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Indentation size effect in microhardness measurements of Hg;_.Mn, Te
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Abstract: The effect of surface damaged layer and Te enrichment layer of Hg; Mn,Te on the indentation size were studied
experimentally. Based on the results, the indentation size effect (ISE) of Hg;_Mn,Te were discussed using different models,
including Meyer’s law, the power-law, Hays-Kendall approach and the theory of strain gradient plasticity. The results show that
surface damaged layer weakens ISE of the wafers, but the Te enrichment layer reinforces it. The minimum test load necessary to
initiate plastic deformation for different Hg;_,Mn,Te wafers increases from 3.11 to 4.41 g with the increase of x from 0.05 to 0.11.
The extrapolated surface hardness values of Hg,_ Mn,Te are 347.21, 374.75, 378.28 and 391.51 MPa and the corresponding shear
strength values are 694.53, 749.50, 756.56 and 783.12 MPa for Hg;_ Mn, Te with the x values of 0.05, 0.07, 0.09 and 0.11, respectively.
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1 Introduction

Indentation hardness testing is widely used to
express the mechanical properties of materials by variant
researchers[1—5], especially when it is difficult to
perform other mechanical tests. However, the
mechanical and physical principles involved in the
methods are still not well understood. The most
intriguing phenomenon is the indentation size effect
(ISE)[2—8] for which there is an increase in hardness
with the decrease of indentation size (or load), as shown
in Fig.1. The apparent hardness is a function of the
applied load at low indentation test loads. However, it
tends to be constant at high loads. For a long time, ISE
has been considered a possible artifact caused by
measurement errors or surface preparation problems.
Recently, ILZE and JANIS[2] studied ISE of single
crystals, polycrystals and amorphous solids etc. It was
found that ISE is a popular phenomenon existing in
single crystals, but is absent in fine-grained polycrystals.
A size-dependent hardness of amorphous solids was
observed only in the sub-micrometer surface layer.

Therefore, ISE was considered an intrinsic property of
the surface[2]. By a deep understanding of ISE, they
suggested that the surface hardness and shear strength of
materials could be deduced from microhardness.

A surface damaged layer nearly always exists on
Hg,—-Mn,Te wafer surface after the processing, such as
cutting or polishing. Usually, 2%—5% Br-MeOH solution
is used to remove the layer to obtain a clean surface,
which will in return produce Te enrichment there[9]. The
Te enrichment will interconnect with the surface
damaged layer, which will make the problem more
complicated.

The aim of this study is to determine ISE of
Hg,,Mn,Te, to reveal the effect of surface treatment
methods on ISE. The surface hardness and shear strength
of Hg;_,Mn,Te will be estimated by measuring
microhardness.

2 Experimental
2.1 Sample preparation

Hg,-.Mn,Te wafers with 15 mm in diameter and 1.5
mm in thickness were cut from ingots perpendicular to
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Fig.1 Schematic diagram of indentation size effect[2—8]

the centerline. The ingots were grown by the modified
Vertical Bridgman Method. The wafers were first
roughly polished by using diamond paste, and then finely
polished using 5 and 0.5 pm MgO powder until there is
no any visible nick on the surface. Finally, the wafers
were chemically 2%(volume
Br-MeOH solution to remove surface damaged layer.
The composition of the wafer was measured using

etched in fraction)

electron probe.

2.2 Sample measurements

Hardness measurements were performed at room
temperature by Vickers hardness tester attached to a
Leica metallurgical microscope. The art closed loop load
cell technology was used to measure the applied force,
ensuring the loading force to be constant during the test
dwell time. The Vickers indenter is a diamond
square-based pyramid with an angle of 136° between
faces. The depth of the indentation is about one-seventh
of its diagonal length. The applied indentation loads were
25, 50, 100 and 200 g, respectively. The indenter was
kept in contact with the surface for 15 s for all the trials.
Six measurements were carried out at different sites on
the middle of each wafer, and the average values were
taken as the hardness of the wafers. The distance
between two indentation points was three times more
than the pit diagonal length to avoid any mutual
influence of the indentations.

The microhardness measured by Vickers method is
defined as the ratio of the load applied to the projected
area of the indentation and is expressed by the following
relation[10]:

P
Hy = 1.854(61—2] (1)

where Hy is the Vicker’s microhardness; P is the applied
load and d is the diagonal length of the impression in
mm.

3 Results and discussion

Fig.2 shows the variation of microhardness (Hy)
with the applied load (P) for HgyosMngosTe with
polished and etched surface. It is seen that Hy values of
the wafers after etching for 3 min and 5 min follows ISE
relation shown in Fig.1. But before etching, Hy on the
only polished surface almost keeps constant at the lower
applied load from 25 to 200 g, and only have a small
drop of hardness at the load of 200 g. When the sample
surface is etched for 3 min and 5 min, Hy apparently
increases with the increase of etching time for all the
applied loads between 25 to 200 g. The investigations
showed that the thickness of the surface damaged layer
of Hg,_.Mn, Te wafer surface after polishing was 15—17
pm[11-12]. Table 1 lists the variation of the thickness of
the surface layer removed Ad through etching with the
etching time, which were calculated using the following
relation:

Ad:%(do—m—xdol )

my

where d is the thickness of the wafer before etching; m
and m" are the masses of the wafer before and after
etching, respectively.
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Fig.2 Dependence of Vickers hardness of Hggo4MnggsTe on
applied load

It can be seen that after etching for 3 min, the
surface damaged layer was fully removed. When the
etching time was prolonged, an about 20 A-thick Te
enrichment layer was formed on the surface[9]. Because
the surface damaged layer softens the surface, the
hardness of non-etched surface does not increase
following the normal ISE behavior at lower load.
However, Te enrichment layer hardens the surface.
Therefore, different from the non-etched surface, the
over-etched surface with a Te enrichment layer shows a
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Table 1 Mass and thickness of surface layer removed of
Hgp 94Mng o6 Te wafer after various etching time

Thick f surf:
Etching time/s Mass/g Thickness/mm lekness of surtace
layer removed/pm

0 1.712 1.196 0
30 1.701 1.188 4.0
60 1.693 1.183 6.5
120 1.679 1.173 11.5
180 1.666 1.164 16
240 1.655 1.156 20
300 1.643 1.148 24

higher hardness. It can be concluded that the surface
damaged layer weakens ISE behavior of the
HgposMngosTe wafers, but that of the Te-rich layer
reinforces it. The hardness measured on the
Hgp9sMng o¢Te surface after 3 min etch is very close to
that of a perfect Hgyo4MngsTe surface, and should be
chosen for ISE researches.

3.1 Meyer’s law

Fig.3 shows the variation of microhardness (Hy) of
Hg,-.Mn,Te with the applied load (P). It can be seen that
Hy for all of the wafers keeps decreasing with the
increase of the applied load from 25 N to 200 g. The
critical indentation depth h, suggested by ILIE and
JANIS[2] for Hg,—Mn,Te crystal is over 15 um, beyond
which Hy becomes independent of applied load. ISE of
Hg,.Mn,Te based on the experimental results was
analyzed with Meyer’s law[2, 6, 10], which is widely
used to explain ISE behavior. According to Meyer’s law,
the relationship between the applied load (P) and the
indentation size (d) can be written as

P=kd" 3)

where the exponent 7 is the Meyer’s index, and k is the
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Fig.3 Dependence of Vicker’s hardness of Hg,—Mn,Te on
applied load

standard hardness constant. The Meyer’s index n is
usually used as a measure of ISE. When n 2, the
hardness decreases with the increase of applied load. The
index n of Hg;_ . Mn,Te can be obtained from the plots of
In P against Ind, as shown in Fig.4, and the fitted n
values are listed in Table 2. It is seen that the index n
decreases from 1.93 to 1.90 with the increase of x value
from 0.05 to 0.11, meaning that ISE is more significant
for Hg,-.Mn, Te with higher x value. Because of the solid
solution hardening effect of Mn”', the hardness of
Hg,.Mn,Te increases with x as shown in Fig.3.
Therefore, the results also show that ISE increases with
the increase of material hardness.
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Fig.4 Plot of InP vs Ind according to Meyer’s law

3.2 Power law

Even though Meyer’s law can explain ISE behavior
of Hg,_Mn,Te qualitatively, the physical significances of
the parameters k and n are still not well understood
because it is just an empirical relationship, and is initially
brought forth based on spherical indentations. For
pyramidal indentation, a power-law relationship between
the hardness Hy and the indentation depth /4 defined by
Eq.(4) was confirmed by many experimental data[13]:

Hy=ch™ 4

where c is a constant and m is the power-law exponent or
the ISE index. According to Eq.(4), the plot of IgHy vs.
lgh should yield a straight line. Fig.5 shows such plots,
where the parameters ¢ and m can easily be determined
from the intersection point and the slope of the curves,
respectively. The fitting results are shown in Table 2. m
quantitatively characterizes ISE behaviors. Opposite to
the Meyer’s index n, m decreases from —0.078 to —0.100
with the increase of x from 0.05 to 0.11. According to the
relationship of 1gHy vs lgh, the real surface hardness of
materials can be obtained using extrapolating the 1gHy vs
lgh curves to the indentation depth equal to the lattice
constant. Experimental data of many materials show that
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Table 2 Fitting results of parameters n, m, Py, k; and surface properties
Parameter Meyer index, n ISE index, m Py/g ki/MPa Surface Shear
strength/MPa strength/MPa
Hgp9sMng osTe 1.93 —0.078 3.11 148.96 347.21 694.53
Hgp93Mng o, Te 1.92 —0.087 3.70 155.82 374.75 749.50
Hgp.91Mng oo Te 1.90 —-0.10 424 161.70 378.28 756.56
Hgj oMny 1, Te 1.90 —-0.10 4.41 167.58 391.51 783.12
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Fig.5 Dependence of hardness of Hg;_,Mn,Te wafer surfaces
on indentation depth

the extrapolated surface hardness values are about two
times higher than the theoretical shear strength[2]. The
extrapolated surface hardness and shear strength of
Hg,-Mn,Te are listed in Table 2. It is seen that the
surface hardnesses of Hg;_ . Mn,Te are 347.21, 374.75,
378.28 and 391.51 MPa, and corresponding shear
strength values are 694.53, 749.50, 756.56 and 783.12
MPa, for Hg;-.Mn,Te with the x values of 0.05, 0.07,
0.09 and 0.11, respectively.

3.3 Hays—Kendall approach

HAYS and KENDALL[14] assumed that the
resistance to indentation deformation could be evaluated
by considering it a Newtonian resistance pressure of the
specimen itself. When a load P is applied to a specimen,
P is partially affected by a small resistance pressure.
Based on the hypothesis, P is described as[14]

P=P+kd* (5)

where Py, is the minimum test load necessary to initiate
plastic deformation, below which only elastic
deformation occurs; k; is a load-independent constant.
Fig.6 shows the plots of P vs d* according to Hays—
Kendall approach. The data show an intimated linear
relationship. This implies that the Hays—Kendall
approach is suitable for describing the microindentation
data of Hg;_Mn,Te. The calculated P, and k, from

experimental data are listed in Table 2. It is seen that P,
increases from 3.11 to 4.41 g with the increase of x from
0.05 to 0.11. This means that the necessary minimum test
load increases with the hardness of Hg;—,Mn,Te.
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Fig.6 Plot of P vs d’ according to HAYS and KENDALL

approach
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3.4 Theory of strain gradient plasticity

During the last decade, the mechanisms of ISE
based on the theory of strain gradient plasticity (SGP)
have been developed[15—16]. From the Taylor’s theory
of dislocation work hardening for crystalline materials, it
was suggested that both the statistically stored
dislocations created by a homogenous strain and
geometrically necessary dislocations related to the strain
gradients contribute to the hardness. ISE is related to the
increasing contribution of geometrically necessary
dislocations at small indentation depths. A simple model
of geometrically necessary dislocations has been derived
by STELMASHENKO et al[17]. Using this model, NIX
and GAOQO[16] found that the strain gradient law implies
the following relationship for the hardness:

*

1+h—
h

Hy
H,

(6)

where H, is the hardness arisen from the statistically
stored dislocations in the absence of strain gradient
effects and /* is the characteristic length (depth), at
which the effect of strain gradient becomes comparable
to that of strain. Fig.7 shows that there exists remarkable



s766
1.3x10°} *— HgogoMngy Te
44— ] Ig”.‘” MI'I[]I[]LJTe
5|~ Hgpg3Mngg7Te
1.2X10° [ =— HgggsMng gsTe
B 1ax10°t
=
= 1.0X10°}
0.9X10°
0.8X10° |

0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
B am™!
Fig.7 Plot of Hy? vs A" according to theory of strain gradient

plasticity

deviation between the experimental data and the fitting
lines of Hy? vs 1/h. This indicates that SGP model as a
simplified approach is insufficient for the description of
such a complex phenomenon of ISE.

Based on the above discussion, we can conclude
that the power-law relationship between the hardness and
the indentation depth and the Hays—Kendall approach are
more preferable in this work. They are not only valid for
the description of ISE of Hg;_ . Mn,Te but also provide an
estimation of the surface hardness, shear strength and the
minimum load required for initiating the permanent
deformation. However, the Meyer’s law gives only
limited information and SGP model is insufficient to
describe ISE behavior of Hg;_ . Mn,Te.

4 Conclusions

1) The surface damaged layer of Hg;—Mn,Te
wafers produced by polishing weakens the indentation
size effect, but Te enrichment on the wafer surface due to
over-etching reinforces it.

2) The minimum test loads necessary to initiate
plastic deformation for Hg, . Mn,Te increases with the x
value, which are determined to be 3.11, 3.70, 4.24 and
4.41 g for Hg;_Mn,Te with the x values of 0.05, 0.07,
0.09 and 0.11, respectively.

3) The surface hardness values of Hg;_ Mn,Te are
347.21, 374.75, 37828 and 391.51 MPa, and
corresponding shear strength values are 694.53, 749.50,
756.56 and 783.12 MPa, for Hg,,Mn,Te with the x
values of 0.05, 0.07, 0.09 and 0.11, respectively.

4) The power-law relationship between the hardness
and the indentation depth and the Hays—Kendall
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approach are more preferable to explain ISE of
Hg,-Mn,Te, by which the surface hardness, shear
strength and the minimum load required for initiating the
permanent deformation of Hg;_Mn,Te can be also
estimated.
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