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Abstract
Indentation testing of natural single-crystal α-quartz parallel to the crystallographic c axis, using a
triangular pyramidal diamond indenter at a maximum load of 500 mN, produced a very small residual
volume of less than 1 µm3 in which α-quartz is highly stressed. Laser Raman microspectroscopy across
the indentation at room temperature and pressure revealed a shift in the Raman bands, interpreted to
reflect the residual stress field generated within the α-quartz. Based on the observed Raman shift, we
identified a steep gradient in the residual non-hydrostatic stress field after complete unloading in quartz
near the impression formed by indentation. At the center of the indentation, the maximum compressive
stress and tensile stress were inferred to be higher than 2.2 and 0.1 GPa, respectively.
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Introduction
Indentation testing using a pyramidal diamond indenter is
a practical method for the rapid evaluation of the mechanical
properties of solids (e.g., Tabor 1951; Fischer-Cripps 2004). The
interpretation of such tests relies on semi-empirical hardness
indices such as Vickers hardness, Meyer hardness, and Brinell
hardness, which are essentially determined based on just two
quantities: the load applied to the material and the contact area
between the indenter and material. It is common for mineralogists
to use indentation tests when describing the mechanical properties of new minerals. Recently, Broz et al. (2006) and Whitney
et al. (2007) employed microindentation and depth-sensing
indentation (nanoindentation) techniques, and progressed our
understanding on mechanical properties of Mohs scale minerals
and some common metamorphic minerals.
However, deformation is highly heterogeneous during indentation tests (e.g., Zeng and Rowcliffe 1994; Zeng et al. 1998),
meaning that an evaluation of heterogeneity in the indented
material is required to better interpret the data derived from
such tests (e.g., Larsson et al. 1996; Larsson 2007). The present
paper considers the heterogeneous distribution of residual stress
around an indentation after complete unloading.
Although several techniques have been developed for
measuring residual stresses (Noyan and Cohen 1987; Lu and
James 1996; Suresh and Giannakopoulos 1998; Carlsson and
Larsson 2001a, 2001b), most are unsuitable for analyzing the
three-dimensional distribution of residual stresses. To gain a
comprehensive understanding of the three-dimensional distribution of residual stresses, we use quartz as an indented material
and laser Raman microspectroscopy as a measuring technique.
The quartz-Raman combination is the most suitable for this purpose, because distortion of the lattice structure in quartz is well
quantified by laser Raman microspectroscopy (Hemley 1987;
Schmidt and Ziemann 2000) and because the optical transpar* E-mail: setmasu@ipc.shizuoka.ac.jp
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ency of quartz enables three-dimensional laser Raman analysis.
This paper estimates the magnitude of residual stress in indented
quartz, revealing an extraordinarily high value.

Indentation test
The quartz specimen tested in this study was a single crystal
of α-quartz (ca. 2 × 2 × 5 cm) obtained from Minas, Brazil. The
crystal was cut perpendicular to the crystallographic c axis using
a low-speed cutter (ISOMET, Buhlar Co., Germany) and polished
with 60 nm alumina suspensions to yield a flat, highly polished
surface. A nanoindentation test was then performed on the quartz
specimen parallel to the c axis at room temperature and pressure,
using a depth-sensing RIDER II tester (Mitsutoyo Co., Japan)
with a triangular pyramidal diamond indenter (apical angle =
68°). The maximum applied load was 500 mN, and the loading
time, dwell time, and unloading time were each set at 10 s. The
average vertical stress (=load/area) at the maximum load was
approximately 8 GPa. As the average vertical stress exceeded
the stability field of α-quartz, the deformation was driven under
metastable conditions. Testing produced a pyramidal indentation
with a lateral length of approximately 8 µm and central depth
of 0.7 µm (Fig. 1).

Laser Raman microspectroscopy
The indented quartz was characterized by laser Raman
microspectroscopy (Nicolet Almega XR, Thermo Fisher Scientific K. K.; gratings, 2400 lines/mm) at the Petrology Laboratory
of Nagoya University, Japan. The instrument was equipped with
a 532 nm Nd-YAG laser, a charge-coupled device (CCD) detector
(Andor Technology; 256 × 1024 pixels) cooled by a Peltier element, and an automated confocal microscope (BX51, Olympus)
with an Olympus Mplan-BD 100× objective (numerical aperture,
0.9). The Raman spectra were collected in 6 accumulations of
10 s each at 22 ± 1 °C and ambient pressure. The accuracy of
the Raman bands is ±0.3 cm–1. The Raman signals were obtained
from a volume of 1 × 1 × 2 µm with a spatial resolution of ap-

