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Permalloy by means of Auger depth profiling measurements [23]. The Auger depth profile in Fig. 
5.b of ref. [23] shows a similar relationship between C and Ni to that shown in Figs. 4.a, 4.b, 4.c 
and 6 (orange circles), although the authors ascribed the detected C to an “artificial 
contamination”. 

Previous investigations carried out by one of the authors (S.K.) revealed that graphitic and/or 
amorphous C may be incorporated in a metallic alloy by substitutionally (rather than interstitially) 
replacing one of the constituent metals [24]. This phenomenon may also have occurred here in the 
case of Ni and C. It should be noted that the C 1s signal with BE = 284.6 eV corresponds to 
graphitic and/or amorphous carbon boundaries and enters the Ni-Fe solid solution as a 
substitutional rather than an interstitial foreign element. Only the excessive C content (aliphatic 
with BE = 285.0 eV), detected on the non-sputtered surface, may be due to a post-process 
ambient contamination of the foil. In principle, the C present in the subsurface may either have 
diffused from the surface or been trapped in the film during deposition. Broadly speaking, the 
monotonic C profile in Figure 4.a may be explained as a simple diffusion process from the surface, 
driven by a carbon source available on the surface. However, the irregular profiles of C shown in 
Figs. 4.b and 4.d indicate that this is actually unlikely, and that the bath and the associated 
deposition process are more likely its origin, as clearly supported by the intimate link between C 
and Ni profiles in the bulk in Figs. 4.a, 4.b and 4.c.

Sulphur has been considered as a polluting element in both electrodeposited pure Ni [25] [26] [27] 
and Ni-Fe alloys [19] [23] [28] [29] originating from saccharin in the bath. It is likely to be trapped 
in the film during deposition. Its detrimental role on the elongation-to-fracture has been reported 
by various authors [19] [23] [26]. Sulphur was found to be approximately 0.07 at% (or 409.41 ppm) 
(by ICP-OES analysis) in an Ni-49 at% Fe alloy [21], in agreement with other studies and similar Ni-
Fe alloys [19] [29]. However, such a low content of Sulphur cannot be accurately appreciated by 
means of EDS measurements. In this work, the XPS analysis occasionally detected Sulphur at some 
points on the surface in both the as-deposited and annealed samples (Fig. 4). Its distribution over 
the foil surface should be considered as inhomogeneous and preferentially located at the pores 
along the columnar grain boundaries (Figs. 2.a and 2.b).

Conclusions

An investigation on the relationship between bath composition (iron-chloride, nickel-sulphate 
solution, saccharin and ascorbic acid) and deposition defects (e.g., grain boundary pores) in 
electrodeposited nc Ni-Fe (Fe 48wt%) alloy has been undertaken in order to explain the observed 
poor elongation-to-fracture and abnormal fracture behaviour of electrodeposited nc Ni-Fe alloy 
under annealed conditions.

Quantitative chemical analysis, conducted on Ni-49 at% Fe alloy foils, has revealed that C, O and S 
are the main impurities preferentially located at the columnar grain boundaries.

The non-monotonic XPS depth profile of C (320 and 370 °C annealed samples) suggests that the C 
was trapped, during the deposition process, from organic additives, whereas S originated from 
saccharin.
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Table 1: ICP-MS results of the as-deposited Ni-49 at% Fe foils

Element Amount
(ppb) Element Amount

(ppb) Element Amount
(ppb)

Ca 45354 Mn 7994 Pb 21369
Cr 347 Co 519540 Sn 1927
As 3995224 Cu 50301 Ge 62439
Al 4627 Zn 21663017 Mo 61783
K 10014 Ru 2168 - -
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Figure 1: Sketch of the DC-electrodeposition process of the nanocrystalline Ni-49 at% Fe alloy. 

201x184mm (100 x 100 DPI) 
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Figure 2: a) TEM image: cross-sectional of the nc Ni-Fe foil; b) high magnification FESEM image of the top 
view surface after selective etching of the as-deposited sample 

316x128mm (100 x 100 DPI) 
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Figure 3: EDS analysis on the top view surface: a) as-deposited sample; b) annealed samples at 370 °C 

279x187mm (100 x 100 DPI) 
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Figure 4: XPS quantitative depth profile of the top view surface: a) as-deposited sample; annealed samples 
at b) 320 °C, c) 350 °C and d) 370 °C. The dashed circles denote local drop in C opposed to an increase in 

Ni or vice versa. 
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