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Abstract. The paper is concerned with studies of the fracture process in a synthetic quartz 
single crystal under uniaxial compression at early stages of deformation by three independent 
techniques, i.e., acoustic emission, X-ray computed tomography and topography using a syn-
chrotron radiation source. The most intense crack formation was observed in the region of 
higher internal deformations in the original crystal which were detected by topography. The 
energy of acoustic emission signals and the volume of the defects formed have been found to 
be linearly related. This result is of practical significance, since it allows estimation of sizes 
of fracture regions in situ merely by analyzing acoustic emission data in the cases, when other 
control techniques are inapplicable (for example, during the operation of industrial facilities). 
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Аннотация. С помощью трех независимых неразрушающих методов — акустической 
эмиссии, рентгеновской компьютерной томографии, топографии с использованием 
источника синхротронного излучения — проведено исследование процесса разрушения 
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в синтетическом монокристалле кварца при одноосном сжатии на ранних этапах 
деформирования. Наиболее интенсивное образование трещин наблюдалось в области 
повышенных внутренних деформаций в исходном кристалле, обнаруженной с помощью 
топографии. Установлена линейная зависимость между энергией сигналов акустической 
эмиссии и объемом образовавшихся дефектов. Данный результат имеет практическое 
значение, поскольку позволяет в дальнейшем оценивать размеры областей разрушения 
in situ только по анализу данных акустической эмиссии в тех случаях, когда применение 
других методов контроля невозможно (например, при эксплуатации промышленных 
объектов). 
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рентгеновская дифракционная топография, объем дефектов, монокристалл кварца
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Introduction

The fracture process caused by the formation of single submicro- and micro-cracks and their 
further evolution up to a macro-crack under the action of mechanical stresses is still not fully 
understood. This is due to the complexity of the experimental observation of defects in the 
material bulk during deformation without violating the integrity of the object of study.

One of the techniques that make it possible to control material damage in situ is the recording 
of acoustic emission (AE) signals that accompany the formation and development of submicro-, 
micro-, and macrocracks [1, 2]. It has been shown that acoustic emission in quartz occurs under 
high pressures, at heating and phase transformations [3–6].

The goal of our study was to trace the evolution of defects in a synthetic quartz single crystal 
by using complementary techniques, i.e., acoustic emission (AE), computed microtomography 
(CT), and X-ray diffraction imaging (XDI) or topography.

Experimental

We used a synthetic Z-oriented quartz crystal grown by hydrothermal synthesis at the All 
Union Research Institute for the Synthesis of Mineral Raw Materials [7]. Cylindrical samples 
(d = 10 mm, h = 20–24 mm) were cut from the crystal perpendicular to the {0001} pinacoid 
faces, the sample axis was in the <0001> direction.

The samples were subjected to uniaxial quasi-static compression at a loading rate (displacement 
of loading plates) of 5 μm/min on an AGX-Plus electromechanical machine (Shimadzu, Japan, 
maximum force 30 tons). The force was applied parallel to the cylinder axis. The compression was 
carried out up to a force equal to 6 kN, which corresponded to 0.08 of Fmax (Fmax is the breaking 
load, determined in preliminary experiments). The sample was then kept under constant strain 
until the AE activity dropped to zero (Fig. 2).

Acoustic emission signals were recorded in real time during sample loading by using the 
Amsy-5 Vallen system (Germany). Two AE105A piezoelectric transducers (frequency range 
450– 1150 kHz) were mounted at the sample ends. The accuracy of determining the coordinates 
of the AE signals hypocenters was not poorer than 2 mm. Each AE signal was characterized by 
the emission time, source coordinate along the sample height, and energy. The details of the 
experiment were described earlier; see, for example, [8].
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Fig. 1. Sample of a quartz single crystal (number 1 
indicates the region of the sample where the seed 
is located; the white dots are the initial surfaces 

of the seed)

Fig. 2. Changes in strain (black line) and AE 
activity (red line) during the experiment

The study of the defects, characterized by a variation in the electron density of the material 
(in this case, pores or cracks), was performed by using X-ray computed microtomography (CT). 
Tomographic imaging before and after mechanical tests was carried out by a SkyScan 1172 
tomograph (Bruker, Belgium) equipped with a Hamamatsu 100/250 microfocus X-ray tube and 
a detector (CCD — charge-coupled device 11-megapixel). For reconstruction the SkyScan's 
Nrecon software was used.

The selected sample size made it possible to achieve a spatial resolution of computed tomography 
of ~ 3 μm.

Tomographic imaging of the samples performed before mechanical testing revealed defects 
that were left from the seed surface. Figure 3 shows that the defects are located randomly inside 
the sample in the region with coordinates 11–14 mm in height. It was in this area that the seed 

was located (as can be seen in Figure 1). No 
defects such as cracks (discontinuities) were 
found outside the region of the seed plane.

To reveal the defects in the crystal structure 
and their aggregates, which did not affect the 
material density, but caused internal stresses, 
X-ray topography (XDI) was used. XDI made 
it possible to obtain an image of long-range 
strain fields in the form of a change in diffracted 
beam intensity (due to extinction contrast) [9]. 
Extinction contrast is a contrast, caused by local 
changes in the degree of crystal perfection.

Topographic studies were carried out 
at station “Median” of the Kurchatov 
specialized source of synchrotron radiation 
“KISI- Kurchatov”. Images (topographs) were 

recorded by using a two-coordinate detector based on a 4008 × 2672 CCD matrix, a GdOS:Tb 
scintillator, with a pixel size of 8.9 μm. For image processing the ImageJ software was used [10].

Results and Discussion

The distribution of AE signal hypocenters along the sample height (Fig. 4) shows that the 
largest number of sources (in 7–10 times more than in other areas) is present in the 16–20 mm 
region. This implies that the most intense defect formation occurs in this region.

According to the data, described earlier in Section 2, there are no defects, associated with 
the seed in this region. A tomographic survey of the loaded specimen showed that the crack 
(black surface in Figure 5, a) was formed outside the original defects (red objects in Figure 5, b). 
Comparison of tomographic sections, obtained before and after loading, suggests that the initial 
defects at a given load level did not undergo any changes, i.e., neither germination of defects nor 
their closure was observed.

Fig. 3. Three-dimensional visualization
 of original defects (that were left 

from the seed) (blue objects)
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Fig. 4. Distribution of AE signals along the sample height

Figure 6 shows the change in the volume of defects in 2 mm high layers, determined from the 
CT data by using the CTan software. The largest volume of defects was detected in the 16–20 mm 
region. It is in this area that the fracture has a branched structure, which is demonstrated by the 
tomographic slices (Fig. 5, c).

Fig 5. 3D visualization of the defect structure built from the X-ray tomography data using specialized 
CTan and CTvol softwares (a), and examples of tomographic sections: b — a slice of the area near the 
seed (the original defects are in red, the crack is in black); c — slice of the area with the most branched 

crack (black lines) far from the seed

A correlation between the mean signal energy AE and the volume of defects (Fig. 7) has been 
established. The dependence is approximated by a linear function (determination coefficient 
R2 = 0.89). This result allows estimation of the volume of defects from the AE signals parameters.

Fig. 6. Variations in the mean signal energy AE 
(gray curve 1) and defect volume (red curve 2) 

along the coordinate (sample height)

Fig. 7. Dependence of the mean signal 
energy AE on the volume of defects

a) b) с)
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X-ray topography revealed that the main “motif” of the defect structure was the presence 
of linear formations in the form of wavy fibers, extending along the sample height, i.e., in the 
direction of crystal growth (Fig. 8). The “fibers” are not an image of individual linear defects 
(dislocations), because in many cases they are observed to be broken, which is not typical of 
dislocations.

No elementary defects, such as dislocations, low-angle boundaries, etc., are detected on 
topographs. The observed imperfections are not discontinuities. It can be supposed that the 
fibrous structure is the manifestation of the assemblies of defects, mainly dislocations, the density 
of which is constant along the fiber and varies significantly in the transverse direction. There is 
the region in the crystal, in which the density of fibrous assemblies is higher as compared to the 
average density in the crystal (indicated by the arrow in Fig. 8, a and b).

Fig. 8. Two topographs of the quartz crystal with an angular interval of 9.4", taken before application 
of a mechanical load (a, b), and a map of maximum intensity (c). A border of simultaneous reflection 

is observed in the middle of the image

Fig. 9. A topograph of the quartz crystal, taken after application of a mechanical load (a), and a map 
of the rocking curve widths (b). The arrow indicates the region of fracture

Topographs of the quartz crystal were obtained after it was subjected to mechanical action. 
Analysis of the AE and CT data showed that the most developed crack (the largest amount of 
defects) was formed in the area with coordinates 16–20 mm. The topographs (Fig. 9) reveal a 
higher intensity in the same spatial region.

Thus, XDI allowed detection of a region of higher strains in the original sample. It is in this 
area that where the most intense cracking occurred after mechanical impacts, as evidenced by 
computed tomography.
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The topographic pattern of fibers in the crystal bulk, obtained in our experiments, coincides 
with the pattern of structural defects in quartz, i.e, striations caused by assemblies of growth 
dislocations, which has been repeatedly described [7, 11]. The formation of cracks was observed 
in the region of higher densities of striae (fibrous formations) suggests that the primary structural 
defect, which gives rise to the formation of cracks under loading, are “bundle-like” dislocation 
clusters along the striae boundaries.

Conclusion

The accumulation of defects in a synthetic single crystal of quartz under uniaxial compression 
at early stages of deformation has been studied. A simultaneous application of three independent 
non-destructive techniques — acoustic emission, X-ray computed tomography, and the 
topography using a synchrotron radiation source — has given a more complete information on 
the development of fracture.

XDI allowed detection of the region of higher internal deformations in the original crystal.
Computed tomography visualized the cracks that were formed after load application and gave 

the data on the shape, size and volume of defects.
Analysis of parameters of acoustic emission signals allowed identification of the spatial region 

of the sample, in which defect formation was most intense.
Thus, the results obtained with the three techniques are consistent with each other and allowed 

detection of the region of the most intense defect formation in the sample bulk, and, what is 
especially important, allowed comparison of the parameters of the AE signals with those of the 
defects.
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