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Abstract. A synchrotron radiation study of immiscible Au-Co alloys obtained by consolidating a heterogeneous mixture 
of components and subsequent severe plastic deformation was performed. Namely, the estimates of the crystal lattice 
parameter, the average size of the coherent scattering regions and lattice strains in mechanically alloyed supersaturated 
solid solutions were made using obtained diffraction patterns and diffraction spectra. The effect of the temperature 
regime of deformation processing on the listed characteristics is shown, when the transition from cold deformation to 
cryogenic is carried out. 

INTRODUCTION 
 

The directed formation of the structure and properties of alloys from immiscible ferromagnetic and non-
ferromagnetic components is being intensively studied due to the high potential of their application [1, 2]. Obtaining 
a supersaturated solid solution can be the basis for such regulation of the state of the alloy.  

Mechanical alloying by severe plastic deformation makes it possible to obtain ultrafine-grained (submicro- and 
nanocrystalline) alloys with the formation of metastable phases [3] including supersaturated solid solutions. 

The Au-Co system is characterized by the limited solubility of the components [4] and by the difference in their 
structural and physical-mechanical characteristics. The enthalpy of mixing is +34 kJ/mol [5]. Supersaturated Au-Co 
solid solutions were obtained in the form of thin films, coatings, or particles using the appropriate nonequilibrium 
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methods [6-8]. In this work, the Au-Co alloy was obtained in bulk nanocrystalline form, which is suitable for further 
study without additional thermo mechanical action. 

To achieve the state of a homogeneous solid solution, it is necessary to use the possibility of realizing severe 
plastic deformations, as well as changing the mechanisms of formation of structures and phases through changing 
processing parameters. This parameter can be a different temperature regime, for example, deformation under 
cryogenic temperatures, as in present paper. To take into account possible inhomogeneities in the strain distribution, 
it is necessary to localize the area of structural-phase studies. In addition, it is necessary to obtain data on the state 
not only on the surface, but also in the bulk of the alloy. In this work, synchrotron radiation with a short X-ray 
wavelength was used due to its advantages for such tasks, due to its high penetrating power and the possibility of 
obtaining the entire diffraction pattern. 

EXPERIMENTAL 

Cobalt and gold in the initial state were powders with a particle size of about 50 μm and 300 μm, respectively. 
The purity of the components was 99.60% and 99.99%, respectively. Powders of these metals were mixed in an 
equiatomic ratio.  

Next, the powder mixtures were processed by shear deformation under high quasi-hydrostatic pressure (so called 
“high-pressure torsion”, HPT) on Bridgman anvils [9-11]. The type of anvils is “quasi constrained” with a diameter 
of 5 mm. The material of the anvils is a super hard alloy WC6 with a hardness of 92 HRC.  

The processing pressure was 8 GPa, which is sufficient to plasticize the components upon deformation. The alloy 
samples had a disk shape with a diameter of about 5 mm and a thickness of about 0.1 mm after processing. The 
rotation speed of the anvils was 1 rpm.  

To reduce the inhomogeneity of the deformation along the radius of the disk samples, the reprocessing technique 
was used, which consisted in the following. After 10 turns at one stage of processing, the sample in a disk shape is 
cut into sectors, and then these parts are put back into a processing cell. The number of reprocessing stages was 3, 
i.e. the total number of anvil revolutions was 30.  

HPT was carried out under two temperature conditions: cold (at room temperature) and cryogenic (at the 
temperature of boiling liquid nitrogen) deformation. 

X-ray study was carried out using a hard X-ray wavelength of 0.03685 nm and transmission geometry mode at 
the station of the 4th synchrotron radiation channel of the VEPP-3 accelerator of the Siberian Synchrotron and 
Terahertz Radiation Center, Budker Institute of Nuclear Physics [12-14] at room temperature. Two-dimensional 
diffraction patterns were recorded by a mar345 two-coordinate detector. A more detailed description of the SR XRD 
analysis can be found elsewhere [12, 13, 15, 16]. 

RESULTS AND DISCUSSION 

The number of revolutions of the anvil was 30 taking into account the redistribution procedure. It is necessary to 
use the formula [17] to estimate the true strain: 

 

 

5.02

1ln
kh
Re  (1) 

 
where φ is the angle of rotation of the anvil in radians, R is the distance from the center of the sample, hk is the 

thickness of the sample, and e is the true shear strain. 
Since the initial state was in the form of a bulk powder, the deformation upon upsetting formula was not used. 

The central and peripheral parts of the sample periodically change places in the working cell during the reprocessing 
procedure. Therefore, getting true strain for the center and periphery seems to be incorrect. Instead, the calculation 
was performed at half the radius of the sample. In this case, the deformation value was 8.1. Thus, this process is 
characterized by a high enough value of severe plastic deformation. 

As a result of transmission synchrotron diffraction, X-ray diffraction patterns were obtained from the central and 
peripheral regions of the alloy samples (Fig.1). Based on the shape of the lines in the form of Debye rings, taking 
into account the true strain, and also taking into account the wavelength of the radiation used, it can be assumed that 
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an ultrafine-grained state is formed in the alloy sample. It can be seen from the mutual arrangement of the 
reflections that a state is formed in the alloy samples in the form of a phase with an fcc lattice. The presence of a 
phase associated with the low-temperature modification of cobalt was not observed according to X-ray diffraction 
data. 

The presence of texture after deformation processing was noted, with the most intense texture maxima present in 
the X-ray diffraction patterns in the center (Fig. 1a) and especially at the edge of the disk (Fig. 1b) of the alloy 
sample obtained by cold deformation. In the X-ray diffraction patterns of alloys after cryogenic deformation, the 
texture maxima are significantly blurred, and their intensity is significantly inferior to those in the X-ray diffraction 
patterns of cryo-HPT alloys (Fig. 1c, d). 

 
 

  

(a) (b) 

  
(c) (d) 

FIGURE 1. X-ray diffraction patterns in SI of Au-Co alloys obtained at room HPT in the center of the sample (a) and at the 
periphery (b); and cryo-HPC in the center of the sample (c) and at the periphery (d). The numbers indicate the serial number of 

the Debye ring from the central spot. 
 
The thickness of the Debye rings in the X-ray diffraction patterns of alloys obtained by cryodeformation is, on 

average, less than in the X-ray patterns in the case of cold deformation. 
Most part of the X-ray diffraction patterns were converted to diffraction spectra shown in Fig. 2. 
The indexing of the Debye rings confirmed the formation of a phase with an fcc lattice as a result of HPT. From 

the values of the lattice parameter of the fcc phase in the X-ray diffraction patterns the ratio of the components in 
each phase was obtained. It was found that in all four cases the phases in the X-ray diffraction patterns refer to 
supersaturated fcc solid solutions of cobalt in a gold-based matrix. The diffraction spectra data were also used to 
calculate the lattice parameters of the fcc solid solution based on gold and to obtain the ratios of the components in 
it. Table 1 shows the correspondence of the lines and reflections on the X-ray diffraction patterns and spectra in 
order from the central spot to hkl planes with an interplanar spacings d. Those data that, with errors, were averaged 
over data from X-ray diffraction patterns and spectra, the rest are given only on the basis of X-ray patterns. Table 1 
also shows lattice parameters and the proportions of cobalt of the supersaturated solid solutions. 
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FIGURE 2. Diffraction spectra in SR of Au-Co alloys obtained at room HPT in the center of the sample (a) and at the periphery 
(b); and cryo-HPT in the center of the sample (c). The numbers show the serial number of the reflex with increasing diffraction 

angle. 
 
 

TABLE 1. Data on interference indices, interplanar spacings, and lines of X-ray and diffraction spectra, as well as estimates of 
lattice parameters and compositions of supersaturated Au-Co solid solutions depending on the sample region and temperature 

regime of deformation. 

Peak 
No. hkl 

Cold Worked Au-Co Alloy Cryo-Deformed Au-Co Alloy 

Sample Center Sample Periphery Sample Center Sample Periphery 

d, nm d, nm d, nm d, nm 

1 111 0,2294±0,0024 0,2284±0,0050 0,2280±0,0014 0,2271 
2 200 0,1999±0,0131 0,2012±0,0096 0,1981±0,0014 0,1949 
3 220 0,1406±0,0013 0,1405±0,0001 0,1396±0,0009 0,1383 
4 311 0,1205±0,0003 0,1203±0,0003 0,1191±0,0011 0,1181 
5 222 0,1147 0,1139 0,1131 0,1130 

Lattice 
parameter, nm 0,3985±0,0004 0,3982±0,0001 0,3949±0,0005 0,3914 

Solid solution 
Au-X at. % 

Co 
25±1 26,5±0,5 34±1 40 
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As can be seen, as a result of room HPT, approximately the same proportion of cobalt was dissolved in the gold-
based matrix in the center and at the periphery of the sample. At the same time, as a result of cryo HPT, the 
solubility of cobalt increased, and in the center of the sample the increase in the proportion of cobalt was about 10 
at. %, and at the periphery - about 15 at. %.  

The data from diffraction spectra and from X-ray diffraction patterns differ by no more than 2 at. %, and the 
values of the interplanar spacings are in good agreement with each other, especially for the peaks (220) and (311). In 
addition, in the diffraction spectra, the width of the reflections is significant so that closely spaced peaks partially 
overlap each other. This indicates a significant dispersion of the structure after HPT-deformation. Also, from the 
diffraction spectra, we can speak of the presence of a phase associated with cobalt, the intensity of which is low 
relative to the phase based on gold. 

Based on the level of mechanical dissolution of cobalt, it is worth noting that the above estimate of the true strain 
for the entire alloy specimen has a reason in the case of cold deformation, however, in the case of cryogenic 
deformation, the radial dependence of the true strain remains despite the reprocessing procedure. 

To assess the dispersion of the structure based on the data of diffraction spectra, the coherent scattering regions 
and lattice strains were calculated using the Selyakov-Scherrer and Stokes-Wilson formulas, respectively: 

 

 
cos
9.0D , 

tg4
 (2) 

 
where D is the coherent scattering region size in nm, ε is the lattice strain in arb. units, λ is the wavelength, β is 

the FWHM, θ is the diffraction angle. The data are presented in Table 2. 
 

TABLE 2. Estimated values of the coherent scattering region size (D) and lattice strain (ε) in the center and at the periphery of 
alloy samples after room- and cryo-HPT. 

hkl 

Cold Worked Alloy Cryo-Deformed Alloy 

Sample Center Sample Periphery Sample Center 

D, nm ε * 10-2 D, nm ε* 10-2 D, nm ε* 10-2 

111 2,8 3,7 2,5 4,1 5,1 2,0 
200 2,5 3,7 1,8 5,0 3,5 2,5 
220 2,3 2,8 2,2 2,9 2,7 2,4 
311 1,3 4,0 1,4 3,8 1,6 3,4 

average 2,2 3,6 2,0 4,0 3,2 2,6 
 
It is seen that in different directions the linear dimensions of the coherent scattering regions and lattice strains are 

not the same. The similar character of the values indicates that, after deformation, the crystallites are oriented in a 
certain way, which leads to the formation of a shear deformation under pressure texture. On average, the dispersion 
after deformation at room temperature is greater than at cryogenic. The same is true for the average value of lattice 
strain. 

CONCLUSIONS 

As a result of mechanical alloying by severe plastic deformation by shear deformation under high pressure, 
alloys with a significant content of the phase of a supersaturated fcc solid substitutional solution Au-Co were formed 
(Table 3). The alloy obtained at room HPT is characterized by increased dispersion, the level of microstresses and 
the severity of texture in comparison with the alloy obtained by cryo HPT. In this case, as a result of mechanical 
alloying in both temperature regimes, a phase of the fcc solid substitutional solution based on copper was formed, 
and, according to the estimated values, the solubility of cobalt is either close to the boundary or exceeds the 
maximum solubility according to the equilibrium phase diagram at a temperature of about 1000 °C [4]. The 
supersaturated solid solution obtained by cryo-HPT is characterized by a higher proportion of deformationally 
dissolved cobalt than the solution after room HPT. Considering that such a state is characterized by less dispersion, 
lattice strains and anisotropy of crystallite sizes, we can say that between the cryo-HPT process and studying with 
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synchrotron radiation, i.e. at room temperature, a post dynamic recrystallization began. In this case, no decay of 
supersaturated solid solution was noted. 

 

TABLE 3. Estimated values of the lattice parameter (a), Co fraction of Au-Co solid solution, average coherent scattering region 
size (D), lattice strain (ε) in the center and at the periphery of alloy samples after room- and cryo-HPT. 

P, 
GPa e 

Temperature 
Mode of 

Deformation 

Sample Region 
of Studying 

a, nm 
 

Au-X at. 
% Co 

D, 
nm 

ε * 10-2 , 
arb. units 

Texture 
Severity 

8 8,1 
RT Center 0,3985±0,0004 25±1 2,2 3,6 strong 

Periphery 0,3982±0,0001 26,5±0,5 2,0 4,0 greatest 

LN 
Center 0,3949±0,0005 34±1 3,2 2,6 weak 
Periphery 0,3914 40 - - weak 
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