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The mechanical properties of glasses are not only determined by their chemical composition, but also by their
thermal history, i.e., fictive temperature. In this paper, we consider an alkaline earth aluminosilicate glass com-
positionwhich has been annealed to exhibit a wide range of fictive temperatures (~130 K). Hardness and brittle-
ness index have previously been shown to increase with decreasing fictive temperature, whereas the crack
resistance decreases. Through quantification of the indentation depth before and after heat treatments, we
show that these changes in micromechanical properties arise from an increased resistance to densification
under the indenter when the glasses are annealed. We discuss these results in relation to the indentation size
effect and the overall network compaction.
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1. Introduction

Understanding and controlling crack initiation in brittle oxide
glasses under sharp contact loading is important for developing new
damage-resistant glasses. The total indentation deformation under the
indenter consists of several contributions: elastic deformation, shear
flow, and densification [1–5]. Elastic deformation is a reversible
compression that recovers after unloading, shear flow is a volume con-
servative displacement of matter, and densification is a non-volume
conservative irreversible compression that creates a hemispherical
area of increased density beneath the imprint [6]. The relative extent
of densification and shear flow depends on the chemical composition,
and in turn, to the atomic packing density and Poisson's ratio ν [7]. In
general, glasses with a more open network structure and smaller
value of ν can be densified to a larger extent.

In addition to chemical composition, crack initiation (termed crack
resistance, CR) is also influenced by the atmospheric conditions
[8–12], thermal history [13–15], and pressure history [16,17]. For exam-
ple, in a previous study [15], we reported a pronounced dependence of
density and various mechanical properties on the fictive temperature Tf
(i.e., thermal history) in an alkaline earth aluminosilicate glass. Tf
decreases upon thermal annealing of the glass at a temperature below
the initial Tf value [18]. In detail, density, Young's modulus, hardness,
and brittleness increase with decreasing Tf, whereas indentation frac-
ture toughness and CR decrease. It is expected that since Tf affects the

atomic packing density and the elastic response of a glass, the indenta-
tion deformation mechanism should be different in glasses with differ-
ent fictive temperatures.

The elastic response is difficult to measure once the indenter pyra-
mid has been unloaded whereas the volume contributions associated
with the irreversible deformation mechanisms can be quantified. This
is because an indentation impression can be partially recovered by ther-
mal annealing [1,19] which leads to a shrinkage of the imprint. This can
be used to quantify the contribution of densification to the overall in-
dentation deformation by measuring the imprint topography before
and after thermal annealing. A method has been proposed by Yoshida
et al. [20] with annealing for 2 h at 0.9Tg, where Tg is the glass transition
temperature (in Kelvin). This approach has been applied in various
studies to characterize the indentation deformation mechanism of
glasses [6,17,21–24].

To the best of our knowledge, the dependence of the contribution of
densification during indentation on the fictive temperature has not pre-
viously been studied. In this work,we investigate the indentation defor-
mation mechanism of an aluminosilicate glass with different thermal
histories by performing annealing experiments and subsequent
measurements of the imprint topography with 3D laser scanning mi-
croscopy. The load dependence of hardness as function of the fictive
temperature is also examined as it may provide additional insights
into the indentation deformation mechanism. That is, hardness
decreases with increasing indentation load [25–29] and the origin of
this so-called indentation size effect (ISE) has been discussed in various
publications and attributed to effects such as the creation of new surface
[30], friction [31], subsurface cracking [32], and presence of dislocations
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[33]. The extent of ISE has been found to be composition dependent,
e.g., it has been found that glasses which exhibit the largest change in
density due to thermal annealing [34] or isostatic compression [35],
exhibit the largest ISE. It is therefore also interesting to evaluate the
thermal history dependence of ISE.

2. Experimental

The object of our study is a commercial alkaline earth aluminosili-
cate composition with glass transition temperature Tg = 1055 K [36]
used for p-Si liquid crystal display substrates [37]. As described in detail
elsewhere [15], glass sheets with dimensions of approximately
25 × 25 × 0.7 mm3 were annealed for various times ta at Ta = 973 K
(~0.92Tg) in order to obtain a wide range of fictive temperatures. The
glasses are labeled as A1 through A7, where A1 is the as-prepared
glass with the highest Tf equal to 1125 K, while A7 is the sample
annealed for the longest duration with the lowest Tf equal to 992 K. In
detail, the glasses were annealed for the following times ta: 0 min
(A1), 30 min (A2), 60 min (A3), 8 h (A4), 16 h (A5), 67.5 h (A6), and
305 h (A7). We note that the measured fictive temperatures obtained
by varying ta at constant Ta represent different glass structures than
those which would have been obtained by long time annealing at vary-
ing Ta [18]. However, in this study, we are concerned with the trend in
indentation behavior with fictive temperature, rather than the behavior
at exact fictive temperature values.

Infrared (IR) reflectance spectra of the glasseswere collected using a
Fourier transform infrared spectrometer (Vertex 70, Bruker, Karlsruhe,
Germany). For each sample, 250 spectra at wavenumbers between

1000 and 1200 cm−1 with a resolution of 0.5 cm−1 were recorded
and averaged. In order to capture the bulk glass structure samples
were etched in HF (20%) for 1 h before subjected to IR reflectance mea-
surements. The thickness of the glasses after etching in HF for 1 h was
582 μm for A1 and 576 μm for A7.

Five Vickers indentswere generated on the glass samples under con-
trolled conditions (relative humidity= 40± 1%, T=298 K) at a load of
500 mN and dwell time of 15 s (UNAT-M, Asmec). At this load, there is
no formation of radial cracks. To determine the thermal history depen-
dence of indentation deformation mechanism, we heat treat the A1–A7
samples. In the method developed by Yoshida et al. [20], the heat treat-
ment is performed 0.9Tg for 2 h, as it is assumed that no structural (den-
sity) relaxation of the glass network occurs upon this heat-treatment,
i.e., only relaxation of the densified volume due to the indentation oc-
curs. Here, we perform the heat treatment at 973 K (i.e., same temper-
ature used for initial annealing) to eliminate or minimize changes in
thermal history during this heat treatment, possibly interfering with
the relaxation of the indentation densified volume. Minor changes in
the absolute values of Tf can, however, not be excluded but the relative
differences between the samples should be unaffected. In detail, the in-
dented specimens were heat treated at 973 K (0.92Tg) for various dura-
tions th varying between 5 and 90 min under N2 gas flow. The heat
treatments durations were varied to investigate when the relaxation
of the densified volume saturates. Following each heat treatment step,
the residual indentation depth was therefore measured using a 3D
laser scanning microscope (VK9700, Keyence). The ratio of the actual
depth (after heat treatment) to the initial indentation depth after each
specific annealing (A1–A7 samples) was defined as the recovery of in-
dentation depth (RID) and calculated as [38]

RID ¼ dinitial−dafter
dinitial

; ð1Þ

where dinitial and dafter are the indentation depths before and after the
heat treatment, respectively.

In another set of experiments, we performed Vickers indentations at
different loads ranging between 30 and 1500mN(five indents per load)
to evaluate the load-dependence of hardness (indentation size effect) as
function of fictive temperature. From these imprints, Vickers hardness
(HV in GPa) was calculated as [20]

HV ¼ 1:8544
P

l2
; ð2Þ

Fig. 1. (a) Infrared (IR) reflectance spectra of the glasseswith varying fictive temperature. The dashed line is intended as visual guide. (b) Peak position ~νmaxof the IR stretching reflectance
band as function of fictive temperature Tf. The line is the best linearfit through the data (regression coefficient R2=0.88). Insert shows ~νmax vs. Tf of different glass compositions. Data from
Refs. [41,44,46].

Table 1
Indentation size l at loads P ranging between 30 and 1500 mN for the seven analyzed
alkaline earth aluminosilicate glasses.

P A1 A2 A3 A4 A5 A6 A7

l l l l l l l

(mN) (μm) (μm) (μm) (μm) (μm) (μm) (μm)

30 2.4 2.2 2.2 2.3 2.2 2.0 2.0
50 3.2 3.1 3.3 3.3 3.3 3.0 2.9
100 4.8 4.7 4.7 4.8 4.6 4.6 4.4
200 7.0 7.2 7.0 7.1 7.0 6.7 6.6
300 8.7 8.8 8.8 8.8 8.7 8.6 8.4
400 10.2 10.2 10.3 10.4 10.1 10.0 9.9
500 11.6 11.7 11.7 11.8 11.5 11.4 11.4
750 14.3 14.6 14.7 14.5 14.3 14.1 14.2
1000 16.8 17.0 17.1 17.0 16.8 16.5 16.7
1500 21.3 21.0 21.1 20.9 20.7 20.4 20.6
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