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Peak profile analysis based on high-resolution X-ray diffractometry and transmission electron microscopy
(TEM) were used to measure the distribution of grain sizes, the dislocation density, and the corresponding
root mean square strain in ultrafine-grained (UFG) nickel processed by different methods: electrodeposi-
tion, equal channel angular pressing (ECAP), cold rolling (CR), high pressure torsion (HPT), and their
combinations. The Fourier transforms of the experimental X-ray peak profiles were fitted by theoretical
functions calculated on the basis of the model of the microstructure. In this model the crystallites are as-
sumed to have spherical shape and log-normal size distribution. It is also supposed that the strain broade-
ning of the profiles is caused by (110){111} type dislocations. The results obtained from X-ray diffraction
are compared with TEM micrographs. It is found that additional deformation following ECAP further
decreases the crystallite size and increases the dislocation density. However, in the electrodeposited spe-
cimen the crystallite size is lower and the dislocation density is higher than in the samples obtained by any
of the combinations of the severe plastic deformation (SPD) procedures.

1 Introduction

Ultrafine-grained (UFG) and nanocrystalline (NC) materials are produced with the aim to improve dif-
ferent physical and chemical properties related to their grain size [1]. Properties of UFG and NC materi-
als at the submicron and nanoscale are not necessarily predictable from those observed in their coarse-
grained counterparts. Important changes in behavior are caused not only by a continuous modification of
the characteristics with refining the microstructure but also by the emergence of entirely new phenom-
ena, e.g. quantum size confinement, wave-like transport, and predominance of interfacial phenomena [2].
It is now well established that electrodeposition [3, 4] and SPD processing [5] can lead to a very signifi-
cant refinement in the grain size of a wide range of materials including pure metals, metallic alloys, and
intermetallics. It was reported that these UFG materials demonstrate unusual physical properties such as
a decrease in the elastic moduli, a decrease in the Curie and Debye temperatures, an increase in the rates
of diffusion, and improved magnetic properties [6—8]. If the UFG metals and alloys are reasonably stable
at elevated temperatures, there is a potential for achieving superplastic ductility at relatively low testing
temperatures and high strain rates [8, 9]. Very recent results have shown that SPD processed materials
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may combine high strength and high ductility [10] where this atypical combination can be attributed to
the development of UFG and nanostructures.

Pure Ni represents a useful model material for the investigation of processing by severe plastic defor-
mation [11]. On the one hand, the lower stacking fault energy (SFE) in comparison with pure aluminum
leads to more extensive refinement in the as-processed materials. On the other hand, since Ni has a
higher SFE than Cu, the microstructure in Ni becomes more homogeneous.

Several authors have made TEM investigations on the microstructure of Ni samples processed by SPD
including ECAP [11, 12], HPT [13], and by electrodeposition [9, 14-16]. In recent reports it was noted
that the microstructure after ECAP shows arrays of reasonably equiaxed grains but the grain boundaries
are irregularly arranged and poorly defined, suggesting a high-energy non-equilibrium configuration with
large internal stresses. HPT straining [13] can produce UFG microstructure that may not be fully homo-
geneous across the sample cross-section. It was concluded that in order to obtain samples with the de-
sired homogeneous UFG microstructure, they have to be processed at applied pressure values higher than
6 GPa and with more than five whole revolutions. It was reported that electrodeposition can lead to more
extensive refinement of Ni with a nanocrystalline microstructure of 20—40 nm.

The highly strained microstructure of SPD materials can only be characterized locally by transmission
electron microscopy. In this sense high-resolution X-ray diffraction has the advantage of providing in-
formation on the mean grain size and a function of grain size distribution, internal microstrains, and
related dislocation densities [17, 18]. It is especially useful in the case of UFG metals and alloys pro-
duced by SPD where the measurement of the very high dislocation densities (10'°~10'® m™) is compli-
cated by TEM. The complete characterization of the microstructure can be achieved by simultaneous
application of X-ray diffraction and TEM. This paper reports new results of the measurement of crystal-
lite size and size distribution and the dislocation density in SPD processed pure nickel by means of high-
resolution X-ray diffraction. The deformation was carried out by ECAP, HPT, cold rolling (CD), and
their combinations. An additional specimen was produced by electrodeposition. The results of the X-ray
diffraction peak profile analysis are compared with TEM analysis and discussed in terms of correlations
and discrepancies.

2 Materials and experimental

High-purity nickel (99.99%) was deformed by different methods of SPD, i.e., equal channel angular
pressing (ECAP), cold rolling (CR), high-pressure torsion (HPT), and their combinations. The principles
of severe plastic deformation by ECAP and HPT have been documented in several papers [5, 6, 11-13].
Nickel cylinders having diameters of 16 mm and lengths of 100 mm were subjected to ECAP at room
temperature using a die with an internal angle of 90°. Samples were pressed repetitively for eight passes,
equivalent to a total strain of =8, and each sample was reversed from end to end and rotated by 90° about
the longitudinal axis between passes. Earlier experiments showed that this procedure produces an as-
pressed mean grain size of =0.35 um [12]. For processing by HPT, disks with diameters of 10 mm and
thicknesses of ~0.3 mm were torsionally strained under a high pressure of 6 GPa for a total of five com-
plete revolutions, equivalent to a true logarithmic strain of =6. This procedure produces a mean grain size
of =0.17 um [13]. Three additional samples were prepared by a combination of different methods: (i)
ECAP and cold rolling (denoted as ECAP + CR), (ii) ECAP and HPT (denoted as ECAP + HPT), and
(iii) the combination of three deformation modes (denoted as ECAP + CR + HPT). Cold rolling of ECAP
specimens was performed at room temperature with a total reduction in the thickness from 1.7 to
0.25 mm, equivalent to a reduction of =85%. Figure 1 shows schematically all processing routes. In
addition, a sample of electrodeposited nanocrystalline nickel with a grain size of =35 nm was also in-
cluded for comparison with the deformed specimens. The microstructure of the samples was examined
using high-resolution X-ray diffraction.

The diffraction profiles were measured by a special high-resolution double-crystal diffractometer with
negligible instrument-induced broadening [19,20]. The Nonius FR591 rotating copper anode
(4=0.15406 nm) was operated at 40 kV and 70 mA. The K, peak of the Cu radiation was eliminated by
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Fig. 1 Schematic representation of ultrafine-grained nickel processing.

a 0.16 mm slit placed between the source and the symmetrically cut 220 Ge monochromator. The pro-
files were recorded by a linear position sensitive gas-flow detector (OED 50 Braun, Munich). Selected
samples were examined by transmission electron microscopy (TEM) using a JEM-100B electron micro-
scope.

3 Evaluation of the X-ray diffraction profiles

A numerical procedure has been worked out for fitting the Fourier transform of the experimental profiles
by the product of the theoretical functions of the size and the distortion (strain) Fourier transforms (mul-
tiple whole profile fitting, MWP) [17, 18]. The theoretical functions were calculated from a microstruc-
tural model with the following assumptions: (i) the crystallites are spheres and have log-normal crystal-
lite size distribution and (ii) the lattice distortions are caused by dislocations. From the median, m, and
the variance, o, of the size distribution the arithmetically, the area-, and the volume-weighted mean crys-
tallite size values can be obtained [17]. Since the area-weighted mean grain size was determined from
TEM micrographs, the same weighted mean crystallite size is calculated from the results of X-ray dif-
fraction profile analysis. The area-weighted mean crystallite size was determined from m and o using the
equation [17]

<d>md =m exp (2.502 ) . (1)

The distortion (or strain) Fourier coefficients of a peak profile, A, in a dislocated crystal can be given as
(21]

A°(L) =exp[-pBL’ f (1)) g°C1, %)

where B = zb*/2, b is the absolute value of the Burgers vector of the dislocation, p is the dislocation
density, L is the column length normal to the diffracting plane defined as L =na;, where

= A/2(sin 6 —sin ), n are integers starting from zero, 17 = L/R., R. is the effective outer cut-off radius
of the dislocations, g is the absolute value of the diffraction vector, C is the average dislocation contrast
factor, and f( ) is a function derived explicitly by Wilkens (see Egs. A.6 to A.8 in Ref. [22] and Egs. (22)
and (23) in Ref. [17]). Instead of R., it is more appropriate to use the parameter M = R.p"* defined by
Wilkens as the dislocation arrangement parameter [22]. In an untextured cubic polycrystalline specimen

the values of C can be expressed as a function of the indices of reflections, hkl [23],

C = Cypoll — qUl* + W + D)W + K + P, 3)
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where C, 200 1 the average dislocation contrast factor for the #00 reflections and ¢ is a parameter depend-
ing on the elastic constants of the crystal and on the character of dislocations (e.g., edge or screw type).

The MWP method has the following steps:

the Fourier coefficients of the measured physical profiles are calculated by a non-equidistant sampling
Fourier transformation,

the Fourier coefficients of the size and strain profiles are calculated, and

the experimental and the calculated Fourier coefficients are compared by the least squares method.

The procedure has five fitting parameters for cubic crystals: the median, m, and the variance, o, of the
log-normal size distribution function, the dislocation density, p, the dislocation arrangement parameter,
M, and ¢ for the average dislocation contrast factors. The values of g have been calculated for nickel
assuming the most common dislocation slip system (110){111}. For pure screw or pure edge dislocations
the numerically calculated values of g are 2.24 or 1.42, respectively [24]. Consequently, the value of ¢
gives the edge or screw character of dislocations. The dimensionless parameter M = R.p"* defined as the
dislocation arrangement parameter gives the strength of the dipole character of dislocations: the higher
the value of M, the weaker the dipole character and the screening of the displacement fields of disloca-
tions. Further details of the fitting procedure are given elsewhere [17, 18].

4 Results and discussion

The procedure of X-ray peak profile fitting was carried out for all specimens studied here. Figure 2
represents an example of the fitting for nickel produced by ECAP. The figure shows the experimentally
determined Fourier transforms (open circles) and the best fitted theoretical curves (solid lines). The dif-
ferences between the measured and fitted values are also shown in the lower part of the figure. The scal-
ing of the differences is the same as in the main part of the figure. The indices of the reflections are also
indicated. As the result of the fitting, the microstructural parameters are determined and listed in Table 1.

Figure 3 shows the crystallite size distribution for three different processing methods, ECAP, HPT, and
electrodeposition. One can see from Fig. 3 and Table 1 that HPT results in higher dislocation densities
and lower mean crystallite size values during deformation than ECAP. At the same time, the HPT proc-
ess leads to narrower distributions of crystallite size compared to ECAP. The method of electrodeposi-
tion gives smaller crystallite size and a higher dislocation density than any of the SPD methods. On the
other hand, the electrodeposited nickel has the widest crystallite size distribution among all the materials
studied here.
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Fig.2 Measured (open circles) and fitted (solid line) Fourier coefficients as a function of L for the
ECAP nickel sample. The differences between the measured and fitted values are also shown at the bot-
tom of the figure at the same scale.
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Fig. 3 (online colour at: www.interscience.wiley.com) Crystallite size distributions for nickel samples
obtained by three different methods: electrodeposition (a), high-pressure torsion (b), and equal channel
angular pressing (c).

The method of high-resolution X-ray diffraction allows to make some conclusions about the type of
dislocations prevailing in the present samples. The ECAP nickel has a mixed type of dislocation since
g = 1.84, which is equal to the average g values for pure screw (¢ = 2.24) and edge (g = 1.42) disloca-
tions. On the contrary, the HPT samples show a tendency to have dislocations of more screw character
(g =2.16). This can be interpreted in terms of the rotational mode of deformation. The character of dislo-
cations in the electrodeposited material is more of the edge type (¢ = 1.66).

Figure 4 represents the grain size distributions for the nickel samples which were subjected to a sub-
sequent deformation process after ECAP to increase the total strain: ECAP, ECAP + CR, ECAP + HPT,
and ECAP + CR + HPT. It can be seen from Fig. 4 and Table 1 that any of the second steps of subse-
quent deformation after ECAP results in a reduction in the crystallite size. Applying three deformation
methods after each other (ECAP + CR + HPT), a further crystallite size refinement is achieved, and the
size distribution is broadened compared to the two-step deformed samples. It can be established that the
density and the dipole character of the dislocation structure increases by applying additional deformation
after ECAP. The increase in the dislocation density is higher for ECAP + HPT than for ECAP + CR. The
combination of ECAP + CR + HPT does not result in a higher dislocation density compared to
ECAP + HPT. At the same time, the incorporation of cold-rolling between ECAP and HPT gives a

Table 1 Microstructural parameters for nickel samples processed by different methods.

Nickel m o <d>area dTEM <‘('2>1/2 q M Ps 1014 m72
samples nm nm nm 107 X-ray DSC [25]
ECAP 29+2 0.60+0.05 715 350 25+03 1.84+0.06 3.7£04 9+1 04
ECAP+CR 25+2 041+£0.05 38+4 300 26+03 218+0.06 1.5+0.3 11+1 0.6

HPT 26+2 044+£004 42+4 170 3.1+03 2.16+£005 1.5+04 17+2 0.7
ECAP 24+2 0.53+005 48+4 140 37204 1.64+0.06 1.5+02 25+2 1.9

+ HPT

ECAP 15£1 0.67+£0.06 46+3 100 3.5+04 1.61+£0.0523+£03 20+2 2.1

+ CR + HPT

electro-dep. 6+1 0.76+£0.06 24+3 35 7.0x05 1.66+0.07 41+04 82+4 6
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Fig. 4 (online colour at: www.interscience.wiley.com) Crystallite size distributions for nickel samples
obtained by combinations of different methods: ECAP (a), ECAP + cold rolling (b), ECAP + high-
pressure torsion (c), and ECAP + cold rolling + high-pressure torsion (d).

broader crystallite size distribution with a lower mean size (see Table 1). It has been found that the
smallest crystallite size and the highest dislocation density is obtained by electrodeposition. No definite
conclusion can be made on the edge or screw character of dislocation ensembles formed during two- or
three-step processing.

The dislocation density of ECAP and HPT samples of nickel is of the same order of magnitude as
reported by other authors [5]. The values of the dislocation density for all nickel samples are about one
order of magnitude higher than the dislocation density evaluated for the same material in [25] from dif-
ferential scanning calorimetry (DSC) experiments. The difference can be attributed to the simple model
employed in the evaluation of stored elastic energy, which does not take into account the character of
dislocations and their arrangement.

The root mean square strain due to the dislocation structure was determined for the 400 reflection at
the value of L = 0.5 nm using the Eq. [22]

CAE (”g’ j In [RTJ . (4)

In this calculation, the values of p and R, obtained from the MWP fitting procedure were used. The root
mean square strain values are listed in Table 1 and they correlate well with the values of the dislocation
density.

Figures 5a—f show TEM micrographs for UFG nickel specimens produced by ECAP, ECAP + CR,
HPT, ECAP + HPT, ECAP + CR + HPT, and electrodeposition, respectively. The assumption made for
the shape of the crystallites in the evaluation of the X-ray profiles is supported by the TEM micrographs
of Fig. 5 since the crystallites seem to be fairly equiaxed. The examination of the TEM pictures in Fig. 5
reveals several common features associated with these samples. All of the SPD processes lead to highly
non-equilibrium microstructures with many grain boundaries that are poorly defined and with grain inte-
riors having complex contrast. These observations suggest a high level of internal stresses and elastic
distortions of the crystal lattice. Former TEM studies showed that the materials processed by SPD tech-
niques may also possess distinctive inhomogeneities [11, 13]. Thus, HPT samples generally exhibit some
variation in the microstructure between the center and the edge of the disk [13], whereas samples proc-
essed by ECAP have an anisotropy of grain-shape along the pressing direction [12]. In the present inves
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Fig.5 Microstructure of UFG nickel processed by a) ECAP, b) ECAP +CR, c) HPT, d) ECAP + HPT,
e) ECAP + CR + HPT, and f) electrodeposited nickel.

tigation, the use of a combination of ECAP and HPT provides an opportunity for removing some of these
undesirable properties and for strong refinement of the microstructure. Figure 5d shows a TEM micro-
graph of nickel after ECAP + HPT processing, while Fig. 5e demonstrates the microstructure obtained by
combination of ECAP, cold rolling, and HPT. Under these conditions, the microstructure is rather homo-
geneous with the mean grain size of 140 nm for ECAP + HPT and about 100 nm for ECAP + CR + HPT.
In agreement with the X-ray analysis, the refinement of the microstructure during the subsequent SPD
process after ECAP can be seen by comparing Figs. 5a, d, and e. The difference in the crystallite and
grain size values determined by X-ray and TEM, respectively, cannot be attributed to the assumption
concerning the log-normal crystallite size distribution, since this affects only slightly the results obtained
for the average crystallite size values [17].
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It is informative to compare the grain and the crystallite size values obtained by TEM and X-ray dif-
fraction. For the ECAP-processed nickel the mean crystallite size obtained by X-ray (71 nm) is about
five times smaller than the value of 350 nm evaluated by TEM. A similar tendency is observed for the
nickel sample produced by HPT, but the difference is smaller between the crystallite size obtained by
X-ray diffraction (42 nm) and the grain size determined by TEM (170 nm). The nickel samples produced
by the combination of SPD methods have a mean grain size of 48 and 46 nm for ECAP + HPT and
ECAP + CR + HPT, respectively. The evaluation of TEM micrographs for the same samples gives about
140 and 100 nm, respectively. As it has been shown by the X-ray analysis, the three-step deformation
(ECAP + CR + HPT) resulted in a broader size distribution of the crystallites with a lower median than
ECAP + HPT, which can also be observed by comparing Figs. 5d and e. For the electrodeposited nickel,
both X-ray and TEM evaluations give the smallest crystallite (24 nm) or grain size (35 nm) values
among the materials studied. It is worth to note that for the electrodeposited nickel sample the area-
weighted mean crystallite size value is comparable with the mean grain size obtained from TEM.

The difference between the crystallite sizes obtained by X-ray and the grain size values determined by
microscopy techniques describes the complexity of the microstructure. For the ECAP deformed nickel
sample, the TEM study gives a mean grain size value of about 350 nm [12] and orientation imaging
microscopy [26] with a sensitivity angle € < 2° leads to a value of about 270 nm, while the X-ray analy-
sis results in an area-weighted crystallite size of 71 nm.

Each characteristic size value describes a certain feature of the microstructure in ECAP nickel:
(dyrem # 350 nm corresponds to the average distance between high-angle grain boundaries,
(dyomm = 270 nm gives the typical distance between all grain boundaries with misorientations higher than
2°, and (d)x..y ® 71 nm relates to the average size of the coherently scattering domains which usually
equals the dislocation cell size in SPD materials. The neighboring dislocation cells separated by small-
angle grain boundaries have a misorientation of less than 2°, which cannot be detected by conventional
TEM. At the same time, X-ray diffraction makes a difference between the neighboring dislocation cells
bordered by small-angle grain boundaries, which usually results in a smaller grain size than that deter-
mined by TEM. This preposition is supported also by comparison of the ECAP and ECAP + CR sam-
ples. Although the grain sizes obtained by TEM (350 and 300 nm) are very close to each other, a notable
difference can be found in the crystallite sizes determined by X-ray diffraction (71 and 38 nm). This is
the consequence of the formation of dense tangles of dislocations arranged in low-angle boundaries dur-
ing cold rolling.

4 Concluding remarks

High-resolution X-ray diffraction and TEM experiments were conducted to determine the microstructure
and dislocation density in ultrafine-grained materials after processing by ECAP, HPT, cold rolling, and
their combinations. Additionally to the nanostructured materials produced by SPD, electrodeposited
nickel has been investigated, too. Assuming that the crystallite size distribution in all samples obeys a
log-normal function and that the strains are caused by dislocations, the parameters of the crystallite size
distribution and the dislocation structure were calculated by fitting the Fourier transforms of the experi-
mental X-ray diffraction profiles to physically well established theoretical functions. The crystallite size
values were compared to the grain sizes determined by TEM. It was found that the additional deforma-
tion after ECAP resulted in a further grain refinement and an increase of the dislocation density. How-
ever, electrodeposition has given even finer microstructure and higher dislocation density than the mate-
rials processed by SPD methods. The crystallite size values are lower than the grain size for all the
specimens, since the former measures the dislocation cell size in SPD materials. At the same time, for the
electrodeposited nickel the crystallite size is close to the grain size determined by TEM.
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