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Microhardness of chalcogenide glasses of 
the system Se-Ge-As 
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The microhardness of chalcogenide glasses of the system Se-Ge-As was investigated for 
twelve different compositions. An apparatus was constructed which was capable of 
recording loading and unloading curves, and the results evaluated according to the 
method of Frohlich and Grau. The Vickers microhardness values L2(vH ) obtained were 
independent of load and are thought to be material constants. These L2(vH) values varied 
between 700 and 1400 N mm -2 in the Se-Ge-As system and showed a non-linear 
dependence on composition. This is explained structurally by the existence of varying 
proportions of different short-range order units in the different glasses. The elastic 
recovery after unloading varied between 45 and 61% for a maximum load of 1.96 N. 

1. Introduction 
The indentation hardness, H, is defined as the ratio 
of the load, L, to the area of impression, A, which 
is developed by an indenter of known geometry 
when pressed into the substance to be examined 

L 
H = - - .  (1) 

A 

The actual area of impression depends on the shape 
of the indenter, for example, Vickers Pyramid. 

Most microhardness tests on all kinds of mate- 
rials (including glasses) reported so far used static 
methods, that is, the indentation diagonals, d, or 
depths, t, were measured for different loads after 
unloading [1, 2]. If the microhardness is measured 
dynamically under load by continuously recording 
t as a function of L up to a given load [3 -5 ] ,  the 
elastic recovery can also be obtained after unload- 
ing. A dynamic test procedure was used for t h e  
microhardness measurements described below [6]. 

Conventional microhardness values of glasses 
are normally dependent on load [2, 4, 7]. More- 
over, cracks can be formed even at very small loads 
[ 7 - 9 ] ,  and in these cases the material constants 
cannot be obtained. 

This paper reports on microhardness investi- 
gations of glasses in the chalcogenide system S e -  
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Ge-As. The objective was to determine the mate- 
rial constants, namely hardness values, independent 
both of the influence of load and of cracks. No 
such data have been obtained so far for chalco- 
genide glasses. There are only some conventional 
microhardness data [10]. In the glass system 
S e - G e - A s  other properties have been reported 
previously, e.g. densities, glass transition tempera- 
ture values, elastic constants, self diffusion, bend- 
ing strength and chemical properties [ 11-14] .  

2. Experimental procedure 
2.1. Glasses 
The glass-forming region of the chalcogenide sys- 
tem Se -Ge-As  lies in the Se-rich corner of the 
phase diagram [15, 16], as shown in Fig. 1. Dif- 
ferent compositions of this system were prepared 
using a rotating sealed-off silica glass ampoule and 
melting temperatures up to 1050 ~ C. Glass samples 
of about 70 g could be obtained in this way (the 
raw materials Se, Ge and As were of 99.999% 
purity). Composition of the glasses was checked by 
X-ray fluorescence and their homogeneity was 
ascertained by scanning electron microscopy. 
Table t details the compositions and physical 
properties of the glasses on which the measure- 
ments were conducted. The annealed glasses were 
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Ge Figure 1 Glass forming region of 
the ternary chalcogenide Se- 
Ge-As system showing the posi- 
tions of the investigated glass 
compositions. 

S~ 

then prepared as plane-parallel slices. The surfaces 
were carefully ground and polished. For further 
details concerning glass preparation and handling 
see [6].  

2.2. Apparatus 
A schematic representation of  the apparatus is 
given in Fig. 2. It was constructed according to 
[ 3 - 5  ]. It consists o f  both an inductive path sensor 
and a force sensor with digital registration. The 
indenter (Vickers pyramid) and the inductive path 
sensor are connected to a microscope cylinder and 

T A B L E I Glass compositions and some physical data of 
the Se-Ge-As system, p and Tg values were taken from 
I17]. 

Sample Composition p (g cm-3) Tg* 
number (at%) (~ 

1 S%o GeloAS~o 4.370 116 
2 S%o Gelo As~o 4.479 160 
3 S%oGeloAs3o 4.497 218 
4 Se~oGe~oAs4o 4.486 228 
6 SeToG%o As~o 4.412 209 
7 Se6oGe2o As2o 4.398 277 
8 SesoGe2o As3o 4.44t 284 
9 S%o Ge2o As,o 4.511 326 

11 Se6o G%o Asto 4.348 340 
12 S%oG%oAs~o 4.432 363 
13 Se4oG%oA%o 4.521 374 
14 S%o G%o As4o 4.666 381 

*Measured by differential thermal analysis. 

330 

..S 

can be raised and lowered in a defined way by 
spindle and motor. The speed of  the indenter in 
the load-free state was 10 -2 mm min -1 . The load 
is measured by a force detector with a maximum 
load of  20 N. Zero-point shifts can be compen- 
sated before indentation of  the diamond into the 
sample. Maximum load and depth resolutions 
were 0.002 N and 0.01/am digit -1 , respectively. 

Fig. 3 shows a recorded L - t  curve, obtained 
with the apparatus given in Fig. 2. Both loading 
and unloading curves were recorded ( 0 ~ L  ~< 
1.96 N). Usually a relation of  the form 

L = at n, (2) 

where a is a constant and n is the Meyer exponent, 
is assumed [18]. However, as has been shown for 
different materials [7, 19, 20] this analysis is 
inappropriate since, over a wide range of  loads, for 
example 0.02 N to 2 N, n is not constant. Accord- 
ing to Fr61ich and Grau [3, 19] ,L canbe developed 
in a general power series 

L = Y~ a id ,  (3) 

where i is a series of  integers. By limiting the num- 
ber of  terms one gets 

L = a l t + a 2 t  2. (4) 

(The term in ao is zero since t = 0  f o r L = O ) .  
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Figure 2 Schematic representation of the microhardness apparatus showing (a) the arrangement of the sample in the 
apparatus and (b) the general experimental set-up. 

Thus, the total load L can be separated into two 
parts: 

and 

L1 = al t  (5) 

Lz = azt z. (6) 

L1 = a l t  can be seen to be proport ional  to the 
work, So, which is necessary to increase the inden- 
tation area, A.  Increase o f  area can be achieved by: 

(a) the indentat ion of  the Vickers pyramid 
itself; and 

(b) the formation and propagation of  cracks, 

zo, 1 
r= t max t ~ (elastic recovery) 

1.0. 

d 2 | 4 
t ~  ~ -r  

t max 

6 8 
- t  (x 10 -3 turn)--,-- 

Figure 3 Loading and unloading curves, L(t), as obtained 
by the apparatus shown in Fig. 2, for a dynamic micro- 
hardness measurement. 

especially for brittle materials (formation o f  inner 
surfaces). 

Equation 6 corresponds to the principle o f  Kick 
[21], with a Meyer exponent  o f n  = 2, that means 
the work Sv to deform the bulk material is pro- 
port ional  to t 3. L2 consists both of  the work for 

elastic and permanent deformation during indenta- 
tion. L2 was used to define a new hardness number 

[3, 19] ,  L2(VH) 

Lz a2t z 
- -  - -  K *  , L 2(VH) A t 2 = a2K* (7) 

where K * =  3.784 • l0  -2 for the Vickers pyra- 
mid. This hardness value is "crack-free", since the 
influence of  the cracks is eliminated by L 1 . As 

may be seen from Equation 7, the hardness value 
L2(VH ) is also independent of  load. Transforming 
Equation 4 into the form 

L 
- -  = al + a2t, (8) 
t 

the coefficients al and a 2 can be calculated by 
linear regression. 

Equation 8 has been shown to hold [7, 22] for 
several oxide glass compositions with two straight 
sections o f  differing slopes. These slopes are 
representative o f  different hardnesses of the 
material near the surface, i sur "z(vm, and in the bulk. 
L VOl 

2(VH). 
The elastic recovery, r, can be obtained from 

Fig. 3 according to 

r = t max --  t a, (9) 

3 3 1  
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Figure 4 Evaluation of a dynamic micro- 
hardness measurement for S%oGeaoAsao 
glass, according to Equation 8 : 0  ~< L ~< 
1.96 N. 

where t max is the penetration depth for maximum 
load and t o is the penetration depth after com- 
plete unloading (L = 0 ) .  This elastic recovery 
depends on maximum load applied during inden- 
tation. 

3. Results and discussion 
3.1. Microhardness under load 
Fig. 4 shows an example of  an (L/ t ) - t -curve accord- 
ing to Equation 8, for a glass of  S%oGe3oAs4o 
composition. L 2(vH) = 1390 -+ 70 N ram-Z, and is 
constant for all loads; no change in hardness near 
the surface could be found. Similar results were 
obtained for glass Samples t, 3, 6, 7 12 and 13 
(see Table II). For some other compositions 
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deviations near the surface were found, for example, 
see Fig. 5, for a glass composition of  Se40 G%o As4o. 

/ vo l  In this case ,~2(vr[) was found to be 1040-+ 60 
Sill' N mm -2 ; L2(vm had a lower value of  800 + 200 

N m m - : .  Similar surface effects were obtained 
for glass Samples 2, 4, 8 and 11. The origin of  
these different surface hardnesses may be attribu- 
ted to the influence of  polishing [6, 22].  

As has been demonstrated earlier for oxide 
glasses [ 7 - 9 ,  23] ,  Vickers indentations cause 
microcracks at the corners and the sides of  the 
indentation pits. Fig. 6 shows that the same is 
true for these chalcogenide glasses. However, 
since L2(vrt) eliminates the influence of  this crack 
formation, these hardness values fulfd the con- 
dition for "crack-free" constants. 

Figure 5 Evaluation of a dynamic microhardness measure- 
ment for Se4oG%oAs4o glass, according to Equation 8: 
0 ~< L ~< 1.96 N, showing the influence of surface effect. 

Figure 6 Scanning electron micrograph of a Vickers inden- 
tation in Se6oGe2oAs2o glass: L = 1.96 N. 
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Figure 7 Microhardness values, 
vol L:(VH), as a function of compo- 

sition for glasses with constant 
As-contents: Asso , As:0 and 
As~0. 

3 .2 .  I n f l u e n c e  o f  glass c o m p o s i t i o n  
Fig. 7 shows the dependence ~-vol O I  L , 2 ( V H  ) a s  a func- 
tion of  glass composition. The hardness w]ue 
changes in a non-linear way as a function of  com- 
position. Similar non-linearities hold for most 
other compositions and have also been found for 
other properties, for example, the glass transition 
temperatures, densities, elastic constants [11, 17]. 
Glasses o f  the system S e - G e - A s  may contain 
different short-range order groupings [24],  as 
indicated in Fig. 8. Depending on the actual over- 
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Figure 8 Possible structural units in glasses of the system 
Se-Ge-As. (a) SeS%/2; (b) AsAss: s, (c) GeGe4/4, (d) 
AsSes/2, (e) GeS%::, (f) As~ Se4/2 , and (g) GeS%: 2 . 

all composition, the relative proportions of  these 
different units may vary. Pernot [25] gave rela- 
tions for their approximate calculations. For the 
glasses with Asao (Fig. 7) the approximate struc- 
tural compositions are: 

25% GeSe,/:, 50% AsSes: 2 , 25% As~Se~j 2 (Glass 3); 

50% GeSe4/2,25% As 2 Se4/:, 25% AsAsa: 3 (Glass 8); 

and 

50% GeSe4/2,36% AsAsa:a, 13% GeGe4/4 (Glass 13). 

Since these different structure units have different 
properties the effect of  non-linearity may be 
understood at least qualitatively. 

The microhardness value in the ternary glass 
system S e - G e - A s  is sensitively dependent on 
changes in chemical and structural compositions. 
However, when compared with hardness values 

I " [  v o l  of  silicate glasses t~2(VH) = 2660 N mm-2 for 
plate glass) these glasses are relatively weak mate- 
rials. This may be explained in terms of  the dif- 
ferences in chemical bonding: chalcogenide glasses 
are largely covalent, while silicate glasses are ionic 
and covalent. 

3 .3 .  Elast ic  r e c o v e r y  
The relative elastic recovery values, calculated 
according to Equation 9, are given in Table II. 
Dependent on glass composition, these values 
range between 0.45 and 0.61. They show that the 
geometry o f  the indentation is markedly changed 
after unloading. This supports the argument for 
using hardness values under load as material 
constants. 
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, ' r  VO1 ~, T A B L E I I  Microhardness values for volume ~L2(VH)) 
sur and surface (L2(vH)) and relative elastic recovery values 

r/t (for a m a x i m u m  load o f  1.96 N) as a funct ion of  glass 
composi t ion 

SUr 1VO1 
Sample L 2(Vt-I) ~ 2(VH) r 
number  (N m m  2) (N mm -2) t 

1 - 700 • 19 0,53 -+ 0.02 
2 550 +- 104 770 • 53 0.45 • 0.02 
3 - 820 • 76 0.49 + 0.01 
4 650 • 108 870 • 56 0,51 • 0.03 
6 - 930 • 23 0.48 • 0.02 
7 - 970 • 23 0.61 +- 0.03 
8 800 +- 98 1070 • 40 0.49 • 0.01 
9 800 +- 200 1040 • 60 0.51 • 0.03 

11 615 • 86 810 • 60 0.54 +- 0.02 
12 - 1090 +- 60 0.58 • 0.01 
13 - 1120 • 80 0.59 +- 0.03 
14 - 1390 • 70 0.58 • 0.02 
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