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Perturbedyy-angular correlatiorspectroscopy (PAC) was used to investigate nanocrystalline Ni
and NiCu alloys, which are prepared by pulsed electrodeposition (RED)g diffusion for

doping nanocrystalline Ni with"in four different ordered grain boundary structures are observed,
which are characterized by unique electric field gradients. The incorporatioiiof on
substitutional bulk sites of Ni is caused by moving grain boundaries below 1000 K and by volume
diffusion above 1000 K. The nanocrystalline NiCu alloys prepared by PED are microscopically
inhomogeneous as observed by PAC. In contrast, this inhomogeneity can not be detected by X-ray
diffraction. The influence of the temperature of the electrolyte, the current density during
deposition, and the optional addition of saccharin to the electrolyte on the homogeneity of
nanocrystalline NiCu alloys was investigated.

1. Introduction

Nanocrystalline materials are of interest for many technological applications. Their
properties are mainly determined by the microscopic properties of the grain boundaries [1].
The properties of nanocrystalline alloys additionally depend on the presence of precipitates.
However, there are only few experimental techniques being sensitive to the microscopic
properties of grain boundaries and small precipitates in nanocrystals. By detecting the
hyperfine interaction at the site of suitable probe atoms e.g. by pertyykaagular
correlationspectroscopy (PAC) using the praiéin, information about the local structure of
grain boundaries can be obtained if the probe atoms are placed in the grain boundaries. In
polycrystalline materials, however, it is difficult to place an essential fraction of the probe
atoms into grain boundaries, but some attempts have been made [2]. The signals of grain
boundaries in most cases are too weak to be detected since the fraction of probe atoms in
grain boundaries in general is very small (typically)L[B]. After diffusing **!in atoms at
low temperatures into nanocrystalline samples, however'{tre probe atoms might be
incorporated predominantly in the grain boundaries and a detectable fraction of probe atoms
might be located at unique grain boundaries sites. The homogeneity of nanocrystalline alloys
Is generally difficult to detect for many experimental techniques. In case of nanocrystalline
alloys containing one magnetic component, precipitates of the magnetic component can be
easily detected by PAC.

2. Experimental details

The PAC investigations on nanocrystalline Ni and NiCu alloys were performed using
the probein/**’Cd. The PAC time spectrum is modulated by two frequenciesad
2w in case of an interaction with one magnetic field and by three frequengiesy(
andws =y +p) in case of an interaction with one electric field gradient (efg). The
frequencies are proportional the local magnetic field or the local efg, respectively. The efg
tensor is characterized b = eQV,/h andn = (Vx-Vyy)/V, using the nuclear quadrupole
moment Q of the 5/2 state Of'Cd. If the probe atoms are distributed over many non-
equivalent lattice sites a frequency distribution is observed, which still may have some
characteristic features. A detailed description of PAC can be found elsewhere [4].

Nanocrystalline samples of Ni and NiCu were prepared by pulsed electrodeposition
(PED) [5]. The corresponding preparation parameters are given in table 1. The Ni samples



Table 1
Composition of the electrolyte, temperature, current density, on-and off-times of the current pulses, used for
the deposition of nanocrystalline Ni and, A, 5 alloys. The grain size was determined by X-ray diffraction
in case of Ni and by atomic force microscopy in case of NiCu.

samples grain electrolyte preparation parameters
size T(°C) j(Alenf)  ty(ms) / tg(ms)
NiSQO, (40g/l),
n-Ni 19nm K,Na-tartrate (120g/l), 36.5 0.13 1/49

NH,4CI (40g/l)
CusQy(6g/l), NiSQ, (80g/l)
N-NigsCloys 30nm Na-citrate (100g/1), 15...70 0.1...0.3 1..2/48...49
Saccharin(2g/l) (optional)

were dopedex-situwith **in by diffusion at 623K (30 min). The incorporation of tHdn

atoms on substitutional Ni sites was investigated as a function of the temperature of a pre-
annealing step (60 min), i.e. annealing befbrén diffusion, and subsequent annealing

(30 min) after**!in diffusion. The annealing steps were performed under vacuum and the
PAC spectra were taken at 295 K after each annealing step. The NiCu alloys weradoped
situ with in by adding*InCl; to the electrolyte. The formation of Ni precipitates was
investigated as a function of the temperature of the electrolyte, the current density during
deposition, and the optional addition of saccharin.

3. Results and discussion
3.1. Grain boundaries of nanocrystalline Ni

After doping nanocrystalline Nin-situ with **!in during PED, essentially the magnetic
hyperfine interaction known from ferromagnetic Ni is observed [6]. There are no additional
signals observed resulting from probe atoms located directly in the grain boundaries. Since
by in-situ doping the'*!in atoms are distributed homogeneously over the entire sample, the
fraction of probe atoms on grain boundary sites is too small to be resolved in the PAC
spectrum. In contrast, doping nanocrystalline éxisitu with **in by diffusion at lower
temperatures (i < 0.5 T,) the probe atoms are predominantly incorporated into the grain
boundaries [3]. After doping witH'in at 623K and subsequent annealing at different
temperatures, a frequency distribution is
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Table 2
The observed unique efg signals of grain boundaries in nanocrystalline Ni.

Signals Vo (MHz) n Av, (MHz) f (%)
GB#1 58(1) 0.38 0 35
GB#2 21(1) 0.33 0-6 10-15
GB#3 106(1) 0.77 0 35
GB#4 41(1) 0.21 0 3-7

boundaries. The existence of ordered structures in grain boundaries was predicted e.g. for Ag
on the basis of theoretical studies [8] and could be observed experimentally by transmission
electron microscopy e.g. in case of a NiO bi-crystal [9]. However, there are no reports about
direct experimental evidences of ordered structures in grain boundaries in polycrystalline
samples. Since the PAC data yield only pure efg, it is concluded that in the grain boundaries
of ferromagnetic nanocrystalline Ni almost no or only a weak magnetic field (<0.5T) is
present. The appearance of the ordered grain boundary structures, however, seems to be
accidental since no systematic behaviour between the detected efg and the annealing
temperature was observed. Nonetheless, a
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The formation of inhomogeneous NiCu nanopatrticles is proposed to be caused by the
following mechanism: Since for preparing aohGuw s alloy the electrolyte contains much
more Ni than Cu, the ratio NiCu** near the cathode, collecting the deposited material, has
to increase with time during the current pulse. In case of a high deposition rate, i.e. a high
current density, and a weak intermixing of the electrolyte, i.e. at low temperatures?the Cu
concentration near the cathode tends to zero at the end of the current pulse, and pure Ni will
be deposited.

1

1
O P N WO P N WO B N W
(@)4

Acknowledgements

We thank Dr. H. Natter (Lehrstuhl Prof. Hempelmann, Saarbriicken) for his advice
during the preparation and XRD analysis of samples. The financial support by the Deutsche
Forschungsgemeinschaft (SFB277) is gratefully acknowledged.

References

[1]  H. Gleiter, Prog. Mater. Sci. 33 (1989) 223.

[2] B.Baiand G. S. Collins, Hyperfine Interactions 79 (1993) 761.

[3] 1. Kaur, Y. Mishin and W. Gust in: Fundamentals of Grain and Interphase Boundary DiffiSieah, 3
John Wiley & Sons LTD, Chichester (1995) 388.

[4] Th. Wichert and E. Recknagel in: Microscopic Methods in Metals, Vol. 40, ed. U. Gonser, Spinger Berlin
(1986) 317.

[5] H. Natter, M. Schmelzer and R. Hempelmann, J. Mater. Res. 13 (1998) 1186.

[6] St. Lauer, Z. Guan, H. Wolf, H. Natter, M. Schmelzer, R. Hempelmann, and Th. Wichert
Nanostructured Materials 12 (1999) 955.

[71 E. Recknagel, G. Schatz, and Th. Wichert, in: Hyperfine Interactions of Radioactive Nuclei, Topics in
Current Physics, Vol. 31, ed. J. Christiansen, Springer, Berlin (1983) 133.

[8] Q. Ma, C.L. Liu, J.B. Adams, and R.W. Balluffi, Acta Metall. Mater. 41 (1993) 143.

[91 Materials Science and Technology, Vol.1, Structure of Solids, eds. R. W. Cahn, P. Hassen, E. J. Kramer,
VCH Publischer Inc. (1993).

[10] H. Wolf, Z. Guan, H. Natter, R. Hempelmann, and Th. Wichert,
Journal of Metastable and Nanocrystalline Materials 10 (2001) 247.

[11] Y. Mishin, Chr. Herzig, J. Bernardini, and W. Gust, International Materials Review 42 (1997) 155.

[12] H. Wolf, Z. Guan, St. Lauer, H. Natter, M. Schmelzer, R. Hempelmann, and Th. Wichert,
Journal of Metastable and Nanocrystalline Materials 8 (2000) 847.



