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The effect of the irradiating conditions by high-power pulsed ion beams (HPPIB) on the ablation rate was studied. The 
conditions of irradiation (ions of carbon and protons, ion energy E=300-600 keV, the ion current density in a pulse j=60-500 A cm" 

pulse duration т=50-100 ns) were realized in Temp and Vera accelerators. The study of the evaporation kinetics was carried 
out using targets manufactured from GS26NK nickel super-alloy with NiCrAlY coating and from VT9 and VT18U titanium alloys 
with ZrN and TiSiB coatings. It is shown that values of the ablation rate achieve 0.04 ц т (TiSiB), 0.4 ц т (NiCrAlY), and 1 ц т 
(ZrN) during a pulse under the optimal conditions of HPPIB irradiation. 

Introduction 
Reconstruction and property recovery of the 

most loaded components of gas turbine engines (in 
particular, the aircraft compressor and turbine blades 
with resistant coatings) is the absolutely important 
part of "manufacture-operation "technological 
process [1]. It is well known that the reconstructing 
process carried out in good time allows one to 
increase the operating long life of these components 
by more than 50 % . As a result, the expense of 
alloying materials and the outlay for the manufacture 
of new components would be minimized. The 
objective of the present paper is the development of 
advanced ion-beam technologies for the recycling of 
aircraft engine components with the use of their 
irradiation by high-power pulsed ion beams 
(HPPIBs). 

I. Experimental 
The studied samples were made of bars, 

produced of the following refractory alloys: VT9 (Ti-
7AI-3.8Mo-0.2Fe-2.5Zr-0.3Si), VTISU (Ti-6AI-3.4Mo-
0.2Fe-4.5Zr-1.5Nb-0.25Si-3Sn), ^nd GS26NK (Ni-
1Ti-6.2AI-10Co-8.5W-3.2Mo-2.2Nb-5.8Cr-0.01B-2V) 
with the use of machining. Values of coatings 
thickness were equal to 14 î m (ZrN), 100 ц т 
(NiCrAlY), and 20 ц т (TiSiB). 

Furthermore, the compressor and turbine 
blades with ZrN and NiCrAlY coatings after 600-
hours operation in the aircraft engine were used as 
targets for the irradiation. ZrN, NiCrAlY, and TISIB 
coatings were deposited on the surface of these 
samples and blades by vacuum-plasma technology 
[2]. The irradiation of these targets was carried out 
using the Temp and VERA accelerators [3] by 
carbon (60-70 % ) and proton beams under the 
following conditions: ion energy - 300-600 keV (E); 
pulse duration - 50-100 ns (т); the ion current density 
in a pules - 60-500 A cm 0)- After the irradiation 
some samples were studied by Auger electron 

spectroscopy (AES), X-ray diffraction analysis, 
scanning electron microscopy SEM), optical 
microscopy (OM), surface roughness (Ra) and 
microhardness (Н )̂ measurements. Kinetics of the 
material ablation was determined by weight method 
[3]. 

II. Results and discussion 
Specific mass loss (Am/AS) of the material 

was determined depending on the number of pulses 
(n=1-100) at constant values of the ion current 
density in a pulse (j=100, 120, 250, 300, 500 A cm"̂ ). 
Using these measurements the plots of functions 
(Am/AS=f(n) and Am/AS=f(j)) were obtained (Fig. 1 
and 2). The presented results for GS26NK alloy with 
NiCrAlY coating allow to make the following 
conclusions: 
1. the dependence of the specific mass loss on the 

number of pulses has a linear type; 
2. the ion current density increase from 100 up to 

250-300 Acm"^ leads to the monotonous 
increase of Am/AS; 

3. if the ion current density achieves high values 
(j>300 A cm"̂ ), the rise of the specific mass loss 
does not take place; 

4. most likely, the latter is explained by shielding 
the irradiated surface by the high density plasma 
formed on the initial stage of pulse action; 

5. the maximum rate of material removal from the 
surface of GS26NK alloy with NiCrAlY coating 
achieves 0.12 mg cm'̂  s (0.4 ц т during a pulse 
or 400 cms^). 

It is obvious that such high values of the erosion rate 
(V) can not be predicted by the classical theory o1 
evaporation [4] 
In this connection the development of materia 
erosion mechanisms under the action of HPPIB is o' 
great scientific interest. In the present research the 
kinetics of ZrN and TiSiB coatings removal with the 
surface of titanium alloy samples (VT9 and VTISU; 
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was not studied. However, the erosion rate of tinese 
coatings was determined at moderate values of the 
ion current density (j=220-250 A cm"̂ ). As a result of 
these measurements the erosion rate of ZrN 
coatings was equal to 1 ц т during a pulse. ZrN 
coating with thickness of 20 ц т was removed 
completely with the use of HPPIB irradiation by 20 
pulses. The erosion rate of TiSiB coatings was equal 
to 0.04 ц т during a pulse. Evidently, the usage of 
HPPIBs for the recycling of compressor blades with 
TiSiB resistant coatings has not a good prospect. 
Thus, the obtained results allow one to conclude that 
application of HPPIB irradiation for the recycling of 
aircraft engine components with thin resistant 
coatings from ZrN and NiCrAlY has a good prospect. 
Some results of investigating the surface layer of 
compressor and turbine blades and samples with 
NiCrAlY, ZrN and TiSiB coatings are presented in 
Table 1. One can see that oxidation processes took 
place in the surface layer of the blades during their 
operation. Oxides and spinels of alloyed elements 
are contented in the surface layers (Table 1). HPPIB 
irradiation of these damaged components leads to 
high speed melting and intense evaporation of the 
surface layer material (Fig. 1 and 2). Formation of 
craters and microcracks can proceed on the surface 
during high speed solidification (10®-10® Ks"''). 
Moreover, the redistribution of elements takes place 
in the remeiting surface layer. 

Tablet . 
Initial state of the surface layer of blades and samples from 

VT18U, VT9 and GS26NK alloys with coatings. 

E 

n, number of pulses 

Fig. 1. Dependence of specific mass loss of NiCrAlY 
coating on the number of pulses at various values of the ion 
current density ("VERA" accelerator, E=500 keV; т=100 ns). 

ion current density, j, A/cm^ 

Fig. 2. Dependence of specific mass loss of NiCrAlY 
coating on the ion current density ("VERA" accelerator, 
E=500 keV; т=100 ns; n=100 pulses). 

Coating Element Phase 

H. 
HV, 

0.2 N 
±50 

Ra 
ц т 

±0,5 

H 
ц т 

ZrN Zr, Ti, N, 
0 , С 

ТІО2, a -
Ti, ZrOa, 
ZrN 

840 0.45 20 

TiSiB Ti, Si, B, 
C, 0 

TisSij, 
a-Ti, 
SiOz, 
ТІО2 

1050 0.30 15 

NiCrAlY 
Ni, Cr, 

Al, O, C, 
C, S , W 

P-AI2O3, 
N10, 
NiCr204, 
NiAl204. 
Y-phase 

- -

100 

A great amount of experimental data, summarized in 
[4], allows one to make the following conclusions; 
pseudostatic mechanism of element redistribution is 
realized in the surface layer, when the irradiation is 
carried out under the soft conditions (j~60-80 A cm"̂ ); 
the element with the distribution coefficient (ко) lesser 
1 is supplanted by the solidification front at the 
surface; the element with ko>1 is concentrated near 
the boundary between initial alloy and remeiting 
material. It is obvious that the rise of the ion current 
density from 100 up to 150 Acm"^ leads to the 
appreciable evaporation of elements having high 
pressure of saturated vapour, especially at high 
values of the pulse number. The appreciable 
evaporation of these elements causes a decrease of 
their concentration in the surface layer (A1 - for 
titanium alloys; Cr and Al - for nickel alloys). The 
latter takes place during the irradiation of NiCrAlY 
coatings after their deposition immediately [4]. At the 
same time this effect for the turbine blades with 
NiCrAlY coatings after long life operation was not 

* fixed. It is due to the irradiation of degraded coatings 
having a great amount of 0 and S and low 
concentrations of W, Mo, Cr and Al (it is well known 
that W, Mo, Al and Cr form various oxides and 
spinels during operation in air at high temperature). 
As a result, the irradiation at low values of the ion 
current density allows only one to melt the thin 
surface layer without the appreciable evaporation. At 
last, the intense local ablation of materials in a view 
of gas-plasma jets proceeds during the irradiation at 
very high values of the ion current density (j>200 
A cm"̂ ). In this case the distributions of elements in 
the surface layer of the irradiated coatings are similar 
to their distributions in the surface layer of the initial 
coatings. Thus, the process of degraded coating 
removal at high values of the ion current density is 
due to the nonstable local ablation. One can see that 
application of HPPIBs under the ablating conditions 
has a good prospect for the recycling of compressor 
and turbine blades with ZrN and NiCrAlY resistant 
coatings. It is confirmed by the results of fatigue and 
corrosion tests (Table 2) carried out under the 
following conditions: 
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1. fatigue test - the base of loading is equal to 
2 c y c l e s , frequency of loading is equal to 80 
Hz, air, room temperature; 

2. oxidation resistance - thermal exposure in air 
during 800 h at operating temperature. 

It is evident that the recycling of compressor and 
turbine blades with the use of HPPIBs allows one to 
come to the property level of the initial blades. 

Table 2. 
The results of fatigue and corrosion tests of the blades and 
samples from VT9 (ZrN),and GS26NK (NiCrAlY) alloys with 
coatings {ст.і - the fatigue limit, ho - thickness of the 
oxidized layer) after irradiation (*- without coating). 

Alloy E, J, A/cm' N, c-i Ho 
keV pulses MPa, (jm. 

±20 +5 
VT9 - - - 300 40 
VT9 300 150 25 310 65 
VT9 300 150+ 60 25+10 360 35 
VT9* - - - 410 45 
GS26 - - 240 60 
GS26 500 250 240 180 120 
GS26* - - - 320 120 
GS26 500+ 250+60 120+ 290 -

300 20 
GS26 - - - 250 45 

Table 2 reviews the test results obtained after the 
complete removal of the degraded coatings (the 
modern coating was not deposited). In this case the 
microdefects (craters) formed on the surface during 
the irradiation at high values of the ion current 
density exercise the limit influence on the service 
properties of these blades. It is well known that crater 
formation on the solids surface leads to the 
catastrophic deterioration of the property level 
(fatigue strength, oxidation resistance, salt corrosion 
resistance [3, 5,6]). In order to reduce the negative 
effect of crater formation upon the properties of the 
blades it can be proposed to carry out the final 

HPPIB treatment at low values of the ion current 
density (crater-free irradiation). 

Conclusion 
The major conclusions from this study can be 
summarized as follows: 
1. values of the ablation rate achieve 0.04 цт, 

0.4 ц т and 1 ц т during a pulse under irradiating 
the optimal conditions (TiSiB, NiCrAlY, ZrN 
coatings, correspondingly); 

2. the main mechanism of material removal due to 
HPPIB irradiation is the nonsteady local 
ablation; 

3. HPPIBs have a good prospect for application in 
aircraft engine building for the recycling of the 
compressor and turbine blades with ZrN and 
NiCrAlY coatings. 
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The objective of the present paper is the development of advanced ion-beam technologies for the recycling of aircraft engine 
components with the use of their irradiation by high-power pulsed ion beams (HPPIBs). It was shown that values of the ablation 
rate achieve 0.04 цт , 0.4 ц т and 1 ц т during a pulse under irradiating the optimal conditions (TiSiB, NiCrAlY, ZrN coatings, 
correspondingly) and the main mechanism of material removal due to HPPIB irradiation is the nonstable local ablation. 


