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J. Phys: Condens. Matter 4 (1992) 10199-IO210. Printed in the UK 

Radiation-induced defects in solid solutions and intermetallic 
compounds based on the Ni-AI system: I. Low-temperature 
electron-irradiation damage 

C Dimitrovt, B Sitaudt, X Zhangt, 0 Dimitrovt, U DedeQ and 
F Dworschakt 
t CECM-CNRS, 15 rue G Urbain, F94407 Vitly-sur-Seine Cedex, France 
t IFF, KFA Jtilich, PO Box 1913, D.5170 JUlich, Federal Republic of Germany 

Received 9 December 1991, in 6nal form 21 August 1992 

AbslraeL ' he  effed of alloy wmposition on radiation damage by 2.95 MeV electrons 
at low Iemperatum h a  been investigated in Ni(AI) and Ni(AI.Ti) solid solutions and 
in Ni,AI intermetallic wmpounds (24.6-26.5 at.% AI) by residual electrical resistivity 
measuremenls. In the solid solutions the main result of irradiation was p i n t d e f e d  
production. Frenkel-pair resistivities, deduced fmm the comparative analysis of the 
initial damage rates in the salid solutions and in pure nickel, were 6.5-9.4 pR an/%, 
Similar to or slightly larger than the value of nickel. In Ni3AI intermetallic compounds, 
the resistivity damage ntes were enhanced by a factor of about 15 mmpared with pure 
nickel. Disordering contributes only a mal1 pan of this increase. Assuming an average 
of 3 f I replacrmrnls per displacement, a wmparison of the initial damage rates in 
nickel and in the wmpounds leads to Frenkel-pair resistivities nnging fmm !?7 to 109 
p a  an/%. Such high values may k wrrelated with the large ideal resistivity of these 
materials. 

1. Introduction 

Aerospace propulsion systems require materials with good structural stability and 
creep resistance at high temperatures. Nickel-based y /y' superalloys are presently 
used; their strength results from the presence of a hardening y' phase (an L1,-type 
intermetallic compound) dispersed in a short-range-ordered FCC nickel-based solid 
solution. The high-temperature properties are dependent on the atomic mobilities, 
via vacancy diffusion, in the two phases. Thus the coalescence rate of the precipitates 
is proportional to the diffusion coefficient in the y matrix, in the model developed 
by Lifshitz, Slyozov (1961) and Wagner (1961), as-well as in the later improved 
versions (Voorhees 1985), which take into account the interaction between particles. 
Furthermore, according to the conditions, the creep rate is mainly controlled by 
dislocation climb either in the y phase or in the y' phase and thus depends on 
the diffusion rate in the corresponding phase. Therefore, it is essential for a 
better understanding of the high-temperature behaviour of the superalloys to have 
information on the vacancy properties in both the y and the y' phases. 

Industrial materials contain many constituent elements, the specific effect of which 
is not clearly understood. Consequently, in the present work, single-phase binary 
alloys were first investigated; the effect of composition in Ni(Al) and of deviations 
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from stoichiometry in Ni,AI compounds were respectively considered. In a second 
stage, the addition of titanium (which is a constituent of industrial superalloys) to 
Ni(AI) was studied. 

The present work aimed a t  determining the properties of non-equilibrium 
vacancies, as well as self-interstitials, produced by electron irradiation at low 
temperature. Irradiation effects in the Ni-AI system have been little investigated, 
by contrast with other systems including LIZ phases like Au-Cu (Alamo ef al 1986, 
Urban and Ehrhart 1987). 7‘ precipitation in Ni(AI) alloys, containing 11.1 and 
13.1 at.% AI, has been studied under proton irradiation in the 433-633 K range 
(Jung et al 1987). Some results are available in y‘ Ni76,3AIn,7; they were obtained 
by positron lifetime measurements in samples irradiated mainly at room temperature 
(Shimotomai ef ol 1983, Wang cl al 1984, Doyama ef al 1987) and at 21 K (Doyama 
et a1 1985). 

The results will be presented in two parts. Here, in part I, we report and discuss 
the damage induced at  4-9 K by electron irradiation, in the short-range-ordered 
alloys Ni,AI,, NL,,,AIlu, N&,AI,Ti, and in long-range-ordered Ni,AI compounds, with 
different compositions (24.6-26.5 at.% AI). Radiation damage was investigated by 
residual electrical resistivity measuremenrs; point-defect production and disordering 
processes are discussed and we attempt to evaluate the Frenkel-pair resistivity in these 
materials. Part I1 (Dimitrov et al 1992a) will be devoted to the recovery mechanisms 
during isochronal anneals a t  increasing temperatures and to the determination of the 
mobility of vacancies and self-interstitials. 

2. Experimental details 

The materials investigated were Ni/6 at.% AI, Ni/lO at.% AI, Ni/l at.% AI/3 at.% Ti 
solid solutions (named Ni,,JI6, Ni,,,,Allu, Ni,AI,Ti,) and three Ni&l intermetallic 
compounds containing 24.6, 25.0 and 26.5 at.% AI respectively (named Ni7s,4AIa.6, 
Ni75.UAIZS,U and Ni74.sAIz6,s). The alloys were prepared by melting together in an 
inductive plasma furnace weighed amounts of nickel, aluminium and titanium. Pure 
metals were used to prepare the alloys. Nickel was obtained from ENSM, St Etienne; 
its residual electrical resistivity ratio (RRR) was Ra4 K/R4,z  = 940. Electrolytic 

CECM, France, yielding a material with a bulk resistivity ratio of 21 000. Electrolytic 
titanium was obtained from Ugine and melted in a water-cooled copper crucible, 
under a purified argon atmosphere (RRR = 27). The alloy ingots, of 4-5 g in 
weight, were mcltcd several times; they were then homogenized by annealing for 
24 h at  1273 K under a mcuum lower than Pa, followcd by slow furnace 
cooling. Some weight losses, smaller than 0.1% of the sum of the constituents, 
occurred during melting. The final compositions are given in tables 1 and 2 For the 
Ni,N compounds, true compositionst were calculated by assuming that mainly nickel 
was lost as a consequence of the partial vapour pressures of nickel and aluminium 
determined in Ni7,AI, a t  1728 K, above its melting point (Bremer 1988). 

The alloys were checked to be single phase by x-ray diffraction, lattice parameter 
determinations, and transmission and scanning clectron microscope (‘EM, SEM) 

t Slighlly different compositions of the off-stoichiometric allays were previously given: they were 
determined by using, for the loss mrrections, L e  panial vapour pressures of aluminium and nickel 
in the pure metals. 

n ! ~ ~ ~ i ~ i ~ m ,  ~ “ : c ~ x c !  f:~m E.:;SZ A k ~ k k i i  k d ,  > & ~ k i - ~ ~ i i ,  ~ V Z S  ZGfie-i&i& Li 



Defecls in Ni-AI alloys: 1. Radialion damage 10201 

Table 1. Compositions, inilial resistivities po at 4.2 K, experimental initial damage tales 
(dp/db)o, relative displacement mu seclions u," /c ;"~ ,  Frenkel-pair resistivities PP 
and utraplated Saturation resistivities A p ,  of Ihe shon-range-ordered alloys 

Materials Ni N i d J 6  Niw& NiMA I Ti3 

Al (at.%) 0 @ure Ni) 6.0 9.8 1.0 
+2.9 at.% Ti 

p0(10-~  R cm) 0.0430iO.WOZ 12.39f 0.06 23.25 kO.lO 13.71 f 0.01 
(dp/d*)o 2.08 * 0.04 1.97 f 0.05 2.55 f 0.05 2.89 f 0.10 
(lo-% n c") 
c,"i/upY I 1.023 1.040 1.010 
p i ( &  cm%) 6.7 6.5 f 0.6 8.5 f 0.8 9.4 f 1.2 
Ap,(@R cm) 1.4i0.5 2 . 6 f  1 .1  1.9 f 0.4 - 

metallographic observations. The stability of the FCC y phase in the Ni,AI!, alloy was 
specially investigated, since this composition is near the 7 7 '  solubility limit of the 
phase diagram (Hansen and Anderko 1958, Sanchez ef a1 1984). No 7' precipitates 
were observed by E M ,  in a sample aged for 435 h at 660 K, and no change of the 
Curie temperature, which is sensitive to the aluminium content of the y phase, was 
detected. 

Local order in binary Ni(AI) solid solutions has been observed and the Warren- 
Cowley parameters have been determined by x-ray diffuse scattering measuremen6 
(Klaiber ef al 1987, Chassagne e1 a1 1989). Short-range ordering (SRO), induced 
by appropriate thermal treatments, results in an increase of the electrical resistivity 
(Afyouni a a1 1989, Sitaud and Dimitrov 1989). 

The L1, structure characterizing the y' phase is limited to a narrow composition 
range around 75 at.% nickel. The three compositions investigated here were found 
to be single phase, in agreement with the detailed section of the phase diagram 
analysed by Hilpert et al (1987) and Bremer ef al (1988). The long-range-ordered 
(LRO) structure is considered to be stable up  to the melting point. However, thermal 
treatmentS above 780 K were found recently to induce electrical resistivity changes in 
the alloys and these were assigned to LXO variations (Kozubski and Cadeville 1988, 
Zhang 1989, Sitaud a al 1990); long-range ordering leads to a residual resistivity 
decrease. 

For the preparation of the irradiation specimens, fractions of the solid solution 
ingots were cold-rolled to a thickness of - 30 Wm and samples were mechanically 
cut out from the foils. Pure nickel samples, used as reference in the irradiation 
experiments, were prepared by the same procedure. The intermetallic compounds 
displayed intergranular brittleness; therefore, strips of - 300 p m  in thickness were cnt 
out from the ingots with a diamond saw, then thinned to 13&270 pm by mechanical 
polishing. After subsequent chemical or electrochemical etching, the samples were 
annealed in a - Pa vacuum for 30 min at 1273 K (solid solutions) or 10 h at 
1173 K (intermetallic compounds) or for 2 h at 1073 K in the case of pure nickel, 
respectively, then furnace cooled. 

'helve samples were mounted on the irradiation holder. They were irradiated 
with 2.95 MeV electrons, in a helium flow cryostat (details are given by Schroeder 
and Schilling (1976)); the electron flux density was - 3 x 10" e cm-' s-' and did 
not vary across the irradiated sample azea by more than *5%. The irradiation 
temperature varied from 4.6 to 9 K as a function of the samples thickness. Sets of 
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three different materials were simultaneously irradiated in four different runs up to 
4.2 and 8.0 x 10l8 e All the alloys and nickel were irradiated at these two 
Ruences except Nb6AI,Ti3 and Ni,5.4AIZ4.6, which were irradiated only at one fluence. 

Radiation damage was investigated by electrical resistivity determinations 
performed at 4.6 K by standard four-point DC measurements. The shape factors 
of the alloy samples k = p4,z K/R4.Z were deduced from their electrical resistance 
(R,,) before irradiation, using the resistivities ( P o )  given in tables 1 and 2 These were 
determined on separate specimens of suitable shape, - 1 mm2 in section, annealed 
in the same conditions as given above. The shape factors of the nickel samples 
were calculated from the ideal resistivity at 2% K (pi = 7 . 0 4 ~ 0  an) and from the 
electrical resistances measured at this temperature and at 4.2 K by the relationship 
k = p i / R B 6 - R 4 , J .  The uncertainty on resistivity determinations was 1 x lo-’ fi cm. 

3. Results and discussion 

The resistivity variations produced by electron irradiation in pure nickel, in the 
solid solutions and in the intermetallic compounds are given in figures l(a) and 
2(a) as a function of fluence a). The curves exhibit qualitatively similar shapes: with 
increasing @ the resistivity increases at a progressively slower rate; however, the excess 
resistivities Api produced by the same fluence differed considerably between the SRO 
and the LRO alloys. The values were of the same order in nickel and in the Ni,,,AI, 
alloy, and a little higher in the other solid solutions. By contrast, the radiation-induced 
resistivities were larger by a factor of - 15 in the intermetallic compounds than in pure 
nickel. The differences Observed between the three intermetallic compounds were not 
significant, taking into account the *5% error in the electron flux homogeneity. 

o Ni90A110 

1.8 , , , , , , 1 m r  

0 0.04 008 012 0.16 
. .  Api (p f l .cm 1 

Figure 1. (a) Resistivity variations during electron irradiation at 4.2 K in nickel and in 
Ni solid ~ ~ l u t i o n ~  (lines are drawn Lo guide the eye). ( b )  Resistivity damage mles in the 
Same materials (lines are least-squares fits to q u a t i o n  (I)). 
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3 0  
n N175.4 A1 24.6 I 

Figure 2 (0) Resistivity variations during eleclmn irradiations in NisN alloys and in Ni 
(lines are drawn Lo guide the eye). (b)  Resistivity damage tales in N i j N  alloys (lines 
are least-squares 61s to equation (I)). 

3.1. Resistiviy damage rafcs and Fretzkel-pair resistivilics in h e  solid solutions 

The resistivity damage rates dp/d@ were evaluated as a function of the radiation- 
induced resistivity (figure l(b)). A rapid decrease of the rate was observed at low 
Ruences and appears as a 'tail' in most of the samples; its magnitude depends 
on the composition of the alloys. The resistivity damage rates determined in the 
solid solutions and in pure nickel were similar. Thus, we consider that disordering 
induced by irradiation has a minor influence on the damage as compared to defect 
production. Furthermore, disordering should lead to a negative contribution to 
resistivity, more important in the A-rich alloy Ni,AI,, since the order resistivity 
(i.e. the difference between the resistivities of the unirradiated alloy and of the totally 
disordered material) is three times larger in Ni,AI,, than in N i & I ,  (Sitaud and 
Dimitrov 1990). Thus the damage rate should be smaller in the former alloy, in 
contrast with the experimental results. 

The assumption of a negligible disordering contribution to the resistivity variation 
in the solid solutions is not in contradiction with the estimation of this contribution 
in the intermetallic compounds. For a given atomic replacement elficiency, the effect 
of disordering on the resistivity damage rate should he proportional to the order 
resistivity (pdisordered - podered). This quantity is much larger in the investigated 
intermetallic compounds, 27 to 36 fiLR cm (see section 3.2.1(i)), than in the solid 
solutions, 0.4 to 4 p a  cm (Sitaud 1991), so that the contribution to the resistivity 
damage rate may he significant in the Ni,AI materials, and not in the solid solutions. 
Furthermore, the atomic replacements due to replacement sequences may be more 
effective, in alloys with a mass difference between the constituent atoms, when a 
long-range-ordered sequence exists in the atomic rows concerned. 

After the initial 'tail', the resistivity damage rate curves could be fitted to the 
equation: 

P = dp/dQ' = 'TdPp[ l -  ( ~ V U ~ P ) / P F I  (1) 

where ud is the displacement cross section and U, the vacancy-interstitial 
recombination volume. Btrapolation of the linear part of the curves gives 
experimental values of the initial resistivity damage rate (dp/dQ)), at Api = 0 and 
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of the saturation resistivity A p .  (corresponding to a damage rate dp/dQ equal to 

An evaluation of the Frenkel-pair resistivity pF by the direct application of 
equation (1) would require a knowledge of the absolute displacement cross sections. 
Thus, a relative method was used: the experimental initial resistivity damage rates of 
the solid solutions (table 1) were compared with the one obtained in nickel, for which 
pF is well known (Bender and Ehrhart 1983, Dimitrov and Dimitrov 1985), yielding 

2&r0). 

Since the clystallographic structure of nickel and of the solid solutions is the same 
(FCC), we expect that the uncertainties in the displacement cross section ratios should 
he reduced by this method. 

The displacement cross sections of the nickel-based alloys containing z at.% 
aluminium (and y at.% titanium in the ternary alloy) were determined by the formula: 

m.;”” = [ I - (  2 + y)/loo]o,” + ( z / l o o ) o ~  + (y/lOO)o,T’. (3) 

Values of U,”, U? and o: were calculated from Oen’s (1973) tabulation by taking for 
the three elements the Same effective average atomic displacement energy e,, = 69 e y  
as proposed by Jung (1981) for nickel. The results, given in table 1, indicate that the 
value of pF is not significantly modified in the Ni,,AI, alloy; it is increased in the 
NhAI,, alloy, and a larger effect is observed in the case of the addition of titanium. 
This evolution in the binary alloys cannot he explained by some disordering induced 
by irradiation, which has a negative contribution to resistivity, larger in Ni,AI,, than 
in Ni,AI, (Sitaud and Dimitrov 1990). 

A rough value of the recombination volume uo was estimated from the 
extrapolated saturation resistivity Ap,: 

vu = P F / 2 4  (4) 

and vu was found equal to - 200 atomic volumes in nickel and in the nickel-based 
iliiuys. ikwiilliriiriiuri wiuiiitr ualir iiavr: iiui been prwiuusiy pubiisiivj iur tritrciiuii- 
irradiated nickel. Values of 184 to 257 atomic volumes have been reported (Jung 
1991) for irradiations by light ions (protons and helium ions, in the energy range 
0.5-1.5 MeV), which should give a comparable defect structure. 

3.2. Resisriviy damage mrcs nnd Frcnkcl-pair rcsisrivirics in rhc intermetallic compounds 

The resistivity damage rates in the intermetallic compounds were strikingly larger 
than in pure nickel (figure 2(b)) .  Disordering, which leads to a resistivity increase, 
could he effective during electron irradiation. Such disordering was observed in Ni,AI 
(Butler and Orchard 1981, Liu and Mitchell 1983). Their samples were irradiated 
in a high-voltage electron microscope, at low temperatures, down to 10 K, with a 
high flux density (> 1 x 10ly e an-* s-I), larger by a factor - 3 x 16 than the one 
used in the present work In our experiments, it is difficult to separate directly the 
contribution to resistivity of point defects from that of disordering, since a comparison 
with data on disordered alloys of the same composition is not available (in Ni,AI, the 
order-disorder transition was suggested to take place around the melting temperature 
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(Cahn ef al 1987), so that the Ni,AI compounds remain long-range-ordered up to the 
melting point). 

To analyse the resistivity damage rates, we first evaluate the expected effect 
of disordering by irradiation. Then, we subtract that contribution from the 
experimentally determined rate, in order to obtain the defect damage rate and to 
derive pointdefect parameters. Finally, the sensitivity of the results to the underlying 
assumptions will be checked by considering two extreme limiting cases, ie. negligible 
defect resistivity or negligible order resistivity. 

3.2.1. Erlimafion of disordering contributions lo mdiafion damage, and derivation of 
defectparameters. In long-range-ordered Ni,AI, disordering results from the formation 
of antisite defects, produced mainly by atomic replacement collisions. Disordering 
induced by random interstitial-vacancy recombination can be neglected here, since 
the probability of such a process is small at the - 9 K irradiation temperature, where 
both interstitials and vacancies are immobile (see part 11), and at the low displacement 
level, which leads to limited spontaneous recombination. 

The experimental initial damage rate (dp/d@);* was considered as the sum 
of two contributions: one due to pointdefect production (dp/d@)F and the other 
assigned to antisite defects created by atomic replacement collisions (dpldlr,);: 

(dp/da))T = (dp/d'D)f + ( d p / d @ ) ; .  (5)  

The initial damage rate (dp/d@);, due to atomic replacement collisions, was 
written as 

(dp/d(IJ); = ( d P / d S ) u ( d S / c r c R ) " ( d c R f d ~ u ) " ( d c o / ~ ' ~ ) u  (6) 

where S is the LRO parameter; indices R, D refer respectively to replaced and 
displaced atoms; dp/dS is the contribution to resistivity of a change in the long- 
range order parameter S; dS/dCR refers to the variation of the LEO parameter S 
induced by a change of the concentration of replacements; dCR/dCU is the average 
number of replacements per displacement; and (dCD/d@) is the production rate of 
Frenkel defects. These parameters were determined as follows: 

(i) (dp/dS),. The electrical resistivity of long-range-ordered alloys has been 
theoretically calculated as a function of the degree of order (S). Rossiter (1979, 
1980) improved the model of Muto and Thgaki (1955), based on the Bragg-Williams 
approximation, by considering that long-range atomic ordering affects the effective 
number of conduction electrons and by including the effect of the measurement 
temperature T (contribution of phonons). In a simple relaxation-time approximation, 
the electrical resistivity of a stoichiometric alloy is given by 

p ( S , T ) = p d i s [ ( l - S 2 ) / ( 1 - A S 2 ) ] + ( T / T , ) / ( I - A . S Z )  (7) 

where pdS is the resistivity of the disordered alloy, 5' the Bragg-Williams LRO 
parameter, T, the critical orderdisorder temperature and A a parameter, the  
sign and amplitude of which are related to the variation of the effective number 
of conduction electrons with ordering. A was taken equal to zero in the theory 
developed by Muto and Tigaki (1955). On the other hand, Cahn er al (1987) 
considered that one of the positive values, A = 0.75, used by Rossiter (1980), was 
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consistent with the experimental data obtained by Corey and Lisowsky (1467) on the 
temperature dependence of the electrical resistivity of Ni,N alloys. Therefore, this 

.value was used in our calculations. In the present work, the electrical resistivity was 
measured at 4.2 K, and then equation (7) reduces to the first term: 

P(S,T)  = P d , , [ ( l -  S2)/(1- AS*)] .  

P ( S t T )  = (P& - ~,d)[(l- ~ * / S ~ a x ) f ~ l  - ASz/Si,,)]. 

(8) 
For off-stoichiometric compounds, a generalized version of equation (8) was propsed 
by Dimitrov et ul (1992b): 

(9) 
S,,, is the maximum value of the LRO parameter, equal to !( 1 - CN) for C, 2 0.25 
and 10 4CN for C, < 0.25; pad is the residual resistivity corresponding to the 
maximum of degree of order. Derivation of equation (9) gives for S, = S,,,,,, at the 
beginning of irradiation: 

(dp/dS)o = -2ip4iS - P ~ ~ ) / [ ( I  - A)S'm8xI. (10) 
pard %as taken equal to the residual resistivity pg measured at 4.2 K after annealing 
at 1173 K and slow cooling; pas was evaluated by extrapolation to C:& 0.25 of the 
relationship given by Sitaud and Dimitrov (1990) for disordered Ni(AI) solid solutions 
of lower concentrarion: 

Pdi , ( jLQ cm) = PNi + (211 jr I)C,CAf. ('1) 
(ii) (dS/dC,),. In the stoichiometric Ni3Al, following the consideration of the 

relationship between S and the number of replacement collisions in (1 10) rows by 
Ekcker e: a1 (1%8), we obtain (as long as A S  Q S) 

dS/dCR = -(4/3)S. 

(The coefficient 4/3 differs by a factor of 2 from the one published by Becker rl a1 
(1968); we thank Dr C Lehmann for revising the original calculations.) When S, - 1: 

(dS/dCR)u = -4/3. 

(iii) [dCXhICZA.~ n p .  a"e.j?gC. gltmher nf rP.prP.mP.nts Fpr r!iqlklre.m~.nr ar 
the beginning of the irradiation (dCR/dCD)o was evaluated from the disordering 
rate measurements performed on single crystals of Ni3AI in a high-voltage electron 
microscope (HVEM). Liu and Mitchell (1983) have shown that, at low temperature 
(T < 190 K), where vacancies are  immobile, complete disordering could be achieved; 
this means that reordering was negligible in such irradiation conditions. From 
the disordering rate. a value of the number of replacements per displacement, 
independent of the electron Rux density, was deduced. The effect of electron energy 
on this number was found to be small in the 0.65-1 MeV range. This agrees with the 
previous results of Butler and Orchard (1981), who obtained an increase of dCR f d C o  
with increasing electron energy up to 0.6 MeV and a saturation a t  higher energies. 
Both groups agree that at low temperature and high-voltage irradiation the dominant 
disordering mechanism was the replacement collision sequence. Consequently, we 
considered that the data determined in the HVEM irradiation conditions could be 
reasonably used in the present irradiations. The main muse of uncertainty in the 
determination of (dCR/dC,), is the crystallographic orientation dependence, and 
an average value (dCR/dCD)" = 3 & 1 was introduced in the present calculations. 
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(iv) (dCD/d@),. This term represents the displacement cross section for Ni,AI 
and was evaluated, with reference to pure nickel, by using the relation: 

From the numerical values (table 2). it comes out that 

up" = 28 barns. 

From the above determinations of the different factors in equation (6), we 
obtain the contribution of replacement sequences to the total resistivity damage rate 
(dp/d@)t ,  which is reported for each alloy in table 2 

Tabk 2 Compositions, hirial resistivities po RI 4.2 K, initial damage rates (dpld9)o 
(exp = aperimental, R = estimated disordering mnlribution, D = resulting deIecl 
contrihution), relative displacement aos  cli ions u,"i /U,""" and Frenliel-pair tesistivilies 
p~ of the NilAI intermetallic "pounds. 

Materials Ni N i 7 d h 4 . 6  Ni7m%.0 N~~I.S.%~.S 

AI (at.%) 0 @we Ni) 24.6 25.0 26.5 
p0(10-~ R cm) 0.0430 f O.OW2 4.90 f 0.18 3.82 f 0.24 14.23 f 0.44 

2.08 f 0.04 33.9 f 0.3 31.8 f 0.3 29.5 f 0.2 

3 . 1 f l . l  3 .2f-1.1 2.5 f 0.9 

(+Id+): 2.08 f 0.04 30.8f1.4 28.6f1.4 27.0f1.1 
(lo-= R an') 
o,"i/oy 1 1.103 1.105 1.112 
PF(@ an,%) 6.7 109i7 102 f 7 97 f 6 

In order to obtain the initial experimental damage rate (dp/d@)EV, the resistivity 
damage rate data (dp/d@) = f(Api) were analysed by using the same procedure and 
the same assumptions as those given in section 3.1 for the solid solutions. The rapid 
decrease of the rate observed at the beginning of the irradiation extends to a higher 
thence in the stoichiometric and in the nickel-rich Ni,AI compounds. Only the linear 
parts of the damage rate curves were fitted to equation (1) and led hy extrapolation to 
experimental values of the initial resistivity damage rates (table 2). The comparison of 
these experimental damage rates with the values obtained above for the contribution 
of disordering shows that the latter represents only a small fraction (%lo%) of the 
total damage rate. Finally, the initial resistivity damage rates due to defect production 
(dp/d@)F were obtained, according to equation (5),  by subtracting (dp/d4>); from 
the experimentally determined initial damage rates. From these data, the Frenkel-pair 
resistivities of the intermetallic alloys were evaluated with equation (2) by reference 
to the initial damage rates of pure nickel. As compared with the data relative to 
the pure metals, high values of the Frenkel-pair resistivity, ranging from 97 to 109 
pCl an/%, were obtained (table 2); they seem to increase slightly with nickel content. 
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3.2.2. Discussion. In order to check the validity of the assumptions made in the 
preceding section for estimating the Frenkel-pair resistivities of the intermetallic 
compounds, we consider now two extreme assumptions concerning the relative 
contributions of disordering and of defect resistivity to the observed damage rates: 

(i) The first one consists of assuming that defect resistivity is negligible and that 
all the resistivity change is due to irradiation disordering. Thus, (dp/d@)f = 
(dp/d@);“P. With this assumption, the average number of replacements per 
displacement can be evaluated in the stoichiometric alloy, by applying relationship 
(6). All the other factors were taken with the same values as in section 3.2.1; the 
calculation yields an average number of 23 replacements per Frenkel pair. This value 
appears very large by comparison with those, ranging between 2 and 3, obtained by 
Liu and Mitchell (1983) in Ni,AI and by Becker er al (1968) in Ni,Mn, for electron- 
irradiated samples. 

(ii) The other extreme assumption consists of assigning the observed damage rate 
totally to defect resistivity, Le. (dp/d@)F = (dp/dU)):q. In that case, equation (2) 
leads to somewhat higher values of the Frenkel-pair resistivity: 120, 113 and 106 

cm/%, respectively for the Ni7s.4A124,6, Ni7S,UAlZS.U and Ni73.sA126,5 materials. 
The relative importance of disordering produced by 3 MeV electron irradiation 

cannot be directly determined in the present experimental conditions. However, 
assuming the number of replacements per displacement to be equal to 3 f 1, which 
is of the order of the values determined during electron irradiation of the LIZ 
intermetallic compounds Ni,AI (Liu and Mitchell 1983, Butler and Orchard 1981), 
Ni,Mn (Becker el nl 1968) and Zr,Al (Carpenter and Schulson 1978), we find that the 
contribution of disordering to resistivity radiation damage represents only %IO% of 
the total variation. In electron-irradiated Cu,Au, Alamo el al (1983) reached similar 
conclusions, i.e. the contribution of disorder was smaller than 20%. 

Furthermore, the following arguments show that disordering is not the main 
contribution to radiation damage: 

(i) Studies of structural evolution of Ni,Al compounds, during thermal treatment, 
have shown that the resistivity increase assigned to disordering had a larger amplitude 
in stoichiometric than in off-stoichiometric alloys (Sitaud et al 1990). Therefore, if 
.ikerderk.?g h i d  mi$ mn!rlh~~jnn tn reflistinn &maze, it wniilrl he expected 
that the resistivity variations recorded during electron irradiation and the resistivity 
damage rates would be larger for the stoichiometric composition. Figures 2(a) and 
(b) do not show such behaviour. 

(ii) In part I1 of the present work, devoted to damage recovery during isochronal 
anneals, it will be shown that the first recovery stage, the magnitude of which 
represents about 40% of the total resistivity recovery, does not exhibit a maximum 
in amplitude in the stoichiometric alloy but varies monotonically with aluminium 
content. Thus, at  least this important part of the recovery cannot be related to some 
reordering process, induced by the long-range migration of point defects; it should 
be assigned to the annihilation of radiation-induced defects. 

The Frenkel-pair resistivity values pF,  determined in the Ni,Al compounds, are 
very large compared with those obtained in pure metals, in the present Ni solid 
solutions and in the LI, Cu,Au compound (Alamo et al 1986). This result can be 
correlated to  the rather large contribution of the thermal component of the resistivity 
(ideal resistivity, pi), caused by the scattering of conduction electrons by phonons. 
Bhle  3 compares, in nickel and in the present Ni,N alloys, the pF values and the 
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ideal resistivity at the Debye temperature p$; this parameter, which characterizes 
the scattering by a defined phonon population, can be considered as a measure of 
the scattering strength. The ps values were extrapolated from the ideal resistivity at 
294 K by using a temperature coefficient of resistivity determined by Williams el a1 
(1987), who also estimated a Debye temperature of 393 K in Ni,AI by Callaway’s 
(1959) formula. The general trend appears to be: the larger the ideal resistivity at 
the Debye temperature, the larger the Frenkel-pair resistivity. The same trend was 
previously observed in pure metals (Dimitrov and Dimitrov 1985) and in a series of 
FeXr-Ni short-range-ordered alloys (Dimitrov er a1 1990). 

Ihble 3. Residual resistivity (at 4.2 K) p4,2, ideal resistivity at 294 K pb4 and at the 
Debye temperature pb and Frenkel-pair resistivities pp in pure nickel (0  = 440 K) and 
in the Ni ,N “pounds (8 = 393 K). 

Materials Ni Nh.4Nz4.0  Ni71.0.4h1.0 Ni73.1Nh.s 

Pipa = PLO4 - P4.2 7.2 40.26 31.42 26.81 

P F ( I . 0  6.7 109 102 97 

P! .Z ( ILR a) 0.043 4.” 3.82 14.23 

a) 
PL(PQ cm) 8.3 47.61 44.62 32.66 

4. Conclusions 

The damage produced by 295 MeV electron irradiation at 4 . 6 9  K was investigated 
by electrical resistivity measurements in pure nickel, in Nh4A16, Ni,,AI,,, Ni,,AI,Ti, 
short-range-ordered solid solutions, and in long-range-ordered, stoichiometric and 
off-stoichiometric Ni,AI compounds. 

The rate of radiation damage was similar in the binary solid solutions and in 
pure nickel, and slightly larger in the ternaly Ni(AI,Ti) alloy. Point-defect production 
was considered to be the main process occurring during irradiation. The analysis of 
damage rates leads to Frenkel-pair resistivity values close to that of pure nickel. 

By contrast, in Ni,AI compounds the resistivity damage rate was enhanced by a 
factor of - 15 with respect to pure nickel. Some contribution of disordering as a 
result of replacement collision sequences cannot be excluded. However, from the 
composition dependence of the damage rates and on account of the recovery data to 
be reported in part I1 of the present work, one has to conclude that the major part 
of the resistivity damage cannot be attributed to  disordering. The importance of the 
point-defect contribution to the damage rate implies that Frenkel-pair resistivities in 
Ni,AI are much larger than those usually measured in pure metals. This could be 
mrrelated with the high values of the ideal resistivity in these compounds. 
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