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1. Introduction
Dislocations are responsible for most aspects of plastic 

deformation of metals. The dislocation density (ρ) is a 
microstructural feature extensively studied in the scientific 
community and can be investigated by several instrumental 
techniques, such as transmission electron microscopy (TEM) 
and X-ray diffraction (XRD).

TEM is the oldest and consolidated technique in dislocation 
density analysis, which can be determined by quantitative 
stereology support1. The estimate ρ through TEM, however, 
has some disadvantages such as laborious sample preparation 
and small observation area.

The determination of the dislocation density using XRD 
is based on the broadening of the diffraction lines. Over 
the years, methods and programs have been developed to 
assess efficiently ρ by the X-ray diffraction profile analysis. 
In this specific research, we used a computer program called 
CMWP (Convolutional Multiple Whole Profile) developed 
by a group of researchers at the University Eötvös Loránd2. 
This program describes the diffraction profiles according to 
various microstructural parameters, including ρ. The CMWP 
follows the idea of Rietveld refinement, i.e., it obtains a 
theoretical diffraction pattern represented by analytic functions 
and fits the measured pattern using the mathematical method 
of least squares2.

In this program, the effect of microstrain in peak 
broadening is caused by dislocations, where the analytic 
function is represented by a Fourier transform expressed as2:
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where f is the strain function, g is the absolute value of the 
diffraction vector, L is Fourier variable, b is the absolute 
value of the Burgers vector and R*e is a length parameter. 
The anisotropic effect is considered by the contrast factor of 
dislocations, C, where through CMWP program it is possible 
to evaluate either in terms of average contrast factors in case 
of random oriented samples or in terms of individual factors 
contrast in case of strongly textured samples3.

This study has two parts. Firstly, we compared the 
estimates of dislocation density using TEM and XRD in 
annealed and deformed samples. Secondly, we compared 
the estimates of dislocation density using XRD in deformed 
samples with moderate and weak texture.

It is known that certain microstructural features, such 
as texture, can change the diffraction pattern and directly 
interfere with the results3. In order to evaluate the influence of 
texture on dislocation density results of moderately textured 
samples, we used two different methods of deformation, 
the traditional one, cold rolling with 70% reduction, which 
induced a moderate texture intensity, and a promising severe 
deformation process, called ECAE (Equal Channel Angular 
Extrusion), that induced an even weaker texture for the same 
degree of deformation4,5. Then, the dislocation density values 
(ρ) obtained by XRD was compared for samples resulting 
from the two deformation methods.

The purpose of this research was to evaluate whether the 
ρ results could be validated in samples with moderate texture 
using the average contrast factors rather than individual 
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contrast factors, which have to be used for strongly textured 
materials.

The α brass alloy was chosen for this study because it 
has a relatively low stacking fault energy that leads to low 
dynamic recovery, which is an important parameter for 
evaluating the results of the measurement of dislocation 
density. The results indicated that even with the presence of 
moderate texture intensity the ρ estimated by XRD is reliable. 
They also showed that there was consistency between the 
TEM and the XRD measures.

2. Material and Methods
The α-brass alloy (66% Cu and 34% Zn) supplied by 

the Paranapanema Company was used as sheets (3.17 mm 
in thickness) for cold rolling and as a round bar (9.52 mm 
in diameter) for ECAE.

The material was annealed (BA) at 600 °C in air with a 
soak time of 1 h and subsequently cooled in the furnace, in 
order to obtain low dislocation density before deformation.

The samples were subjected to mechanical deformation 
after pickling by immersion in a 10% sulfuric acid (H2SO4) 
solution for 10 min. Specimens were then cold rolled. In the 
process, the sheets were reduced by the amount of 70% and 
85% in thickness (B70 and B85, respectively).

For ECAE deformation a circular cross section channel die 
10 mm in diameter and 120° angle between the equiangular 
channels was used. Samples were extruded with graphite 
base lubrication. Specimens were deformed with just two 
pass denoted as B2X.

In order to analyze the influence of texture in XRD 
technique, we used cold rolled samples and deformed samples 
by ECAE, where different stress states were imposed, but 
with comparable equivalent strain. Thus, the equivalent 
strain calculated for ECAE, ε , is expressed by5:

 2 cot
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where the angle between the equiangular channel, Φ, is 
expressed by 2φ and N is the number of passes. Regarding 
the rolling process (planar deformation) the equivalent true 
strain, ε , is obtained by6:
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where ε3 is the true thickness strain.
The samples to be analyzed by XRD were mechanically 

polished with diamond paste and chemically polished with 
a solution containing 1 part of nitric acid (HNO3), 1¼ parts 
of acetic acid (CH3CO2H) and 2 ¾ parts of phosphoric acid 
(H3PO3)

[7].
The XRD diffractograms were recorded in an X’Pert PRO 

MRD diffractometer and the values of dislocation density 
were calculated using the CMWP software.

In this research, the crystallographic texture analyses 
were performed using the distribution functions (ODF) 
generated by the popLA code and were obtained from pole 
figures of the (111), (200) and (220) plans measured by 
XRD. The cold rolled samples were analyzed in the rolling 

direction and ECAE deformed samples on the ND-TD 
(Normal Direction-Transversal Direction) plane.

For the dislocation analysis using TEM performed in a 
JEOL JEM-2100F, samples were prepared via electrolytic 
polishing with an electrolytic solution of 30% nitric acid 
(HNO3) and 70% methanol (CH3OH) at room temperature.

The dislocation density, obtained by TEM analysis, 
was determined by the Ham intercept method1. This is an 
intercept counting procedure, where the image magnification 
is taking into account. In the case of annealed samples, 
four micrographs were obtained in two different grains; 
for deformed samples, three micrographs per region were 
obtained at four different grains8,9. The values of sample 
thickness were obtained by technique of Electron Energy 
Loss Spectroscopy, EELS.

3. Results and Discussion
Figures 1 and 2 show one of several micrographs of the 

BA and B85 samples, respectively.
Dislocation densities (ρ) obtained by XRD and TEM 

can be observed in Table 1. Both assessments of dislocation 
density were consistent for deformed ductile metals and with 
the sample processing history, providing smaller values for 
annealed materials than for cold rolled samples10. The TEM 
values were larger than the XRD values (Table 1). When 
analyzing a region in the TEM, areas where dislocations 
could be seen might have been preferably selected. Although 

Figure 1. STEM micrograph from BA sample.

Table 1. Dislocation density (ρ) obtained through TEM and XRD 
methods for annealed and cold rolled samples.

Samples ρ (dislocations/cm2)  
by TEM

ρ (dislocations/cm2)  
by XRD

BA 3.45± 1.52×109 9.89×108

B85   2.70± 0.23×1011  7.58×1012
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we tried to choose regions as randomly as possible, the need 
to verify if the contrast was enough to pinpoint dislocations 
may have led us to look for areas where dislocations were 
clearly visible. This procedure could have conducted to a 
systematic error that could have led to overestimate the 
dislocation density, as already reported.

The opposite was observed for the B85 sample where 
the values obtained in the XRD analysis were larger than 
those found for the TEM examination. A potential source of 
error, in this situation, is the very dense tangle of dislocations 
observed in the micrographs (Figure 2), that makes it very 
difficult to count individual dislocations using the intercept 
method. Undoubtedly, many dislocations were not accounted 
and included in the ρ calculation, promoting an underestimation 
of the dislocation density like previously reported by Bailey 
& Hirsch9. These researchers wrote about attempts to assess 
dislocation density in areas where ρ were too high and have 
reported that their estimation was inaccurate. Thus, this 
agglomerate of high amount of dislocations might have 
contributed for inaccurate evaluation and could explain the 
difference between the values for TEM and XRD analysis 
of B85 samples.

Thus, despite the difference, it can be stated that the values 
found by both XRD and TEM analysis are appropriate and 
consistent11,12. Although the TEM results were impacted by 
systematic errors, these could be improved increasing the 
number of samples and regions analyzed, which is costly 
and slow. On the other hand, the XDR technique provided 
reliable and more practical results3.

Another significant aim of this work was to evaluate the 
influence of the crystallographic texture in the dislocation 
density obtained by XRD. For this purpose, we used cold 
rolled and ECAE processed α brass, because, as mentioned 
in the introduction, cold rolling introduces more texture in 

a material than ECAE. Also, it is important to notice that 
B70 sample showed approximately the same equivalent 
deformation that B2X sample processed by ECAE (1.38 and 
1.32, respectively), thus both samples can exhibit comparable 
dislocation density measurement (Table 2).

The texture results for the B70 and B2X samples are 
shown in Figures 3 and 4. In these figures the orientation 
distribution functions (ODF) follow ROE notation. One can 
see that sample B70 (Figure 3) shows an intense (7 m.r.o.) 
brass texture (B), while sample B2X (Figure 4) shows a 
3 m.r.o. brass component and a 3m.r.o.cube (C) component. 
(Figures 3 and 4)

It can be seen in Table 3 that the dislocation density values 
obtained for the B70 and B2X samples are of the same order 
of magnitude, despite the fact that the cold rolled sample 
has a greater texture level than the sample processed by 
ECAE. This is taken as evidence that even with presence of 
moderate texture the the estimates of dislocation density by 
XRD method using the CMWP program in terms of average 
contrast factors are reliable in the rolled samples (Table 3).

Figure 4. ODF from B2X sample, showing cub (C) and brass 
(B) texture components.Figure 2. STEM micrograph from B85 sample.

Figure 3. ODF from B70 sample, showing a brass texture 
component (B).

Table 2. Equivalent strain measures, ε .

Rolling ECAE

Reduction ε1 ε N ε
70% 1.20 1.38 2 1.32

Table 3. Dislocation density (ρ) obtained through XRD for the 
B70 and B2X samples.

Samples ρ (dislocations/cm2)
B70 7.48×1012

B2X 7.19×1012
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4. Conclusion
From the results obtained in this work, it can be 

concluded that:

•	 Dislocation density estimation by the XRD method for 
a moderately textured sample is reliable and consistent;

•	 Measurement of dislocation density in moderately 
textured α-brass through stereology measures performed 
by TEM is qualitatively self-consistent;

•	 The dislocation density values of deformed samples 
produced via cold rolling and ECAE showed that the 

presence of moderate texture did not invalidate the 
measurement of dislocation density, since the results 
were of the same order of magnitude in both cases.
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