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ABSTRACT

The analysis of a material that is meant to be used in a certain application needs to combine information at different scales, including bulk properties together with a local study of the materials’ microstructure. In this work there were used two different techniques that allowed obtaining complementary information on the microstructural changes developed by an F138 steel bar subjected to ECAE and cold rolling. The diffraction peak broadening analysis was conducted through Williamson-Hall and CMWP methods, which allowed obtaining bulk scale information on domain sizes, dislocation and stacking fault densities. This study was complemented with EBSD analysis in an SEM microscope, which provided high resolution information on relatively large areas of the polished surfaces of the material (~(m2). The results obtained with both techniques showed good correlation for each sample with growing deformation or annealing steps.

Keywords: peak broadening, EBSD, dislocation density, domain size

INTRODUCTION

The properties of a certain material and its suitability for a particular application are highly determined by its response to a thermo-mechanical process. The changes observed in its microstructure can be correlated to its macroscopic behavior, which determines the importance of the methods for microstructural analysis of materials. The presence of defects in the microstructure, such as dislocation arrays, stacking faults, etc. determines a distortion in the crystallographic structure of the material, restricting the motion of other defects. Since the ’50s several methods have been developed for characterizing the microstructure of bulk materials by x-ray diffraction experiments, which are based on the fact that the defects induced in a material through deformation have a direct impact on the characteristics of the diffraction profile (1). In such way, an analysis of the broadening of the diffraction peaks would allow to determine the diffraction domain sizes and the dislocation and stacking fault densities (1-5). One of the first micromechanical models created to assess these variables was the Williamson-Hall (W-H) method (1), later on modified by Ungár (2, 4) and Warren (3) (MW-H). This modified method consists in analyzing the diffraction peaks separately and fitting their breadths according to Eq. (A):
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where d is de diffraction domain size, ( is the wavelength of the radiation, β is the stacking fault density, Wg are the Warren constants related to the stacking faults, ρ is the dislocation density, b is the Burgers vector, M is a constant related to the cut-off radius of dislocations (which is smaller for more compact arrays), C are the average contrast factors of dislocations and K=2Sin(θ)/(. Nowadays this method is used to make a qualitative analysis of microstructure, and for this reason it is necessary to combine it with the latest developed models, which are more reliable for quantitative studies. One of them is the Convolutional Multiple Whole Profile model (CMWP) (4), which uses a fitting algorithm that compares the real diffraction pattern with a mathematical function that is created by the user, pretty much like the ones used for Rietveld analysis but depending mainly on the microstructural features. Considering that the amount of variables used in the fitting is large, there are different possible solutions that correspond to different minima of the sum of square residuals. A good practice is using the closest possible solution to the one obtained by the MW-H method as an eye guide to get reliable quantitative results.

Both described methods allow to analyze large volumes of the material (several hundreds of microns in depth and mm size in surface lengths), and the capability for detecting misorientations between diffraction domains depends on the resolution of the instrument, which is determined mostly by the angular dispersion of the incident radiation (machine peak broadening). For a conventional diffractometer this dispersion is close to 0.3º, and the minimum misorientation that it is able to detect is less than 1º, while for a synchrotron light facility the dispersion is 0.1 degrees, which also improves the resolution. 

As it was mentioned earlier, a complete analysis of the microstructure of a material requires a local study in addition to a bulk determination. The most used technique for local analysis is transmission electron microscopy (TEM), which allows seeing in detail the dislocation structures and arrays, grain boundaries, and crystallographic structures point by point because of the small volume interaction. This advantage, due to the high resolution of the technique, turns into a drawback when a statistical analysis is needed because of the low amount of information it allows to gather. To overcome this difficulty, the technique of Orientation Imaging Microscopy (OIM) comes on action. It can automatically obtain and analyze Kikuchi patterns and determine crystalline orientations in areas of some microns in size, improving the statistics (6,7). This method can perceive misorientations greater than 0.5 degrees, and the obtained information can be viewed in orientation maps, charts, pole figures, etc. The final purpose of this research is to compare and unite all the results, obtained using the mentioned techniques, to evaluate the microstructural changes caused by deformation and recrystallization in the studied material. 

MATERIALS, INSTRUMENTS AND METHODS

Samples were cut from a bar of F138 austenitic stainless steel and they were divided into two groups: one set of them were pressed one and twice through an ECAE die with an angle of 120º, and the rest of the samples were rolled to a 70% reduction and then annealed at 600º C and 700º C. Table 1 presents the composition of this steel.

Table 1: Composition of F138 stainless steel in vol %.

	Fe
	Cr
	Ni
	Mo
	Mn
	Si
	Cu
	N
	C
	P
	S

	
	17-19
	13-15
	2.25-3
	0-2
	0-0.75
	0-0.5
	0-0.1
	0-0.03
	0-0.025
	0-0.01


For the diffraction analysis the samples were grinded using 400, 600 and 800 grit carbide paper, then polished with 9, 6, 3 and 1 micron diamond paste, and finally they were electropolished. For the EBSD analysis the sample preparation was similar except that the electrolytic polishing was replaced with a final polishing of two hours in 0.05 micron acid colloidal silica. Before placing the samples in the electron microscope they were cleaned by ultrasound.

The diffraction experiments were conducted in two different equipments. The first diffraction patterns were obtained at the Instituto de Física Rosario labs using a conventional Theta-2Theta diffractometer Phillips X’Pert Pro MPD with Cu tube and graphite monochromator, X-ray convergent lens and parallel plates as collimator on the out coming beam, in a Bragg-Brentano geometry closer to a parallel beam array. Afterwards, the samples were analyzed in the XRD1 beam line at the Laboratorio Nacional de Luz Sincrotron at Campinas, Brazil using reflection geometry and a fast linear detector.

The EBSD patterns were obtained also at the Instituto de Física Rosario using an FEI Quanta 200 scanning electron microscope with an EBSD-OIM (EDAX) detector with a resolution of approximately 30 nm. 

RESULTS AND DISCUSSION

Peak broadening analysis

The properties induced in a plastically deformed material, either by ECAE or rolling, are highly dependent on the degree of deformation, accumulated deformation energy and details on grain microstructure and their sizes, which is around some tens of nanometers; therefore it is very important to understand the misorientation distributions and dislocation arrays developed on the samples (4,8). The rolling process can produce small diffraction domains, almost as much or smaller than ECAE processing, but with the particularity of still allowing a highly preferred orientation of the crystals, i.e. strong texture. It is necessary then to compare the effectiveness of both deformation techniques –ECAE and cold rolling- to obtain sub-micrometer grain sizes and to study the particularities of the generated dislocation arrays.
The results corresponding to the diffraction peak broadening analysis include both methods of analysis (Williamson-Hall and CMWP) and also both used instruments (X’Pert and Synchrotron light). Fig. 1a shows the diffraction domain sizes and the dislocation density obtained for each sample, where there are some very interesting remarks to make. The domain sizes corresponding to ECAE1X and ECAE2X from the X’Pert diffractograms calculated with CMWP are higher than the values obtained by the other techniques and instruments. Considering that the equation used by CMWP software to calculate the domain size is:
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where m is the mean of the domain size distribution and σ is its standard deviation, the high values of d can be addressed not exactly as corresponding to larger domains but to wider distributions of sizes. This comment aside, the behavior of the results is generally as expected: decreasing values with increasing deformation by ECAE, even smaller size for the cold rolled sample, and then increasing values for the annealed samples. 
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	Fig. 1: a) Average domain size and b) dislocation density calculated using Williamson-Hall and CMWP methods. The diffraction profiles were obtained using both X’Pert diffractometer and Synchrotron radiation.


The behavior of the dislocation density is more complex, because both methods calculate different variables: the slopes of the W-H plots are functions simultaneously of M and ρ and CMWP calculates both values separately. Therefore, the M values obtained with CMWP were used to determine the dislocation density corresponding to the W-H plots. Fig. 1b shows an increase in the dislocation density with successive deformation, and a decrease for the annealed samples. This is not the case for the CMWP analysis for the synchrotron radiation diffraction profiles, where the values barely change between the three deformed samples and they show a smaller decrement for the annealed samples. Still the M values obtained for these samples were good enough to determine dislocation density values for the W-H model in quite good agreement with the rest of the results. 

EBSD analysis

The purpose of analyzing misorientations using EBSD was to determine the orientation distribution of the crystals and to establish variables to be compared to the results obtained by the diffraction techniques. It is very interesting to characterize the different misorientations observed to determine whether they are related to dislocations arrays or to stacking faults. A fact that should be taken into account is that the technique is only able to detect dislocations that form arrays, because in that configuration they cause a rotation of the crystallographic net. Therefore it is only possible to determine a direct connection between EBSD and peak broadening analysis through misorientation boundaries. 
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	Fig. 2: Image Quality (IQ) maps plotted for the a) deformed by ECAE once and b) twice, c) rolled and annealed for 1 hour at d) 600º and e) 700º.


The domain size distribution was not used to characterize the samples because the step-size used was larger than one/tenth of the size of these features as suggested by Randle et.al. (9). Therefore, to assess the change in domain size the plan was to determine the variation in the boundary density plot, which is presented in Fig. 3a. It was considered that an increase in the boundary density determines a decrease in the size of the domains that they determine. According to this graph then, the domains decrease in size with higher ECAE deformation and even more with cold rolling, and then increases for the annealed samples, which is the same behavior observed through peak broadening analysis.

A very interesting result can be obtained by analyzing the Kernel Average Misorientation values, which are plotted in Fig. 3b. As was mentioned before, EBSD technique cannot detect single dislocations because they do not cause a rotation of the crystallographic net. However, it is possible to estimate the average misorientation inside the regions delimited by low-angle boundaries. Fig. 3b shows the KAM values obtained considering regions limited by a 5º misorientation. According to this plot, the KAM values increase with deformation in ECAE but then decreases for the rolled sample, even though the peak broadening analysis showed that the dislocation density was higher for this last sample than for the ECAE deformed ones. This riddle could be solved by observing the results plotted in Fig. 4, which shows the dislocation parameter obtained by CMWP and the misorientation angles observed in EBSD for regions limited by 5º misorientations. 
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	Fig. 3: a) Boundary density plot and b) Kernel Average Misorientation values
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	Fig. 4: a) M (dislocation array correlation parameter) values obtained using CMWP and b) Misorientation Angle plotted using OIM.


These graphs show that the ECAE deformation induces lower correlation between the dislocations, which are arranged in less compact structures, and therefore higher number of misorientations are obtained; however, the results obtained for the rolled samples indicate that the dislocation correlation is stronger, which is consistent with an increase in the number of misorientation boundaries shown in Fig. 4b. Therefore, this particular behavior for the rolled sample shows that, even though the dislocation density for this sample is higher than for the rest of them, most of them are arranged in highly correlated arrays which determine boundaries for regions that are relatively “dislocation free”. The annealing process then decreases the density of dislocations and dislocation boundaries as expected. 

CONCLUSIONS

The combination of peak broadening analysis and EBSD provides a very powerful tool for the analysis of induced deformation in a material. These techniques provide complementary information on the microstructure and they are very useful for a qualitative and quantitative characterization of deformation. 
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