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Bulk elastic properties, hardness and fatigue of calcium aluminosilicate (CAS) glasses in the technically relevant
region of the ternary with intermediate-silica fraction were determined by combining results of Vickers indenta-
tion, ultrasonic echography and Archimedian buoyancy at room temperature. Of three studied compositional
series, the first series was along the meta-aluminous join, while in the two other series the molar fraction of
SiO2 was kept constant. For the first series the elastic moduli and hardness show an almost linear increase
with increasing SiO2 fraction. In contrast, increasing the CaO/SiO2 ratio at constant silica content results in a char-
acteristic change when passing the meta-aluminous join. Elastic constants and hardness were lower at the
percalcic than on the peraluminous side. Empirical models which relate bulk elastic moduli to internal energy,
short-range inter-atomic forces and the packing density of their oxide constituents were found to be in agree-
ment with the experimental data for meta-aluminous glasses, while deviations between the observed and pre-
dicted trends were evident for percalcic compositions. Empirical fatigue parameters such as the probability to
initiate cracks after indentation reflect the bulk mechanical properties in the CAS system when conducted in
inert atmosphere, but are otherwise clearly dominated by environmental effects.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Glasses of the CaO–Al2O3–SiO2 (CAS) system are considered for their
optical properties and as high strength fibres in the low-silica range
[1–3], for their use as glass-ceramics in the intermediate-silica range
[4,5] and for their resistance to cracking in the high-silica range [6].
The short- to medium-range order of CAS glasses of all three silica
ranges have been investigated using various spectroscopic techniques
such as infrared reflectivity [7–9], Raman scattering [10,11], X-ray and
neutron diffraction [12,13], X-ray absorption [10,14,15] and nuclear
magnetic resonance spectroscopy [7,10,11,16,17]. These studies indi-
cate that silicon and aluminium are usually tetrahedrally coordinated
to oxygen in a network structure, while calcium is compensating the
charge of the AlO4-tetrahedra from an interstitial position. For percalcic
glasses (Al2O3/CaO b 1) calcium is present in excess of aluminium and
non-bridging oxygen (NBO) is formed. A preference of aluminium for
fully polymerized structural units Q4 is evident, which implies that the
equilibrium reaction 2Q3 ↔ Q4 + Q2 is shifted to the right side with in-
creasing Al/(Al + Si) ratio. In the Qn-concept n (=4, 3, 2, 1, and 0) is the
number of bridging oxygen per tetrahedrally coordinated silicon and
Deubener).

. This is an open access article under
aluminium. For meta-aluminous glasses (Al2O3/CaO = 1) small frac-
tions of NBO are present, due to 5-fold coordinated aluminium [18]
and aluminium triclusters [13]. For peraluminous glasses (Al2O3/
CaO N 1) the fraction of higher coordinated aluminium increases with
increasing Al2O3/CaO ratio [10].

The short- and mid-range structure is expected to affect the bulk
elastic constants since moduli are directly related to the inter-atomic
forces and thepacking density of their oxide constituents [19–22]. Inter-
relations between elastic constants and the chemical dependence of
structure in the low-silica part of the CAS-system are established [2,
23,24], while, unexpectedly, a lack of systematic data is evident for the
intermediate-silica range. Data on elasticity and hardness of percalcic
and meta-aluminous glasses is available only sporadically [6,22,25].
This similarly holds for investigations of crack-generation in these
glasses, which are presently limited to the high-silica range (where a
change in the fictive temperature-independent mechanical properties
close to 80 mol% silica was observed [6]).

To fill this gap, we present here a concise study of elastic constants,
hardness, crack generation and propagation parameters of CAS glasses
with intermediate-silica content of about 30–75 mol%. This has the
purpose of identifying correlations between network topology and
their elastic and micromechanical properties, which are to be expected
in particular for compositions across the meta-aluminous join (from
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. CaO–Al2O3–SiO2 (CAS) system as indicated by low-, intermediate- and high-silica
ranges. Composition of glasses prepared for this study (solid circle) and those of Gross
et al. [6] (open square), Inaba et al. [22] (open triangle) and Eagan and Swearekgen [25]
(open diamond).
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percalcic to peraluminous) [26]. The study, including three systematic
series of totally 26 glasses (Fig. 1) provides amechanistic understanding
of the impact of constituting structural elements on bulk and near-
surfacemechanical properties of glasses of the basic calciumaluminosil-
icate system.
Table 1
Chemical analysis (LA-ICP), compositional ratios S=Al/(Al+ Si) and R=2Al/(Ca+ 2Al),
density ρ, molar volume VM and atomic packing fraction APF of glasses of the series I–III.
Numbers in parentheses give uncertainty of the last digit.

Composition (mol%) S R ρ VM APF

CaO Al2O3 SiO2 (g cm−3) (cm3 mol−1)

Series I
12.0 11.7 76.3 0.235 0.49 2.460(5) 26.19(5) 0.4874(9)
13.7 13.2 73.1 0.265 0.49 2.501(1) 25.98(1) 0.4925(2)
15.5 15.0 69.5 0.301 0.49 2.539(2) 25.87(2) 0.4967(3)
17.3 16.7 66.0 0.336 0.49 2.571(3) 25.79(3) 0.4998(6)
18.9 18.4 62.7 0.369 0.49 2.604(4) 25.72(4) 0.5032(7)
20.4 20.1 59.5 0.403 0.50 2.631(1) 25.70(1) 0.5065(2)
21.9 21.7 56.4 0.435 0.50 2.653(2) 25.72(2) 0.5071(3)
23.5 22.5 53.9 0.455 0.49 2.680(4) 25.54(4) 0.5099(7)
24.7 24.5 50.8 0.491 0.50 2.699(2) 25.67(1) 0.5110(4)
26.4 25.7 47.9 0.517 0.49 2.717(3) 25.67(3) 0.5117(5)
27.6 27.1 45.3 0.545 0.49 2.734(1) 25.71(1) 0.5127(2)
28.9 28.4 42.7 0.571 0.49 2.748(1) 25.75(2) 0.5131(2)
29.9 29.6 40.5 0.594 0.50 2.762(2) 25.79(2) 0.5140(3)
31.2 31.1 37.7 0.623 0.50 2.773(2) 25.89(2) 0.5137(4)
32.5 32.3 35.2 0.647 0.50 2.783(2) 25.96(2) 0.5135(4)

Series II
24.3 5.9 69.7 0.145 0.19 2.602(3) 23.61(2) 0.5048(6)
21.6 8.9 69.4 0.204 0.29 2.580(4) 24.34(3) 0.5017(8)
20.2 10.4 69.4 0.231 0.34 2.567(2) 24.76(2) 0.4999(4)
18.5 11.8 69.6 0.253 0.39 2.556(1) 25.1(1) 0.4987(2)
17.2 13.4 69.4 0.278 0.44 2.545(3) 25.52(3) 0.4970(6)
15.6 14.8 69.6 0.298 0.48 2.538(2) 25.84(2) 0.4965(4)
12.5 17.7 69.8 0.336 0.59 2.536(1) 26.39(1) 0.4977(2)

Series III
45.2 19.6 35.2 0.527 0.30 2.860(3) 23.26(2) 0.5162(5)
41.5 22.2 36.3 0.550 0.35 2.838(1) 23.84(1) 0.5178(2)
36.0 28.4 35.6 0.615 0.44 2.793(4) 25.24(3) 0.5132(7)
33.7 33.1 33.2 0.666 0.50 2.782(1) 26.08(1) 0.5115(2)
2. Experimental

2.1. Glass preparation and density

For determination of themicromechanical properties, CAS glasses of
a previous study were used. Details on the type and quality of the raw
materials used for the batch as well as on the melting and cooling
conditions of the glasses are reported in Ref. [16]. Glass specimens
were optically homogeneous with respect to bubbles, crystals and stri-
ae. The glasses were assigned to three compositional series. Fig. 1
shows the ternary CaO–Al2O3–SiO2 system (in molar fractions) in
which the studied glasses are indicated. Table 1 compiles the chemical
composition and the ratios S = Al/(Al + Si) and R = 2Al/(2Al + Ca)
of each glass. The ratio S is used to indicate the degree (from 0 to 1) of
nominal substitution of aluminium for silicon in the network, while R
shows the charge balanced ratio of network aluminium to interstitial
calcium. Values of R other than 0.5 indicate nominal NBO formation.
As an example one calculates for the glass of the molar composition
25% CaO, 25% Al2O3, 50% SiO2 (equalling CaAl2Si2O8, the anorthite-
type glass) S = 0.5 (every second tetrahedron is nominally occupied
by Al3+) and R = 0.5 (nominally NBO-free).

The chemical composition of the glasses was determined using a
laser ablation-inductively coupled plasma mass spectrometer system
(Compex 110, Lambda Physik, Göttingen, Germany and Perkin Elmer
Elan DRC II, Canada), transforming the measured intensities into con-
centrations by applying an external calibration standard (NBS610
NIST, USA) as well as an internal element standard (29Si) and summing
Fig. 2.Dependence of the density ρ, molar volume VM and atomic packing fraction APF on
the compositional ratios S (A) and R (B). Lines are intended as visual guides with the ex-
ception of ρ(S) of series I,which is a quadratic polynomial fit through the datawith the co-
efficient of determination R2 = 0.998.



Fig. 4.Dependence of the bulkmodulus K (A) and Poisson's ratio μ (B) on the composition-
al ratio S of glasses of series II and III. The error bars of the K data do not exceed the size of
the symbols. Lines are intended as visual guides.

Fig. 3. Dependence of the elastic moduli L, E, K, and G (A) and Poisson's ratio μ (B) on the
compositional ratio S (series I). The error bars of the elastic moduli do not exceed the size
of the symbols. Lines are linear (L, E, K, G) and quadratic (μ) polynomial fits through the
data with the coefficient of determination R2 = 0.998, 0.999, 0.997, 0.999 and 0.995 for
L, E, K, G and μ, respectively.
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up all major elements to 100%. The error in the fractions of CaO, Al2O3

and SiO2 was less than 0.1 mol%.
The density of the glasses ρ was determined at room temperature

using the Archimedian buoyancy with ethanol as an immersion liquid.
The error of this method (based on repetitive measurements) was
≤0.2%.

2.2. Elastic constants

Room temperature ultrasonic measurements were performed by a
pulse-echo method with a USD 15S, Krautkramer Branson pulser–
receiver instrument. Ultrasonic velocities vl and vs were determined
from the specimen height h (7–10 mm) of two parallel faces (1 μm
diamond, polished) and the delay time Δtl and Δts between successive
signals using 10 MHz and 4 MHz transducers for longitudinal (l)
modes and for shear (s) modes, respectively [27,28]:

vl ¼
2h
Δtl

and vs ¼ 2h
Δts

: ð1Þ

From the ultrasonic velocities elastic constants are calculated by [28,
29]:

L ¼ ρ � v2l ð2Þ
G ¼ ρ � v2s ð3Þ

K ¼ L−
4
3
G ð4Þ

E ¼ 9KG
3K þ G

ð5Þ

μ ¼ E
2G

−1 ð6Þ

with ρ = density, μ = Poisson's ratio and L, G, K and E = longitudinal,
shear, compression and Young's moduli, respectively. The errors of
this method (based on repetitive measurements) were ≤0.15% and
≤0.25% for the longitudinal and shear ultrasonic velocities, respectively.

2.3. Vickers hardness and crack initiation probability

Hardness was determined by Vickers indentation (Shimadzu HMV-
2000, Kyoto, Japan) under ambient conditions (RH ≈ 50%, T = 20 °C)
using a load of 9.81 N forwhich indentation size effects can be neglected
[30–32]. For each glass the average diagonal length 2a of 20 imprints
was measured immediately following unloading using a 3-D laser
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scanning microscope (VK-9700K, Keyence). Vickers hardness is given
by [33,34]

HV ¼ P

2:157� 10−3a2
ð7Þ

where HV is the Vickers hardness (GPa), P is the applied load (N), and a
is the average half diagonal of the indent (μm).

To cover a broad load range (0.2–20 N) crack initiation was studied
using two different Vickers indenters (Shimadzu HMV-2000, Kyoto,
Japan and UNAT-M ASMEC, Radeberg, Germany). The number of
radial-median corner cracks was counted (35 indents per load for series
I–II, 20 indents per load for series III) 24 h after indentation to allow for
sub-critical crack growth.Wada et al. [35] first showed that the number
of radial cracks increases with increasing indentation load in a
sigmoidal-like course. The probability of crack initiation follows
Weibull's statistics [36,37]:

F Pð Þ ¼ 1− exp −
P−P0

β

� �m� �
ð8Þ

where P0 is the critical load to generate radial corner cracks, β is the
scale parameter and m is the Weibull modulus. According to Wada
et al. [35] the crack resistance (CR) is defined as the load required to
generate in average two out of four radial cracks, i.e. F(P) = 0.5.

To determine the effect of humidity [38] crack initiationwas studied
under ambient condition (RH≈ 50%) and under dry nitrogen gas (glove
box) at room temperature (20 °C). For the latter the glove box was
equipped with the Vickers indenter, laser scanning microscope and an
alumina type capacitive moisture sensor. The glove box was operated
under relative humidity 10−4–10−6% RH,which corresponds to amois-
ture dew point in the range from−80 to−110 °C. 10 indents per load
were performed for each glass series.
Table 2
Ultrasonic velocities vl and vs (Eq. (1)) and elastic constants L, G, K, E and μ (Eqs. (2)–(6)) of gl

Glass vl vs L

S R (km s−1) (km s−1) (GPa)

Series I
0.235 0.49 6.222(9) 3.716(6) 95.2(3)
0.265 0.49 6.276(9) 3.718(5) 98.5(3)
0.301 0.49 6.330(9) 3.719(3) 101.7(3)
0.336 0.49 6.381(9) 3.722(1) 104.7(3)
0.369 0.49 6.439(4) 3.725(5) 107.9(1)
0.403 0.50 6.498(9) 3.729(4) 111.3(1)
0.435 0.50 6.552(9) 3.734(3) 113.9(2)
0.455 0.49 6.615(8) 3.741(9) 117.3(3)
0.491 0.50 6.665(9) 3.748(9) 119.9(3)
0.517 0.49 6.720(5) 3.755(5) 122.7(1)
0.545 0.49 6.770(9) 3.764(3) 125.3(3)
0.571 0.49 6.812(9) 3.774(3) 127.5(3)
0.594 0.50 6.849(8) 3.784(3) 129.5(3)
0.623 0.50 6.887(5) 3.795(3) 131.5(2)
0.647 0.50 6.912(9) 3.805(5) 132.9(3)

Series II
0.145 0.19 6.030(9) 3.630(5) 94.7(3)
0.204 0.29 6.071(9) 3.648(9) 95.1(3)
0.231 0.34 6.130(9) 3.664(9) 96.5(3)
0.253 0.39 6.170(8) 3.683(9) 97.3(3)
0.278 0.44 6.227(9) 3.702(9) 98.7(3)
0.298 0.48 6.374(7) 3.720(9) 103.2(2)
0.336 0.59 6.474(9) 3.810(3) 106.3(3)

Series III
0.527 0.30 6.643(9) 3.675(4) 126.2(3)
0.550 0.35 6.685(9) 3.704(4) 126.9(3)
0.615 0.44 6.833(9) 3.775(8) 130.4(3)
0.666 0.50 6.879(9) 3.795(4) 131.7(3)
2.4. Sub-critical crack growth

Sub-critical crack growth was determined from selected radial
cracks under ambient conditions (RH ≈ 50%, T = 20 °C). Immediately
after indenting (P = 9.81 N for series 1–2 and P = 4.905 N for series
3) the glasswas transferredwithin oneminute to the 3-D laser scanning
microscope (VK-9700K, Keyence) and the crack length cwasmeasured
over time for up to 47 min. The crack growth rate V was determined
using the equations [38–40]:

c ¼ A1tn ð9Þ

and its first time-derivative

dc
dt

¼ V ¼ nA1tn−1 ð10Þ

where n is the growth exponent and A1 is a constant. For each crack
length of the corner cracks a stress intensity factor KIFT was calculated
[33,41]

K IFT ¼ 0:129
c
a

� �−3=2 HV
ffiffiffi
a

p
ϕ

� �
HV

Eϕ

� �−2=5

ð11Þ

with the geometrical factor φ = 3. Eq. (11) requires a crack length-to-
indent half diagonal ratio c/a N 2.5, which was the case for all corner
cracks in the observation period (56–2820 s). We want to point out
that the indentation fracture toughness KIFT calculated from Eq. (11) is
not comparable to fracture toughness obtained by standard methods.
This has been clearly show for polycrystalline ceramics by Quinn and
Bradt [42], where fracture toughness determined using length and
applied load in Vickers indentation cannot reproduce the fracture
toughness of standardized tests correctly. In those materials KIFT
asses of the series I–III. Numbers in parentheses give uncertainty of the last digit.

G K E μ

(GPa) (GPa) (GPa)

33.97(9) 49.9(4) 83.1(9) 0.22(1)
34.57(9) 52.4(4) 85.0(9) 0.22(1)
35.12(5) 54.9(4) 86.8(9) 0.23(1)
35.63(1) 57.2(3) 88.5(9) 0.24(1)
36.13(9) 59.7(3) 90.2(4) 0.25(1)
36.65(1) 62.4(3) 91.9(7) 0.25(1)
37.02(3) 65.6(3) 93.2(8) 0.26(1)
37.52(9) 67.3(5) 94.9(8) 0.26(1)
37.92(9) 69.3(5) 96.2(9) 0.27(1)
38.32(9) 71.6(3) 97.5(5) 0.27(1)
38.74(6) 73.7(4) 98.9(8) 0.28(1)
39.14(5) 75.3(4) 100.1(8) 0.28(1)
39.55(6) 76.8(4) 101.3(7) 0.28(1)
39.95(5) 78.3(3) 102.4(5) 0.28(1)
40.30(9) 79.3(5) 103.4(9) 0.28(1)

34.2(1) 48.9(2) 83.4(7) 0.216(7)
34.3(2) 49.3(1) 83.6(7) 0.217(3)
34.4(2) 50.5(1) 84.3(7) 0.222(3)
34.6(2) 51.1(1) 84.8(6) 0.223(2)
34.8(2) 52.2(1) 85.6(7) 0.226(3)
35.1(2) 56.3(1) 87.2(5) 0.241(5)
36.2(1) 57.2(2) 90.9(8) 0.235(8)

38.6(1) 74.7(5) 98.9(9) 0.28(1)
38.9(1) 74.9(5) 99.6(9) 0.28(1)
39.8(2) 77.3(6) 101.9(9) 0.28(1)
40.0(1) 78.2(5) 102.7(9) 0.28(1)



Table 3
Vickers hardness Hv, c/a-ratio (P = 9.81 N, 24 h after indentation), growth exponent n,
constant A1, fatigue resistance N, indentation fracture toughness KIFT (P= 9.81 N, 24 h af-
ter indentation) andbrittleness index B of glasses of the series I–III in air (≈50%RH, 20 °C).
Numbers in parentheses give uncertainty of the last digit.

Glass Hv c/a log A1 n N KIFT B

S R (GPa) (MPa m1/2) (μm−0.5)

Series I
0.235 0.49 6.3(1) 2.7(1) 1.82(2) 0.016(2) 51(5) 1.38(6) 4.5(3)
0.265 0.49 6.34(7) 2.7(1) 1.40(7) 4.5(2)
0.301 0.49 6.44(6) 2.8(1) 1.34(6) 4.8(2)
0.336 0.49 6.51(8) 2.8(1) 1.36(6) 4.8(3)
0.369 0.49 6.6(1) 2.9(1) 1.85(2) 0.012(1) 54(7) 1.30(5) 5.1(3)
0.403 0.50 6.59(5) 2.9(1) 1.32(6) 5.0(2)
0.435 0.50 6.70(6) 3.0(1) 1.26(5) 5.3(3)
0.455 0.49 6.74(5) 3.0(1) 1.27(5) 5.3(3)
0.491 0.50 6.8(1) 3.0(1) 1.88(1) 0.009(1) 65(6) 1.22(5) 5.3(3)
0.517 0.49 6.94(8) 3.0(1) 1.28(5) 5.3(3)
0.545 0.49 6.90(6) 3.1(1) 1.30(5) 5.6(3)
0.571 0.49 7.0(1) 3.1(1) 1.89(3) 0.008(1) 78(7) 1.24(5) 5.6(3)
0.594 0.50 7.03(7) 3.1(1) 1.26(5) 5.6(3)
0.623 0.50 7.11(6) 3.2(1) 1.21(5) 5.9(3)
0.647 0.50 7.2(1) 3.2(1) 1.89(1) 0.006(2) 85(7) 1.22(4) 5.9(3)

Series II
0.145 0.19 6.4(1) 3.0(1) 1.84(3) 0.018(2) 31(5) 1.18(5) 5.4(3)
0.204 0.29 6.44(6) 2.8(1) 1.82(2) 0.017(2) 35(7) 1.32(6) 4.9(3)
0.231 0.34 6.39(7) 2.9(1) 1.25(5) 5.1(3)
0.253 0.39 6.50(9) 2.7(1) 1.81(1) 0.012(2) 46(5) 1.41(6) 4.6(3)
0.278 0.44 6.5(1) 2.8(1) 1.33(6) 4.9(3)
0.298 0.48 6.6(1) 2.6(1) 1.82(2) 0.012(1) 52(8) 1.52(7) 4.3(3)
0.336 0.59 6.78(6) 2.6(1) 1.79(1) 0.011(2) 55(7) 1.55(8) 4.4(3)

Series III
0.527 0.30 6.9(1) 3.4(1) 1.71(2) 0.014(3) 41(8) 1.08(4) 6.3(3)
0.550 0.35 7.0(1) 3.4(1) 1.72(2) 0.011(1) 53(5) 1.09(4) 6.4(3)
0.615 0.44 6.99(9) 3.3(1) 1.71(2) 0.011(3) 64(5) 1.15(4) 6.0(3)
0.666 0.50 7.3(1) 3.1(1) 1.69(2) 0.009(2) 78(9) 1.29(5) 5.6(3)

Fig. 5.Dependence of the Vickers hardness (9.81 N) on the compositional ratios S (A) and
R (B). Line in the HV vs. S diagram is linear fit through the data with the coefficient of de-
termination R2 = 0.998. Lines in the HV vs. R diagram are intended as visual guides.
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corresponds to a single point on the R-curve,which is different to that of
the standard tests and should therefore only be used for internal
comparison. For homogeneous glasses, however, extrinsic and intrinsic
microstructural toughening behind and ahead of the crack tip, respec-
tively, are absent [43]. Thus, Vullo andDavis [44] could show that the re-
sults obtained for oxide glasses from different chemical systems using
the indentation method are sufficiently well correlated with fracture
toughness values measured using standard techniques (Chevron
notch).

The crack growth rate Vwas plotted as a function of calculated stress
intensity factor KIFT and fitted according to the empirical Paris' law [45]

V ¼ A2K IFT
N ð12Þ

where A2 is a constant and N is the fatigue parameter, which describes
the glasses' resistance to fatigue, or more precisely, to the corrosive
power of the surrounding atmosphere.

2.5. Brittleness

Crack initiation phenomena in glassy systems can be linked to the
empirical brittleness of glass as introduced by Lawn and Marshall [33].
They defined an index of brittleness as the ratio of hardness-to-
toughness as

B ¼ HV

K IFT
: ð13Þ
3. Calculation

From density and chemical composition themolar volume VM of the
glass was calculated as

VM ¼ 1
ρ

X
i

xiMi ð14Þ

with xi and Mi being respectively the mole fraction and molar mass of
the oxide i. The molar volume was utilized to determine the atomic
packing fraction APF, which is a measure of the compactness of the
glasses and defined as the ratio between the summed volume of the in-
dividual atoms and the corresponding volume of the glassy material.
APF is calculated using the expression

APF ¼ 1
VM

X
i

xiVi ð15Þ

where Vi=4πNa(jrA3 + krO
3) / 3 is the ionic volume the ith oxide constit-

uent (NA = Avogadro number and ri is the ionic radius using 135 pm
(OII), 100 pm (CaVI), 39 pm (AlIV) and 26 pm (SiIV) [46]) with AjOk



Fig. 7.Dependence of the crack initiation probability F on the compositional ratio S (series
I) after indentation under P = 9.8, 4.9, 3 and 2 N in humid air (A) and after indentation
under P = 19.6 N in humid air and in dry N2 gas (B). Lines are intended as visual guides.

Fig. 6. Dependence of the crack initiation probability F as a function of applied load P for
series III (A, left side). Lines in part A are fits of Weibull function Eq. (8) through the
data. Cracking pattern around three indents after indentation under P = 0.2, 0.7 and
1.2 N for glass R= 0.44 (insert of A, right side). Crack initiation probability F vs. composi-
tional ratio S for series II after indentation under P=9.8, 4.9 and 3N (B). Lines in part B are
intended as visual guides.
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chemical formula. For the calculation of Young's modulus the general
equation [22]:

E ¼ 2mVPU ð16Þ

was used with the apparent Madelung constantm, the packing fraction
VP and the dissociation energy per unit volume U (U= ΣxiUi with Ui =
dissociation energy of the oxide component in kcal cm−3: CaO = 15.5,
Al2O3 = 32, and SiO2 = 15.4 [19]) In the Makishima–Mackenzie
(MM) model [19] the packing fraction VP is.

VP ¼ APF ¼ ρ

X
i

xiVi

X
i

xiMi
; ð17Þ

which was calculated from Eqs. (14)–(15) whereas the Rocherulle–
Ecolivet–Poulain–Verdier–Laurent (REPVL)model [21] uses the packing
fraction:

VP ¼
X
i

APFi ¼
X
i

xiρi

X
i

xiVi

X
i

xiMi
ð18Þ
in which the density of the glass ρ is substituted by theweighted sum of
the densities of the oxide components ρi (APFCaO = 0.8333, APFAl2O3 =
0.8333 and APFSiO2= 0.6174 [21]). In contrast to the above twomodels
wherem is unity, the Inaba–Todaka–Otha–Morinaga (ITOM)model [22]
gives m = 1.1 for aluminosilicate glasses containing bivalent modifier
ions such as Ca2+. VP in the ITOMmodel is calculated from Eq. (17) [22].

4. Results

4.1. Density, molar volume and atomic packing fraction

Experimental results obtained on CAS glasses of series I–III are
summarized in Table 1. For series I, the density increaseswith increasing
S from 2.46 to 2.783 g cm−3 and can be described best with a quadratic
polynomial ρ=2.137+ 1.61S− S2, while the molar volume exhibits a
parabolic curve shape with a minimum of≈25.6 cm3 mol−1 at around
S=0.5 (Fig. 2A). The compactness of the glass network, i.e., the atomic
packing factorAPF, shows the same trend as the density, increasing from
48.7 to 51.4%. For the series II and III, the change in composition from
percalcic to peraluminous results in a decrease in density and APF, but
an increase in molar volume. The curves of Fig. 2B appear to be slightly
bended (series II) with a somewhat smaller slope around the
meta-aluminous join (S = 0.5). The variation of VM with S of series II
and III was found to be larger (from 23.3 to 26.4 cm3 mol−1) than for
series I (ΔVM ≈ 0.6 cm3 mol−1). The data are in agreement with



Fig. 8. Crack length c as a function of time of four corner cracks. Lower inset is an optical
image, which shows the position of the four cracks (A–D) around the indent. Right inset
showsoptical images of the crack C in the timeperiod 56–2820 s. The crack-tip is indicated
by black arrows. In case of initial crack-branching (A and B corners) only sub-critical crack
growth of the longest branch was measured. (Series III glass with R = 0.35, indentation
load =4.9 N, humid air of≈50% RH and 20 °C).
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measurements on density and calculations of molar volume and
compactness of CAS glasses in the percalcic and peraluminous range
Fig. 9. Double logarithmic presentation of the crack length c vs. time t (A) and crack
growth rate V vs. the calculated stress intensity factor KIFT (B) of the four cracks of Fig. 8.
by Takahashi et al. [9] and on the meta-aluminous join by Seifert et al.
[47].

4.2. Elastic constants

Fig. 3A shows the elastic moduli and Poisson's ratio along the meta-
aluminous join (series I). The former increase continuously with in-
creasing substitution of aluminium for silicon in the network. A linear
dependence within the range 0.23 b S b 0.65 is evident. Linear fits
with L = 73.5 + 93.8S, E = 72 + 49.2S, K = 32.9 + 73.8S and G =
30.5 + 15.1S (elastic constants in GPa) are found to describe best
these compositional trends. Regarding Poisson's ratio, the curve
flattens-out above S = 0.5. Here, the dependence of μ on S can be de-
scribed best with a quadratic polynomial μ = 0.155 + 0.33S − 0.2S2

(Fig. 3B). For glass compositions across the meta-aluminous join a
step-like course of K and μ on R is evident (Fig. 4A and B). For
SiO2 ≈ 70 mol% (series II) the step at R ≈ 0.5 is well pronounced
while for glasses with less silica (≈35 mol% SiO2, series III) the step ap-
pears to flatten-out. The other elastic constants (E, L and G) follow the
same compositional trend (not shown). Ultrasonic velocities and elastic
constants of series I–III glasses are compiled in Table 2.

4.3. Vickers hardness

The courses of Vickers hardnesswith increasing S andR are shown in
Fig. 5. HV is found to evolve in line with the elastic moduli as hardness
Fig. 10.Dependence of the fatigue resistanceN and the growth exponent n on the compo-
sitional ratios S (A) and R (B). Lines are intended as visual guides.



Fig. 12. Measured vs. calculated Young's modulus E for CAS glasses of meta-aluminous
(A) and percalcic (B) composition. Calculation of E was performed using MM model
Eqs. (16)–(17) with m = 1, the REPVL model Eqs. (16), (18) with m = 1 and ITOM
model Eq. (16) with m = 1.1. Ionic radii: 135 pm (OII), 100 pm (CaVI), 39 pm (AlIV) and
26 pm (SiIV) [46]. For percalcic glasses only results of REPVL model calculation are
shown. Iso-compositional lines (molar fraction of SiO2 in %) are intended as visual guides.
Dashed black line indicate unity between calculated and measured E data.

Fig. 11. Crack length-to-indent size ratio c/a and brittleness index B for compositional
ratios S (A) and R (B). Lines are intended as visual guides.
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increases with the substitution of aluminium for silicon in the network.
For compositions along the meta-aluminous join (series I) the depen-
dence of HV on S follows the linear equation HV (GPa) = 5.79 + 2.1S
(Fig. 5A). HV shows a steep increase at R ≈ 0.5 when passing the
meta-aluminous join from the percalcic to the peraluminous side of
the CAS system (series II and III, Fig. 5B). HV data of series I–III glasses
are listed in Table 3.

4.4. Crack initiation

Fig. 6A (right side) shows exemplarily the cracking patterns around
three Vickers imprints of glass R = 0.44 (series III) after indentation at
loads of 0.2, 0.7 and 1.2 N, respectively. An increase in the number of
radial-median cracks with increasing load can be observed (subsurface
lateral cracks may not be visible). The left side of Fig. 6A shows that the
crack probability F decreases while the critical load to generate radial-
median cracks P0 increases with increasing ratio R (series II and III).
An increase in crack resistance for CAS glasses with increasing Al-to-
Ca ratio but constant SiO2 content is also evident in series II where F
seems to decrease strongly on the peraluminous side (Fig. 6B). The
change in the compositional trend at R = 0.5 seems to be in line with
the changes observed in the elastic constants and in hardness of these
glasses. For glasses on the meta-aluminous join (series I) F shows a no-
ticeableminimum at around S=0.5 (Fig. 7A). Thus, glasses of the anor-
thite composition (CaO:Al2O3:SiO2 = 1:1:2) exhibit a crack resistance
CR N 5 N. It should be noted that for series I and II, P0 is generally larger
than 1.5 N and cracking evolves from F = 0 to F = 100% only in three
load stages of the employed indenter, which impedes Weibull statistics
of a sigmoidal-like course of F(P) as shown in Fig. 6A. Therefore Figs. 6B,
7A and B show the crack probability for each load only. To test the
influence of humidity on the crack initiation, glasses of series I were
also indented under nitrogen gas (RH = 10−4–10−6%). Fig. 7B shows
that radial-median cracking is less probable under the dry environment
but the compositional trend of highly resistant glasses for S ≈ 0.5 is
preserved.

4.5. Sub-critical crack growth

Fig. 8 shows the increase in crack length c with time of four radial
cracks initiated at the corners of a Vickers indent (P = 4.9 N) of glass
R=0.35 (series III). Within the observation period of 56–2820 s, cracks
A–D (denoting the cracks from each of the four corners) propagate
nearly the same distance of 2–3 μm, whereas they notably differ in the
length of the immediately formed cracks (0–56 s). This is taken as a con-
sequence of different initiation times, influences of neighbouring crack-
ing events and early branching within the plastic deformation zone
(visible, e.g., on the cracks at the corners A and B, Fig. 8). Fig. 9 shows



Fig. 14. Brittleness index B versus Poisson's ratio μ. The dashed line is the linear depen-
dence B=21.6μ− 0.37 fitted through the data of series I (meta-aluminous glasses) of re-
gression coefficient R2 = 0.94.

Fig. 13. Stress components (loading) at the rim of the imprint (r= a) governing radial and
median (left ordinate) as well as ring and subsurface lateral cracks (right ordinate) as a
function of the compositional ratios S (A) and R (B). Tensile (+) and compressive (−)
stress components are extracted from contour plots of Fig. 4 of Ref. [53] using E-to-H
and Poisson's ratios of Tables 2 and 3 for series I–III. Input data for silica glass (Heraeus
HOQ 310) are taken from reference measurements with E = 73.1 GPa, HV = 6.5 GPa
and μ = 0.166.
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the c(t)- and V(KIFT)-dependencies for cracks A–D. The parallel lines in
Fig. 9A and B indicate only small differences (up to 9%) in the growth
and fatigue parameters n and N (Table 3).

Averaged growth data from up to 8 cracks (two imprints) for each
glass were used in Fig. 10 to visualize the compositional dependence
of the fatigue and growth parameters N and n. For series I it is found
that the fatigue resistance N increases progressively with increasing S
from 51 to 84 (Fig. 10A). Vice versa, the growth exponent decreases
within the same compositional range from 0.016 to 0.006 (Table 3), in-
dicating less pronounced sub-critical growth for glasses with increasing
substitution of aluminium for silicon in the network. For series II and III
it can be seen from Fig. 10B that percalcic glasses exhibit a lower fatigue
resistance and a higher growth exponent than peraluminous glasses of
the same silica content.

4.6. Brittleness

Fig. 11 shows the brittleness index B and the c-to-a ratio of the CAS
glasses. On themeta-aluminous join (series I) both parameters increase
linearly with increasing S (Fig. 11A). The data are best fitted by the
equations (c/a) = 2.4 + 2.1S and B=3.7 + 3.4S (B in μm−0.5), respec-
tively. For glasses of constant SiO2 content, both parameters show a
non-linear dependence with decreasing values from the percalcic to
peraluminous side (Fig. 11B). c/a and B data of series I–III are compiled
in Table 3.

5. Discussion

The results reveal characteristic changes in the elastic properties of
glasses in the intermediate-silica range of the CAS system. In series I
the compositional dependency of the elastic properties, expressed
through the ratio S, has been found to be mostly linear. In series II and
III, non-linear or step-like dependencies where observed, using the
compositional parameter of R. These observations are related to the
chemical dependence of glass structure.

It is widely thought that elastic constants are governed by the perti-
nent short-range structure, as they are governed by inter-atomic forces
and the packing density of their oxide constituents [19,21,22]. For
Young's modulus, Fig. 12A shows that the empirical models of
Makishima–Mackenzie (MM) [19], Rocherulle–Ecolivet–Poulain–
Verdier–Laurent (REPVL) [21] and Inaba–Todaka–Otha–Morinaga
(ITOM) [22] fit the dependence of series I relatively well. However, se-
ries II and III do not follow these simplistic predictions (Fig. 12B). The
failure of the models for percalcic compositions becomes even more
pronounced if CAS glasses from literature [6,22,25] (for composition
see Fig. 1) are included in the analysis. Due to the low number of data
points on the peraluminous side a corresponding analysis is not
shown. The result for percalcic glasses inwhich calcium is present in ex-
cess of aluminium and non-bridging oxygen (NBO) are formed shows
that further parameters in the models are necessary to predict the elas-
tic behaviour correctly. From a structural viewpoint one can think of
mid-range related parameters reflecting the network topology such as
Q-group distribution and framework cation ordering. For the series
with constant SiO2 content, changes in the Q-group distribution are ex-
pected due to the preference of aluminium for Q4 groups. Thus, with in-
creasing R ratio, disproportionation of Q3 groups into Q4 and Q2 groups
is more likely. In contrast, on the meta-aluminous join only Q4 groups
are present (nominally NBO-free). Other effects may arise from order-
ing of framework cations. The ordering of framework Si and Al cations
in aluminosilicates is often described in terms of the Löwenstein avoid-
ance principle, which rejects the existence of Al–O–Al linkages. For
meta-aluminous glasses Navrotsky et al. [48] found that with increasing
field strength of the charge balancing cation the enthalpy of ordering
decreases, shifting the Eq. (2)(Si–O–Al) ↔ Al–O–Al + Si–O–Si to the
right side. The volume effect of mixing aluminium and silicon frame-
work units can be seen by the negative deviation from linear additivity
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of the molar volume of series I in Fig. 2A. Using NMR, Lee and Stebbins
[49] confirmed the thermochemical considerations by detecting more
Al–O–Al and Si–O–Si sites in CAS glasses than in alkali aluminosilicates.
The increase in network disordering depends on composition as the de-
gree of Al avoidance increases with the S ratio [49]. For percalcic and
meta-aluminous glasses, Neuville et al. [11] finds up to 8% 5-fold coordi-
nated Al (on the peraluminous side its portion increases rapidly), which
adds further constraints to framework cation ordering.

We note that the calculated values of E depend strongly on the se-
lected ionic radii.We have employed the effective ionic radii of Shannon
published in 1976 [46] for the coordination numbers 6, 4, 4 and 2 for Ca,
Al, Si and O respectively. Using the classical crystal radii of Pauling [50],
which are somewhat larger, the E curves of Fig. 12A and B shift by
~9 GPa to higher values, but their compositional trends remain un-
changed (not shown). Further, we have taken into account small frac-
tions of 5-fold coordinated aluminium (5–8%) in the calculus, which
are reported in NMR studies for percalcic and charge balanced CAS
glasses [11]. This correction led only to small changes in the calculated
values of the Young's modulus (within the symbol size of Fig. 12A and
B). AlO5 was introduced in the calculation by taking the mean value
(359.5 kcal mol−1, i.e. per unit volume 27.8 kcal/cm−3) of Sun's dissoci-
ation energy range (402–317 kcal mol−1) [51] which is listed for tetra-
hedrally and octahedrally coordinated aluminium and the ionic radius
of 48 pm for aluminium cations with the coordination number of five
[46].

Fig. 7 shows that the probability to radial-median cracking decreases
with increasing S and R ratios in series I, II and III respectively (in series I
only up to S=0.5). Further Fig. 6 shows that glasses of series II aremore
resistant to cracking than those of series III. To understand these differ-
ences one may calculate the driving force for indentation cracking.
Rouxel and co-workers [52–54] showed that the driving force for inden-
tation cracking can be traced (outside of the densified zone) to normal
tensile stresses (opening-mode of fracture), which occur upon peak
load. Depending on the mechanical properties of the glass, i.e., E/H and
μ parameters, the stress components normal to the direction of radial,
median, ring and subsurface lateral cracks outside the deformation
zone are either zero, tensile or compressive. Zero stresses in all direc-
tions provide explanation scheme for resilient (damage-resistant)
glasses. Changes in crack patterns with composition occur when corre-
sponding stress components change their sign. We note that micro-
cracking can occur also upon unloading, if the sign of a particular stress
component changes fromnegative to positive during that stage [55]. Fig.
13 shows the situation for the loading stage only. Stress components are
normalized to hardness and were derived from the contour plots of Ref.
[53] using E-to-HV and Poisson's ratios of Tables 2 and 3 for series I–III.
Inspection of Fig. 13 predicts radial and lateral cracking of the tested
CAS glasses as their stress components are positive (tensile stresses).
This is in agreement with the observed cracking patterns in which
radial-median cracks at the corner of the imprints dominate on the
post-indentation surface (see Figs. 6 and 8). With increasing S the ten-
sile stresses governing radial and sub-surface lateral cracks increase
up to an apparent maximum at around S = 0.6 (Fig. 13A). Further, it
can be seen from Fig. 13B that the relevant tensile stresses are larger
for series II than for series III glasses. Expanding the compositional
range on the meta-aluminous join (series I) to S = 0 (silica glass) a
change in the cracking pattern from radial-lateral (this work) to
median-cone cracking is found for glasses of composition S = 0.1–0.2
(Fig. 13B). For the transition range the driving forces are predicted to
vanish. Here, glasses are expected to exhibit a high crack initiation
load and a less brittle character. Gross et al. [6] have investigated the
crack resistance in the high-silica range of the CAS system
(0 ≤ S ≤ 0.2). For S = 0.2 (10CaO, 10Al2O3, 80SiO2 in mol%) they found
a maximum of the crack initiation load, which confirms the proposed
crossover in charge balanced CAS glasses. Although these correlations
underline the governing influence of tensile stresses for the occurrence
of micro-cracks, the decrease of the crack probability with S for silica-
rich glasses of series I cannot be explained from the above stress analysis
alone. Also, it is found that percalcic glasses are less resistant to radial-
median cracking than peraluminous glasses. Thus, other factors contrib-
ute to crack generation in CAS glasses. Among these, we count environ-
mental effects, such as most strictly shown in Fig. 7. Fig. 7 shows a
dramatic decrease in F if water is excluded from the testing
atmosphere. The effect of the water partial pressure on fatigue has
been previously reported for commercial alkaline earth aluminosilicate
glasswith varyingfictive temperature [38]. Also Gross et al. [6] postulat-
ed that the water sensitivity, besides low elastic moduli dependence on
fictive temperature, contributes to low crack resistance.

Besides crack initiation, also crack growth was found to depend on
the composition of the CAS glasses. Fig. 10 shows an increase of the
fatigue resistance N (decrease in the growth exponent n) with either
increasing S or R for all three series. The compositional course of the fa-
tigue parameters follow the expected trend that glasseswith decreasing
portion of NBO are less prone to water attack (series II and III) and that
frameworks of mixed Si-/Al-units are energetically more favourable
[48] and also closer packed (due to stuffing with Ca ions), which may
slow down diffusion of water molecules [56] and thereby hamper
hydration of the glass at the crack-tip (series I).

Based on the definition brittleness parameters such as B and the
c-to-a ratio are closer related to the deformation process itself, i.e. the
densification vs. shear contribution under and beneath the imprint. It
was shown in recent studies that μ is obviously playing a key role in
the indentation behaviour of glasses [57–59] as it is also the determin-
ing materials characteristic in the analysis of the driving forces for in-
dentation cracking [52–54]. For glasses of series I, μ increases with
increasing S ratio, and μ of series III is generally larger than for series
II. Thus, with increasing S (series I) onewould expect that the contribu-
tion of volume conservative flow increases and the degree of material
densification decreases. The lower compressibility of glasses with
higher S ratio can be related to the increase in the APF since the glass
structure is becoming stuffed by calcium ions when aluminium is
substituting silicon in the framework. Vice versa, the more open struc-
ture of silica-rich CAS glasses on that join allows for larger compaction
under the indenter. Higher contributions of shear flow to the total
deformation are also expected in series III as compared to series II
(0.35 versus 0.7 mol% SiO2). With more pronounced shear flow one
would also expect a greater ease for cracking and, thus, a more brittle
character of the glasses. Fig. 11 shows that the compositional course of
B and c/a of series I is in agreement with this. On the other hand, one
would expect that percalcic glasses with lower Poisson's ratio are less
brittle. In contrast, these glasses exhibit in the indentation experiment
a more pronounced brittleness than the meta-aluminous and
peraluminous glasses of similar μ. The deviation from the expected
trend of the percalcic and peraluminous glasses can be seen from
Fig. 14 where the brittleness index B is plotted as a function of the
Poisson's ratio of all three series of CAS glasses. As in case of the elastic
constants we assume that on the percalcic side the increasing fraction
of NBO together with changes in the silicon speciation contribute to
the higher brittleness while on the peraluminous side the higher frac-
tion of 5-fold coordinated aluminium leads to a higher connectivity
and lower brittleness of the glasses.

6. Conclusions

Experimental values of the elastic constants of CAS glasses were
compared with those calculated in terms of existing theories. Empirical
models relate bulk elastic moduli of glasses to the inter-atomic forces
and the packing density of their oxide constituents. Interrelations
between elastic constants (hardness) and the chemical dependence of
structure were found to be in agreement with these models for meta-
aluminous glasses, while deviations between the observed and predict-
ed values are evident for percalcic compositions. The result shows that
the network topology, which is not yet implemented in the tested
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models, plays an important role in the understanding of bulk mechani-
cal behaviour of glasses and shall be further parameterized.

Stresses at the rim of the indent as derived from bulk mechanical
data and hardness valueswere comparedwith the probability to initiate
cracks. The analysis showed that crack patterns of CAS glasses after
Vickers indentation follow in principle the predicted trend (radial-me-
dian cracking) for so-called normal glasses but the ease for cracking
seems to be strongly dependent on the environmental conditions as ref-
erence measurements under dry nitrogen gas showed.

An unexpected trend of percalcic and peraluminous glasses of con-
stant SiO2 fraction is evident as their brittleness index seems to decrease
with increasing Poisson's ratio although they are prone to radial-
median cracking (crack patterns of normal glasses). Changes in connec-
tivity in mixed network former glasses caused by excess and deficient
fractions of network modifiers may contribute to this behaviour.

Finally, one may use the results to propose simple compositional
guidelines on how to improve mechanical properties of CAS glasses in
the intermediate-silica range: Meta-aluminous and peraluminous
glasses are found to offer superior mechanical properties as they com-
bine high stiffness with low fatigue. Al-deficient glasses (percalcic side
of the CAS system) appear to be less beneficial with respect to these
properties as their structure is less connected (Q-group distribution)
and prone to water–crack interaction at the surface. Among the meta-
aluminous compositions a minimum in fatigue is evident for glasses
close to the anorthite stoichiometry (S = 0.5), while elastic moduli
and hardness increase with increasing S on that join even for glasses
Al-richer than the feldspar composition (S N 0.5).
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