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Abstract

The stability of the long-range-ordered (LRO) c0 phase was investigated in the temperature interval 100 K 6 T 6 773

K under 300 keV Ni� irradiation. The radiation-induced intensity changes of the L12 superlattice re¯ections were

monitored by TEM technique using a computer assisted, quantitative evaluation of the amplitudes of di�raction

patterns obtained by image plates. The dynamical di�raction theory where the thickness of the investigated foils was

taken into account was employed to determine the degree of order from the di�raction patterns. The ¯uences were

varied up to 10 dpa. The results are compared with recent measurements of disordered zone sizes after low dose ion

irradiation in Ni3Al. The measured temperature dependence below room temperature is consistent with the predictions

of the thermal spike model for disordering, but for higher temperatures the results hint to a more complicated re-or-

dering process in disordered areas. A Ni3Al specimen which was completely disordered after 10 dpa at 200 K was used

for a thermal annealing experiment. The annealing behavior con®rms the importance of the heterogeneous state of the

order for the re-ordering process under ion irradiation. Ó 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Nickel base alloys as for instance Nimonic PE16 or

In738LC contain ®ne particles of the ordered c0 phase

Ni3(Al,Ti). The c0 precipitates are the main hardening

components in these alloys. However ordered alloy

phases at temperatures below the critical order±disorder

temperature Tc can be chemically disordered or/and

amorphised by external forcing. An example is the de-

struction of the order in long-range-ordered (LRO) al-

loys by ball milling [1], cold work [2] or irradiation with

energetic particles such as electrons, ions or neutrons [3].

With the loss of the ordered phase the mechanical

properties of the materials will be deteriorated [4,5].

Therefore the disordering kinetics of the ordered c0

phase under external forces is of big interest and was

studied in the present paper for Ni3Al in the temperature

interval 100 K 6 T 6 773 K under 300 keV Ni� irradi-

ation.

For irradiation temperatures below Tc partial re-or-

dering may occur. The thermal re-ordering was studied

by means of annealing of a disorder Ni3Al specimen

irradiated at 200 K up to 100 dpa. The results are

compared with those obtained for disordered Ni3Al

produced by cold working or evaporation.

2. Experimental

Ni3Al single crystals supplied by MaTek, J�ulich,

Germany were used in the present investigation. Thin

discs of 0.7 mm thickness were cut from the single

crystals and mechanically polished down to 0.2 mm

thick foils. Discs with 3 mm diameter suitable for

transmission electron microscopy (TEM) investigations

were punched out of these foils. For irradiation, these

specimens were electrochemically polished from one side

at 263 K in a TENUPOL electropolishing unit using an

electrolyte of 10% perchloric acid and 90% isopropyl

alcohol at a voltage of 15 V. After irradiation the

specimens were electrochemically thinned from the non-

irradiated side until perforation occurred.

The TEM specimens were irradiated with 300 keV

Ni� ions at a temperature between 100 and 773 K by

using the SIB accelerator at the Hahn-Meitner-Institut,

Berlin. The displacement cross section rd was computed
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by using the TRIM code [6] with the modi®ed Kinchin-

Pease expression with a displacement energy of 40 eV

[7]. The displacement cross section depends on depth

from the surface but does not deviate by more than 30%

from its mean value rd� 1.6 ´ 10ÿ19 m2 within 100 nm

below the surface. The specimens were irradiated with a

constant ¯ux density u� 1.6 ´ 1016 mÿ2 sÿ1. The cor-

responding displacement rate K�urd amounted to

2.5 ´ 10ÿ3 dpa sÿ1. The irradiation was performed up to

¯uences of 10 dpa.

The ordering kinetics was studied using a sample

which was disordered by 300 keV Ni� irradiation at

200 K up to 10 dpa with subsequent annealing for 60 min

at various temperatures. The specimens were examined

in a Phillips EM400 electron microscope operating at

100 kV.

3. Determination of the state of order by TEM

Disordering and subsequent re-ordering of the L12

structure of Ni3Al is investigated by means of trans-

mission electron microscopy. From the intensities of the

selected area di�raction superlattice re¯ections, the av-

erage degree of the order in the alloy can be determined.

Local variations of the ordered state are not resolved by

this method.

In most cases, the degree of order, i.e. the long-range

order parameter S is calculated by means of the kine-

matical di�raction theory according to S � �����������������
ISLR=IFR

p
;

where ISLR and IFR are the intensities of the superlat-

tice re¯ections and fundamental re¯ections, respectively

[8].

In the case of electron di�raction the intensity change

due to the interference of the excited re¯ections is so

signi®cant that the kinematical approximation should

break down [9]. Therefore we have used the dynamical

di�raction theory for determination of S. The di�erence

between the two approaches is demonstrated in Fig. 1,

where for the exact [0 0 1] orientation the calculated

intensity ratios of the (1 1 0) and (2 2 0) re¯ections are

shown as the function of the order parameter S for

various sample thicknesses. The vertical axis represents

the intensity ratio between the [1 1 0] super-re¯ection

with respect to the fundamental re¯ection. The intensi-

ties are symmetrical with respect to the transmitted

beam. They were calculated with the EMS-Software

[10]. The relationship between S and ISLR/IFR depends

sensitively on the sample thickness. Only for very thin

samples S as a function of ISLR/IFR can be described by a

quadratic dependency as it is given by the kinematical

theory. For thicker samples the dynamical di�raction

e�ect becomes signi®cant, and the relationship of S and

ISLR/IFR considerable deviates from the prediction by the

kinematical approximation. For some cases i.e. for the

foil thicknesses of 14 and 46 nm the dynamical di�rac-

tion e�ect even causes an intensity ration ISLR > IFR

for highly ordered alloys (S � 1). As the samples in

the present study were thicker than 45 nm, we utilized

the average averaged relationship between S and ISLR/

IFR derived on the dynamical di�raction theory, which

is delineated in a solid line in Fig. 2. The maximum

error of about 40% results from the neglect of the

details of the thickness dependence for samples thicker

than 45 nm. Similar relationships have been found for

the intensity ratios of the (1 0 0) and (2 0 0) re¯ections

[11].

The intensities of the re¯ections by TEM are mea-

sured by image plates (FUJI), which are digitized by the

FUJI scanners `BAS 1000' and `FDL 5000' [12]. An

Fig. 1. Intensity ratios I110/I220 versus order parameter S for

various sample thicknesses calculated within the dynamical

theory (broken lines). Bold Line: approximated relationship

which is used for the determination of S from measured in-

tensity ratios. Full thin line: results of kinematical theory for

comparison.

Fig. 2. Measured intensity pro®les for the [0 0 1] zone axis case

of Ni3Al re¯ections after 300 keV Ni� irradiation at 200 K up

to a ¯uence of 0.01 dpa. The ®t by Lorentzian shape functions is

also shown.
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example of an intensity pro®le for the exactly oriented

[0 0 1] zone axis is shown in Fig. 2. It was taken from an

Ni3Al sample which was irradiated with 300 keV Ni�

ions at a temperature T� 200 K up to a ¯uence of 0.01

dpa. The pro®les were ®tted by Lorentz functions for the

determination of the amplitudes of the intensities ISLR

and IFR.

4. Results and discussion

4.1. Disordering kinetics of LRO ordered Ni3Al

The results of the disordering of initially ordered

Ni3Al by 300 keV Ni� are shown in Fig. 3. The order

parameter S was calculated from the measured intensity

ratios by the relationship as given in Fig. 1. The tem-

perature dependence of the kinetics displayed in Fig. 3

shows that the order is most e�ciently destroyed at

room temperature (RT). At temperatures below RT, the

completely disordered state is obtained after a ¯uence

larger than 1 dpa. At temperatures above RT, a given

degree of disorder needs increasing ¯uences with in-

creasing irradiation temperature. It should be noted that

cascade production is connected with the formation of

extended defect clusters. They have been studied in de-

tail in Ni3Al for very small ¯uences i.e. for the highly

ordered state [13].

The experimental results are in general accordance

with earlier qualitative observations under the similar

irradiation conditions [14]. However, due to the im-

proved data evaluation, the present data allow a quan-

titative discussion based on a modi®ed thermal spike

model for the state of order in alloys under cascade

producing irradiation [11]. The thermal spike model

assumes that inside a cascade a thermal spike evolves in

time due to the energy dissipation to its environment.

During the evolution of the thermal spike there are a

heating and a cooling phase. At the end of the heating

phase the disordered zones produced by the thermal

spike expand to the maximum extension Vmax. During

the following cooling phase some re-ordering may

occur.

At very low sample temperatures the deposited en-

ergy dissipates into the matrix quickly. The maximum

extension of the disordered zone with the volume Vmax is

assumed to be frozen in. With increasing temperatures

the cooling rate becomes smaller and a larger volume is

heated by the locally deposited thermal spike. The

maximum disordered volume Vmax increases with tem-

perature in agreement with the experimental results re-

ported by Bui et al. [15]. It indicates that the re-ordering

during the following cooling phase is negligible so that

the disordered state inside the cascade volume is con-

served. As the disordering e�ciency e for low tempera-

ture irradiations is proportional to the disordered

volume e � ÿ ln�S�t�=S�t � 0��=Kt � Vmax, the disorder-

ing e�ciency increases with increasing temperature. This

behavior is obviously valid up to RT.

Above RT, re-ordering of disordered zones during

the cooling phase of the thermal spike may be no more

neglected. This process reduces the maximum disordered

volume Vmax to a smaller disordered volume Vd. In the

simple thermal spike approach [16] the re-ordering is

assumed to be the same whether the cascades are pro-

duced in an ordered region or in an already disordered

region. Then, the average degree of order reaches a

stationary value for long irradiation times S1(T)�
1 ÿ Vd/Vmax which depends only on the ratio of the

disordered volume Vd after the cooling phase of the

cascade evolution to the maximum disordered volume

Vmax. However, a ®t to the experimental data is not

possible by means of realistic parameters. The reorder-

ing process seems to become less e�cient for high irra-

diation ¯uences, i.e. for smaller degrees of order. Such

behavior was observed also for conventional thermal

annealing of disordered states [17,18]. In the modi®ed

thermal spike model [11], the disordering kinetics is

approximated by

oS
ot
� ÿeKS � j�t; T � eKS1�T � � oS

ot

� �
th

� �
; �1�

where j � j�t; T � is a modi®cation factor for the re-

duced re-ordering after higher ¯uences. The third term

of Eq. (1) describes the irradiation enhanced thermal re-

ordering by migrating point defects. It is important for

higher temperatures and is taken into account by using

an approach given by Banerjee and Urban [17]. The Fit

of Eq. (1) to the experimental data is also shown in the

Fig. 3. The corresponding e�ciency j�t; T � is given in

Fig. 4. It shows that the re-ordering is strongly reduced

with increasing ¯uence.

Fig. 3. Disordering of initially ordered Ni3Al by 399 keV Ni�

irradiation for various temperatures and ¯uences. The curves

are ®ts according to the modi®ed thermal spike model with an

e�ciency function j(t,T) as shown in Fig. 4.
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4.2. Re-ordering after heterogeneous disordering by irra-

diation

The re-ordering process is investigated by an an-

nealing of disordered Ni3Al specimen prepared by 10

dpa irradiation at 200 K. The sample was isochronically

annealed between 273 and 873 K by steps of 50 K with

the annealing period of 60 min. The intensity ratios are

given in Fig. 5. Very weak intensities could be already

detected after annealing at 373 and 473 K, which may be

attributed to some short-range ordering. The same

conclusion was drawn from DSC measurements of

Ni3Al disordered by ball milling [1]. This interpretation

is consistent with the broad intensity pro®les of the

(1 1 0) superlattice re¯ections measured at these tem-

peratures. For temperatures above 523 K the intensity

pro®les become sharp indicating the formation of the

long-range ordered state (see Fig. 6).

It is interesting to note, that the transition of the

disordered state to the LRO state occurs in a broad

temperature interval from 373 to 873 K, which may be

compared to the annealing behavior of disordered Ni3Al

obtained by evaporation of disordered layers [19] or by

cold work treatment [2]. The former alloy exhibits a

sharp transition from the disordered phase to the long-

range order, while the latter case involves a broad

transition accompanying the short-range ordering in a

similar way as the irradiated alloy. Irradiation or cold

work treatments create a heterogeneous microstructure

consisting particularly of extended defect clusters etc.

which are not produced by the evaporation technique.

Extended defect structures obviously restrain the re-or-

dering process.

5. Conclusion

The destruction of an LRO structure under cascade

producing irradiation has been investigated by means of

the TEM technique using an improved data acquisition

and interpretation which includes the following.

1. Computer assisted monitoring of the intensity chan-

ges of the re¯ection spots by imaging plates.

2. Calculation of the average state of order from the re-

¯ection intensities using the dynamical di�raction

theory.

The experimental results can be successfully inter-

preted by:

1. A disordering kinetics due to thermal spikes in cas-

cades.

2. Simultaneous disordering and re-ordering processes

at elevated temperatures.

Fig. 5. Intensity ratios I110/I220 versus annealing temperature of

Ni3Al, disordered with 300 keV Ni� ion at 200 K after 10 dpa

(annealing time: 60 min).

Fig. 6. Intensity pro®les of the (1 1 0) superlattice re¯ection for

the annealing temperatures 373 K, 523 K, 673 K and 873 K of

Ni3Al, disordered with 300 keV Ni� ion at 200 K after 10 dpa

(annealing time: 60 min).

Fig. 4. Fitted e�ciency function for re-ordering j(t,T) versus

irradiation ¯uence according to the modi®ed thermal spike

model (see Fig. 3).
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3. An annealing behavior of the heterogeneous disor-

dered state which signi®cantly di�ers from the homo-

geneous state.
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