Analysis of Kaolinite isomorphic substitution
and microstrain in hardsetting soils horizons
through X-ray diffraction and the Rietveld
Method
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Abstract—The term hardsetting is used to describe tropical soil
horizons, which are highly weathered and present high hardness
degree when dry, becoming friable when humid. Some studies
revealed that in these soils, the Kaolinite tends to present
isomorphic substitutions of Al by Fe, deforming its crystalline
structures. Thus, the objective of this study was to analyze the
Kaolinite isomorphic substitution degree in hardsetting through
X-ray Diffraction and the Rietveld Method (XRD-RM) and
compare it with its microstrain average values and the crystallite
average size. Five soils samples were collected in the Brazilian
Coastal Tablelands region, dispersed and submitted to the
physical fraction separation process. The clay fraction analyses
were carried out in a diffractometer XRD Rigaku, model Ultima
1V, with CuKq radiation, step by step mode in the 5° < 26 < 80°
(0.02° / 5 s) and refined through the RM using GSAS+EXPGUI.
Results revealed that Kaolinites with the highest microstrain
values were those that presented higher degree of isomorphic
substitution. Based on these results, it is possible to state that soils
with higher degrees of isomorphic substitutions probably
corroborate to hardness degree, due to the charge excess between
the Kaolinite layers.

Index Terms— Crystallite size; GSAS; Clay

I. INTRODUCTION

HE term hardsetting is used to describe tropical soil
horizons, which are highly weathered and present high
hardness degree when dry, becoming friable when humid [1].
Some studies revealed that these soils present high
Kaolinite content in the clay fraction and due to the high
weathering degree, the Kaolinite tends to present isomorphic
substitutions, in which Fe atoms substitute Al in their
octahedral sites [2]. These substitutions affect significantly the

Kaolinite unit cell parameters, deforming its crystalline
structures [3]. This can be seen in clays hardsetting horizons
using the techniques of X-ray Diffraction (XRD) and Rietveld
Method (RM) [4].

Thus, the objective of this research was to analyze the
Kaolinite isomorphic substitution degree in hardsettings
through XRD-RM and compare it with its microstrain average
values (or crystallite average size).

Il. MATERIALS AND METHODS

A. Samples

Five hardsetting samples were collected in the Brazilian
Coastal Tablelands region: (1), (3) and (4) Yellow Ultisol
(Argisol); (2) Yellow Oxisol (Latosol); and (5) Gray Ultisol.
All samples were dispersed in ultrasound and NaOH solution,
submitted to the physical fraction separation process (clay, silt
and sand) through sedimentation, using the Stokes law [4].
Clay fractions were powdered, dried in oven and sieved in a
53 wm mesh sieve.

B. Analysis

The clay fraction analysis were carried out in a
diffractometer XRD Rigaku, model Ultima IV, with CuKa
radiation, step by step mode in the 5° < 26 < 80° band (step
0.02° / 5 s). This data was obtained by employing the
following slits: divergence 1.00°, reception 0.15 mm and
scattering 1.00°.

C. Rietveld Method

GSAS [5] and EXPGUI [6] with X-ray powder diffraction
data were used for the Rietveld refinement. The Rietveld
Method consists in minimizing the difference between the
calculated, y.i, and observed, yi, X-ray powder diffraction,
through the least squares method, by minimizing of the
equation:



Sy = Zwi(yi - yci)zi (1)

where, w; [= (1/yi)Y?] is the weight function in the i-nth step
and n is the total number of steps [7, 8].

The Bragg reflections calculated intensities, whose Miller
indices (K) related to each crystalline phase (p) are expressed
by the Eq. (2) [9]:
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where sg is a function which models the roughness effects on
the sample surface; S, and A, are the scale and absorption
factors; Lk contains the Lorentz factors, polarization and
multiplicity; ¢is the diffraction profile function, given by a
Modified Pseudo Voigt, & is the scattering angle, and 6k the
Bragg reticular plane diffraction angle; ax is the function that
corrects peak asymmetry; Pk is the preferential orientation
function; |Fx|? is the squared structure factor which is related
to each phase crystalline structure; and vy is the background
radiation intensity [9].

To phases index were used the following crystal structures
[10]: Kaolinite (Ka) and Halloysite (Ha) [Al2Si;Os(OH)4];
Goethite (Gt) [0-FeO(OH)]; Anatase (An) and Rutile (Rt)
(TiO2); Gibbsite (Gb) [y-Al(OH)s]; Quartz (Qz) (SiOy);
Calcite (Cy) (CaCo03); Muscovite (Mu)
[KAIy(SizAl)O10(OH,F)2]; Hematite (Hm) (Fe20s).

Microstrain and crystallite size values were obtained from
the FWHM for each Kaolinite reflection peak employing
Scherrer, and Stokes and Wilson definitions [11].

II11. RESULTS AND DISCUSSIONS

With the XRD-RM results, show in Fig. 1 and Table I, it
was possible to estimate the percentage of material found in
the clay fraction, which had Kaolinite as the predominant
material.
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Fig. 1. (a)-(e) Graphs of RM-XRD refinements of clay fractions samples,
considering isomorphic substitutions in Halloysite and Kaolinite (Al by Fe)
and Goethite (Fe by Al). The terms v;, Y. and yy,; are the intensities observed,
calculated and background radiation, respectively. The vertical lines below the
peaks are the reflection of the following minerals: Kaolinite (Ka), Halloysite
(Ha), Goethite (Gt), Anatase (An), Rutile (Rt), Gibbsite (Gb) and Quartz (Qz).

Table 1. Minerals percentage of clays in Hardsetting horizons.

Mineral / 1 2 3 4 5

sample

Ka 60.37(8) 57.35(7) 5535(6) 62.04(6) 64.87(1)
Gt 5.4 (1) 10.14 (8)  1.90 (6) 3.98 (7) -

An 2.67 (6) 2.47(7) 2.35(4) 4.43 (8) 9.42 (8)
Gb 6.7 (1) 13.7 (1) 13.4(1) 49(1) 0.48 (8)
Ha 20.9 (1) 13.1(1) 24.28(5) 185(1) 15.72 (8)
Qz 3.17.(7) 2.32 (4) 1.26 (4) 2.21(7) 1.55 (4)
Rt 0.80 (5) 0.43 (3) 0.46 (2) 1.96 (6) 0.51 (1)
Ca - 0.47 (5) 0.77 (3) 1.98 (5) 1.70 (4)
Mu - - - - 5.8 (1)

With the XRD-RM results, it was possible to estimate the
percentage of material found in the clay fraction, which had
Kaolinite as the predominant material. Besides Kaolinite,
considerable percentage of Halloysite, and small amounts of
Goethite, Gibbsite, Anatase and Rutile were found.

Results also revealed that Kaolinites with the highest
microstrain values were those that presented higher degree of
isomorphic substitution of Al by Fe and, consequently, lower
average crystallite size values. It is shows in Fig. 2.
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Fig. 2. Correlation between degree of isomorphic substitution and microstrain
by percentage of Fe occupying the Ka.

1V. CONCLUSION

Based on these results, it is possible to state that soils with
higher degrees of isomorphic substitution and microstrain
were submitted with higher intensity to the weathering process
and probably corroborate with each soil hardness degree, due
to the charge excess between the Kaolinite layers.
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