frequency; T-temperature 
of tests; j-the ion current density; n- number of pulses. 

Table 3. 
The corrosion test results of samples from refractory alloys 
(Дт/S -specific mass increase) after irradiation 
(E= 300 keV; т=50 ns): N-cycles number; T-temperature of 

Alloy F, Hz T, 
°c j, A/cm^ n, 

pulses CT-1 Mpa 

VT8M 80 450 - - 160±10 
VT9 3000 450 - - 420±10 

VT18U 3000 500 - - 360±10 
VT25U 3000 500 - - 430+10 
EP866 2800 600 - - 270+20 
EP718 2800 650 - - 320±10 
VT8M 80 450 60-80 20 440±10 
VT8M 80 450 120-150 10 100+10 
\/T9 3000 450 60-80 15 495±15 
VT9 3000 450 120-150 10 320±30 

VT18U 3000 500 120-140 3 420±10 
VT18U 3000 500 160-220 3 250+30 
VT25U 3000 500 60-80 3 460+10 
VT25U 3000 500 160-220 3 290+40 
EP866 2800 600 60-80 5 330±10 
EP866 2800 600 180-220 5 180±30 
EP718 2800 650 60-80 5 360+10 
EP718 2800 650 120-150 5 270±30 

Table 2 
The results of oxidation resistance tests of the blades and 
samples from refractory alloys (ho - thickness of oxidized 
layer) after irradiation (E=300 keV; т=50 ns): t-time; T-
temperature; j-ion current density; n- number of pulses. 

Alloy t, 
hours 

T, 
°C j, A/cm^ n, 

pulses Ho, ц т 

VT8M 200 500 - - 35±3 
VT9 200 500 - - 30±5 

VT18U 200 550 - - 25±4 
VT25U 200 600 - - 23±4 
EP866 600 600 - - 50±5 
EP718 600 650 - - 70+5 
VT8M 200 500 60-80 20 16±3 
VTg 200 500 60-80 15 15±4 

VT18U 200 550 160-226 3 20±6 
EP866 600 600 60-80 5 22+4 
EP718 600 650 120-150 5 100+10 

Alloy N, 
cycle 

T, 
°C j, A/cm^ n, 

pulses 
Дт /S, 

mg/mm^ 
VT8M 250 500 - - 0.62+0.05 
VT9 250 500 - - 0.51 ±0.05 

VT18U 250 550 - - 0.48±0.05 
EP866 150 600 - - 0.95±0.07 
VT8M 250 500 60-80 20 0.07±0.01 
VT9 250 500 60-80 15 0.09+0.02 

VT18U 250 550 120-140 3 0.11 ±0.02 
EP866 150 600 60-80 5 0.41 ±0.09 

C o n c l u s i o n 
The following conclusions may be drawn from the 
work discussed here. The most important problems 
preventing the introduction of HPPIB accelerators 
into aircraft engine building for modification of the 
material surface were formulated. They are low 
homogeneity of ion beam, low stability of the 
irradiating parameters, and crater creation on the 
surface during irradiation. It was shown that crate 
creation on the surface of compressor and turbin( 
blades irradiated with HPPIB leads to a decrease с 
their operating properties (fatigue strength, oxidatioi 
resistance, and corrosion resistance). It wa 
determined that the most dangerous defects on th-
surface of irradiated targets from refractory alloys ar 
adjoining and crack-formed craters created durin 
irradiation with high values of the ion current densil 
in a pulse. 
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