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DIRECT DEPENDENCE BETWEEN TEMPERATURE,
MICRO STRAINS AND STRUCTURAL DISTORTIONS IN
NATURAL SiO2: QUARTZ

Abdelhamid OUFAKIR?, Lahcen KHOUCHAF !, Mohamed AFQIR?, Nabiha
TAHIRI?, Mohamed ELAATMANI?, Abdelouahad ZEGZOUTI? Hassan El
BAHRAOQUI?

Elastic properties of silica depend on the temperature. In this work are
reported the heat treatment effect on the structural behavior of natural SiO,. X-ray
diffraction (XRD), Transmission Electron Microscope and Fourier transform
infrared spectroscopy are used to characterize natural SiO; before and after heat
treatment samples. Williamson—Hall plots and Scherer’s formula are applied to
identify the crystallite sizes. The experimental results reveal the detailed
modification while varying the temperature. Changes are revealed by FTIR spectra
assigned to an amelioration in the structural order with increasing temperature is in
good agreement with XRD and TEM analysis. Furthermore, the changes of
crystallite sizes, microstructure, and the lattice parameters calculated from XRD
data are strongly influenced by the heat treatment. Careful TEM images showed the
nanograined for materials, which could be correlated to that estimated from
Scherer’s formula and Williamson—Hall plots.

Keywords: SiO; flint; Heat treatment; Microstructure; Crystallite size;
Williamson—Hall

1. Introduction

Silicon dioxide or SiOz is a very abundant material in the Earth's crust. It
exists in crystalline or amorphous form. Amorphous silica is generally of
synthetic origin. SiO2 is an essential material in many industrial fields. It is used
in construction materials such as cement and glass [1], it is important fillers in
rubber [2], and it is used in pharmaceutical and medicine applications [3]. The
surface composition, i.e., silanol and water contents of SiO2 explain strongly its
efficiency and usefulness [4]. The use of SiO2 is principally due to the high
surface area, the good dielectric and thermal properties. Moreover, SiO2 is inert
which does not generate parallel reactions [5].
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Upon heating, the trigonal a-quartz existing at normal temperature will
transform into hexagonal b-quartz at 573°C. Temperature influences the structure
by, only, modifying the angles and the lengths of the Si-O-Si bonds [6-7]. The
silanol-group concentration decreases at higher treatment temperature by
dehydroxylation processes through which two silanol OH groups are released by
forming a water molecule and siloxane bonds according to the reaction (1) [8-9]:

28i-OH —  Si-0-Si + Hz0 (1)

The lattice strain and crystallite size would change the intensity and the
position of the 260 peak [10]. Therefore, the lattice strain and crystallite size can be
obtained by analyzing the peak width. The crystallite size is different from the
particle size owing to the presence of polycrystalline aggregates [11]. Lattice
strain is slight displacements of atoms relative to their normal lattice positions,
arising from crystal imperfections such as dislocations, contract or sintered
stresses and interstitial and impurity atoms [12]. The Scherer's formula is used in
the determination crystallite size when there is no strain on the materials [13]. The
Williamson—Hall (W-H) analysis is employed for estimating lattice strain and
crystallite size of nanomaterials [14, 15].

Previous studies [16-19] reported that the crystallite size determined from
XRD data using Scherer's formula and Williamson—Hall analysis was in good
agreement with that obtained by Transmission Electron Microscope.

The elastic properties define the hardness and strength of materials and
significantly affect the thermal shock behavior of materials. There are different
analytical techniques that can estimate the microstructural properties of materials
[20-23]. To our knowledge, it does not resolve much physical issues leading to the
change of the structural properties of SiO, materials.

This paper investigates the effect of heat treatment on the microstructure
morphology of SiO. flint by Scherer’s formula and Williamson—Hall plots
methods. The lattice strain was estimated using a modified form of Williamson—
Hall methods such as uniform deformation model (UDM), uniform deformation
stress model (UDSM) and uniform deformation energy density model (UDEDM).

2. Experimental

The material used in this work is a natural SiOz flint from the north of
France; we study two states of flint; raw flint and a heat-treated flint at 650 °C.
The procedure of heat treatment is as follows: The siliceous natural aggregate was
heated in a furnace at 100 °C during 24h and then at rate 5 °C/min to rise up to
650 °C and kept to this temperature for 1 hour.

The X-ray diffraction (XRD) measurements were carried out using a
Shimadzu Bruker D8 Advance diffractometer (Cu-K/ radiation = 1.5418 A),
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operating at 40 kV and 40 mA. Data were recorded in the range of 25°-75° in the
26 scale with a step size of 0.02° and a counting time of 0.5s/step.

The Transmission Electron Microscope investigations were performed
with a FEI Tecnai G2-20 instrument with an accelerating voltage of 200 kV. It is
equipped with a filament of lanthanum hexaboride LaB6, a double-tilt holder and
Gatan digital camera CCD ORIUS.

The Fourier transform infrared spectroscopy (FTIR) were recorded by
Brucker VERTEX 70 spectrometer in reflection mode, by collecting 100 scans at
4 cm™! resolution in the range of 400-5000 cm'™.

3. Results and discussion

3.1 XRD analysis

The X-ray diffraction analysis of natural and heated SiO> samples
presented in Fig 1, shows that all samples have got the SiO2 quartz structure with
space group P312 (JCPDS-file 00-001-0649).
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Fig. 1. XRD patterns of SiO, samples before and after heat treatment

Table 1 summarized the XRD lattice parameters. The volume increases
between natural SiO> flint and heated ones is about 0.6%. This increased of lattice
parameters could be linked to the formation of a crystalline phase from an
amorphous.

Table 1
XRD data parameters of SiO2 samples.
Samples a(A)=bA) c (A Cell volume (A3
Natural SiO; 4.8983+0.0003 5.3870+0.0007 111.940+0.01

Heated SiO, 4.9064+0.0003 5.3997+0.0007 112.571+0.01
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Thus, it usually can be described in terms of "long-range order” or "close
packing", That’s why the density of crystalline phase will be maximal under
650°C. The crystallite size of natural and heated SiO, samples was determined
using the Debye—Scherer formula (2):

o 09 ,
D-5 ﬁCOSE ( )

Where Dp-s is crystallite size, A=1.5406 A and B is Full-Width Half-
Maximum [24]. The results show that crystallite size increased from 63 nm for
natural SiO2 flint to 70 nm for heated SiO> sample when applied at the highest
reflection peak (101). This may be explained as the improved crystalline quality
of the heated SiOx.

In order to understand the contributions of lattice strain and crystalline size
to the XRD peaks, different form of Williamson—Hall methods such as isotropic
strain model, anisotropic strain model and uniform deformation energy density
model is used.

The lattice isotropic strain (¢) and crystallite size (Dw-n) IS given by
isotropic strain model (equation 3):

0.94

Bcosd = + 4esinf (3)

W—-H
Fig. 2 shows (Scosd) as a function of (4sind) of SiO, samples. The strains
(¢) present in the materials and the crystallite size (Dw-n) are, respectively,
obtained from the slope and from the fcosé-intercept of graph.
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Fig. 2. Williamson-Hall plots of (a) natural and (b) heated SiO, samples.

The plotted graph clearly indicates the positive strain of natural and heated
SiO, samples. The microstrain, which has been estimated at 1.50x10* units for
natural SiO2, is smaller than of heated SiO2 which is 5.49x10°* units. The average
crystallite size is 73 nm, 77 nm for natural and heated SiO, samples respectively.
These particle size values appear to be in good agreement with the one calculated
by Scherer formula. In many cases, material cannot be having identical values of a
property in all directions. The stress-strain relationships for elastic behavior are
described by Hooke’s law, which is valid only up to the proportionality limit of a
material. Beyond this limit, Hooke’s law no longer applies. Williamson-Hall
equation (3) could be written by another way:

0.94 4agsing
Brosf = + v 4)
W—H—ASM hikl

Where o is uniform stress and Yha the Young's Modulus in the direction
perpendicular to the set of crystal lattice planes (hkl). Equation (5) is the formula
used to calculate Young Modulus in Hexagonal system [18]:

Yawr = - 2
2t 2k)

’ ah\* | o, (h+ 207 raly?
519 (h T) + 533 (?) + {_2513 + S-—H-} (h“ + T}) (?)

(%)
where the Young's Modulus Yn can be determined along any orientation, from
the elastic constants (5ij).

The elastic parameters of the compliance coefficients for SiO. [25] are
$11=0.01149 GPa™, 533=0.00943 GPa™, 513=0.08333 GPa™ and s44=0.01754 GPa™,
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A scatter plot with a regression line of pcosd versus 4sind/E is plotted in Fig. 3,
where (o) is the slope of the line, and (kA/Dw-n-asm) is the fcosé-intercept. In this
situation, pcosf tends to increase as sind increases, implying a positive
correlation. The crystallite size (Dw-H-asm) is 68 nm for natural SiO2 and 69 nm for
heated SiO.. The magnitude of the deformed stress (o) is found at around 122.804
MPa for natural SiO2 and 103.159 MPa for heated SiO.. Evidence for this comes
from previous work showing that Young's modulus decreases with increase in
temperature [26, 27, and 28].
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Fig. 3. Williamson-Hall plots with Young’s modulus of (a) natural and (b) heated SiO, samples.

Here, the introduction of the anisotropic Young’s modulus does not bring
significant change on the scatter of data points. We can use another model, called
the Uniform Deformation Energy Density Model (UDEDM), to determine the
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energy density of a crystal. Moreover, to extend the anisotropic approach,
Hooke’s law can therefore also be interpreted as a relation between the strain (&)
and the energy density u (energy per unit volume):
s*E
The relationship of equation (3) can be rewritten according the energy and

strain relation as following:
kA | 2u
fcosf = ——— + 4sinf | (—) (7)
DLF—H—EDM E

The graph drawn between Scosd and 4sind/(E/2)Y? is shown in Fig. 4.
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Fig. 4. Williamson-Hall plots with deformation energy density of (a) natural and (b) heated SiO;
samples.

Using the regression equation to calculate slope and intercept, the crystallite size
(Dw-n-epm) remains almost closer to the obtained ones by Scherer method
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(equation 1). The deformation energy density (u) is estimated to be 73.85 kJ/m?
and 46.71 kJ/m?® for natural and heated SiO, samples respectively. In our case, all
the three models give the similar order of the crystallite size, which means that the
strain has little effect on of the crystallite size.

3.1 TEM analysis

TEM technique one of the best techniques for nanoparticle size
measurements. In this section, TEM is used to characterize the particles size
change under heat treatment. Fig. 5 shows MET image of natural and heated SiO;
samples. For natural SiO> flint (figs. a), geometrical grains and angular sides
characterizing angles of quartz are observed with average size 60 nm — 80 nm.
Meanwhile, the MET did not rule out the presence of hexagonal crystals. Instead
of heated SiO: (fig5. b), the morphology was found to be clearly dominated by the
presence of hexagonal crystals, with grain size around 68 nm — 75 nm.
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Fig. 5. TEM images of (a) natural, (b) heated SiO, samples and (c) EDS spectra of natural flint.
The size distribution of the SiO, was shown in inset.

As shown in Fig. 5 the average size calculated from the TEM analysis is in

good correlation with the results obtained from the powder XRD measurements.
Fig. 5.c shows the EDS analysis corresponding to natural SiO> sample. We
observe the presence of Si and O elements characteristic of SiO> compound. The
presence of carbon is due to the sample holder.
The results obtained from the Scherer method, UDM, USDM, UDEDM, and TEM
analysis are summarized in Table 2. The values of average crystallite size of
natural and heated SiO> samples obtained from the different models are more or
less similar, implying that the inclusion of strain in various forms has a very small
effect on the average crystallite size of SiO2 samples

Table 2.
Geometric parameters of natural and heated SiO2 samples.
Models Parameters Natural SiO. Heated SiO;
Scherer method Dp-s (nm) 63 70
: . Dw-+ (nm) 73 77
Isotropic strain model
€ (No unit) 1.5*10* 5.48*10*
. . ) Dw-H-asm (hm) 68 73
Anisotropic strain model
o (MPa) 122.80 103.16
Uniform Deformation Energy Density | Dw.+-epm (M) 79 83
model u (kJ/im?) 73.85 46.71
TEM analysis D (nm) 61 72

3.3 FTIR analysis

Fig. 6 shows FTIR spectral patterns of unheated and heated flints between
400 cm™ and 1400 cm™. Two strong peaks located at 1078 cm™ and 1163 cm™
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could be attributed to Si—O-Si stretching vibrations. Moreover, they show the
presence of the double peak at 797-778 cm™!, band at 693 cm™! and two bands at
509-455 cm™!, which are attributed to O-Si—O bending vibrations [29]. The band
at 555 cm? is assigned to Si-O bending vibrations of no bridging Si-OH bonds
and the band at 950 cm™ is ascribed to stretching vibration.

The spectrum of heated flint clearly shows a reduction in the intensity of
the 950-555 cm™, and a rise in the intensity of the bands located at 455 - 797 cm™
reflecting a loss of some silanols groups and formation of new bridging Si-O-Si
according to the reaction (1). In addition, we can notice the increase of the
intensity of the double peak located at 797-778 cm™!, which is related to presence
of crystalline phase.

The principal band is shifted from 1078 cm™ to 1082 cm™. According to
previous studies [30], the more the structure is ordered, the more this band is
located at the large wave numbers. This means that the shift of this band may be
attributed to an improvement in structural order with increasing temperature in
good agreement with XRD and TEM analysis.
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Fig. 6. FTIR spectra of the SiO, samples.

A heat-treatment at 650°C does not require in elimination of the water.
The subsequent heat treatment leads molecular rearrangements occur to produce
the appropriate crystalline structures. Thus, a heat treatment of natural silica
causes the formation of Si-O-Si bond [31]. Moreover, the increase of crystallite
size could be linked to a reduction of defects and structural distortions [32].

Based on these results, we can conclude that silanols Si-OH defects are
decreased and the crystalline quality is improved with heat treatment.

4. Conclusion

The effect of annealing of SiO; flint has been reported. X-ray diffraction
peak broadening analysis by Scherer method and Williamson Hall plots were used
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to estimate the crystallite size, in order to correlate it with FTIR and MET
analysis. However, The TEM results are in close correlation with the results of the
XRD data. A change of the FTIR band assigned to an amelioration in the
structural order with increasing temperature is in good agreement with XRD and
TEM analysis. Based on the above it seems that crystallinity develops with heat
treatment up to 650°C arising from a direct temperature dependence on the
number of defects, global order and structural distortions.
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