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Investigation of time-dependent characteristics
of materials and micromechanisms of plastic
deformation on a submicron scale by a new
pulse indentation technique

YU. I. GOLOVIN, A. |I. TYURIN, B.YA. FARBER*#
Department of Physics, Tambov State University, Tambov, Russia
E-mail: golovin@tsu.tmb.ru; ygolovin@inbox.ru,; bfarber@zircoa.com

A new pulse technique is proposed to investigate dynamics and micromechanisms of
plastic deformations of materials underneath the indenter during microindentation. It is
established that the process of indenter penetration under pulse loading conditions can be
described by several distinct stages (as many as four in some cases) differing in kinetics
and activation parameters. In each investigated material, the first stage was characterized
by a high strain rate (>10% s~") and the high contact stresses (dynamic hardness), which
exceeded static hardness by factor of 5-10. Typical values of activation volumes during the
first stage were of the order of 1073° m3, i.e. close to the volume occupied by an atom (ion)
in a lattice. During the second and the subsequent stages, the activation volume in ionic
crystals increased up to about 10728 m3,( i.e. 10b%, where b is Burger’s vector of glide
dislocations). Dynamics of initial stages of the indenter penetration was, therefore,
determined by elastic and subsequently by plastic deformation, which is carried out by
non-equilibrium point defects (most likely by interstitials or crowdions). A relative role of
point defects in the process of mass transfer underneath the indenter and its contribution
to microhardness is estimated. In soft materials (NaCl, LiF, Pb) during long indentation
times (>1 s) contribution of point defects can be estimated as more than 10%, and in the
case of hard materials (Si, amorphous alloys) became closer to 100%. Dynamics of the final
stages of the indenter penetration in soft crystals were governed by the dislocation creep.
In all investigated materials for short indentation times («1 s) plastic deformation
underneath the indenter occurred predominantly via generation and motion of interstitials
and their clusters containing a few atoms. © 2002 Kluwer Academic Publishers

1. Introduction
Dynamic, time-dependent material properties, the
spectrum of generated structural defects and atomic
material-transfer mechanisms during collisions of
solids are extremely important for understanding the
nature of surface damage and hardening, grinding,
milling, mechanical activation of chemical reactions
and mechanical alloying, abrasive wear, and so on.
Hardness test -a traditional method for express in-
vestigation of the mechanical properties of solids (in
particular, thin films and sub-surface layers) involves
measurements of the residual impression size left on
a sample surface by a hard indenter. A significant im-
provement in the capabilities of hardness testing is at-
tributed to depth-sensing technique, proposed in the
early seventies [1]. Controllable penetration of the in-
denter and continuous recording of the resistance force,
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F, as a function of the penetration depth, h, made it
possible to localize zone under study within few nm?
[2-7]. So far, primary application of the nanoindenta-
tion method was measurements of the macroscopical
material’s properties (such as hardness and modulus of
elasticity). High measurement accuracy requires high
force and spatial resolution, which were achieved in
nanoindentation by relatively slow (quasi-equilibrium)
loading and unloading (the whole cycle conventionally
takes about a minute). Low time resolution of the tra-
ditional nanoindentation method significantly limits its
capabilities to study very early stages of the indenter
penetration into the material, which is very important
for understanding mechanisms of point defect genera-
tion during indentation.

There are many papers devoted to kinetics investi-
gation of the last slow stages of the penetration during
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Figure 1 A schematic diagram for measurements of time-dependent
characteristics of materials by fast displacement sensitive indentation.
1: “rectangular” load pulse Fo(t); 2: indenter penetration depth A (z).

creep regime, with the size of the residual impression
being changed within several percent during a period
of 10? = 107 s (see for example [8—117).

Kinetics of the fast indenter penetration has been
described in [12, 13]. However, the time resolution in
these works was too low to study the most interesting
initial stages of the indenter penetration.

It is well known that the simplest and the most
comprehensive way to investigate dynamical prop-
erties of a system is to analyze its response to a
quasi-instantaneous excitation. In our work, we have
employed this approach to study indentation process
by applying an “instantaneous” test load to the inden-
ter and continuously recording kinetics of its penetra-
tion into the material with an adequate time resolu-
tion (Fig. 1). The penetration kinetics in this case is
determined exclusively by dynamic properties of the
material and structural defects in it, provided that the
penetration starts with zero initial velocity (at the ini-
tial position, the indenter slightly touches the surface
of the specimen). As a result, it becomes feasible to an-
alyze continuously in situ the deformation velocity as
a function of the instantaneous contact stresses, and to
distinguish various stages of the process, and to subject
them to thermoactivation analysis. The magnitudes of
an activation energy and activation volume allow in turn
to understand the micro-mechanisms of mass transfer
underneath the indenter. In other words, studying time
dependent characteristics of solids make it possible not
only to measure a dynamic hardness, Hgy, but also to
understand the nature of microhardness in connection
with basic physical processes of nucleation and motion
of certain structural defects.

In this paper we describe a new technique for in-
vestigation of the dynamics of the residual impression
formation with a spatial resolution of 1 nm and time
resolution of 50 us. We were also able to investigate
electrical processes [14, 15] accompanying indentation
with a time resolution of 0.1 us. The results obtained
for single crystals of Si, MgO, LiF, NaCl, KCl, Pb,
Al with various impurity contents and for some amor-
phous alloys in a temperature range 77-293 K are an-
alyzed in terms of dynamics and mass transfer micro-
mechanisms underneath the indenter [16, 17].
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Figure 2 A schematic diagram of experimental tester: 1: piezo - gauge;
2: sample; 3: antenna; 4: indenter; 5: suspension diaphragm; 6: ca-
pacitance displacement gauge; 7: movable coil; 8: permanent magnet;
9: shield; 10: capacitive displacement gauge amplifier; 11: function gen-
erator; 12: data acquisition system; 13: computer.

2. Experimental technique

The apparatus contained a horizontal shaft mounted on
two soft flat springs for frictionless straight displace-
ment (Fig. 2). The Berkovich diamond pyramid inden-
ter was mounted on the left end of the shaft and an
electromagnetic force transducer was attached to the
right hand side of the shaft. A micrometer screw was
used to position the sample within a close proximity to
the indenter. The moment of contact between sample
and the indenter and the subsequent time dependence
of the penetration depth, h(t), were monitored by a ca-
pacitance gauge. The signals from displacement sensor
and the load cell were recorded by PC controlled Data
Acquisition System, which allowed their synchronous
registration within an accuracy of 25 us. The displace-
ment sensitivity and the time resolution were 1 nm and
50 us, respectively. Loading and unloading indentation
cycles were accomplished by programmable variation
of electric current in the electromagnetic force trans-
ducer, with the duration of the whole cycle being var-
ied from 0.1 ms to 300 sec. It enables generation of
load pulses of different shapes (triangular, saw-tooth
and square wave). Dependencies F (%) for LiF and Si
for different duration of a full loading-unloading cy-
cle by a symmetric triangular force pulses are shown
in Fig. 3 to illustrate the capabilities of our tester to
conduct research of the dynamic nanohardness.

Under the action of a “rectangular” load pulse, gen-
erated by the electromagnetic force transducer (pulse
leading edge duration ~0.1 ms), the shaft with the in-
denter advanced with a constant acceleration in the ab-
sence of a sample (Fig. 4), and without any delay from
the moment of switched on current. This means that
a steady force F was indeed applied to the mobile
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Figure 3 Shape of a loading pulse (a). Load - displacement curves for different duration t and maximum load Fj in two crystals: LiF, T =293 K,

t=10s(b); Si, T =293 K, t=10s(c); Si, T =293 K, t =50 ms (d).
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Figure 4 Time dependence of indenter displacement 47 = f(¢), 1: with-

out a sample, 2: with a NaCl sample, 3: indenter acceleration = d211/dr2,

4: F = f(¢t) in the absence of the sample. =293.

parts of the tester (friction effect is negligible). Due to
negligible friction effect, measured time dependencies
of the indenter penetration depth into material, £(%),
(see for example, Figs 4 and 5) reflects dynamics of

physical processes in the deformation zone and can be
used for identification of atomic mechanisms of ma-
terial displacement underneath the indenter. The same
arguments can be used to interpret the time dependen-
cies of resistance force of the material to indenter pene-
tration F'(t): in these conditions it was also determined
only by properties of sub-surface layers of the sample.
Actual duration of the pulse leading edge F(¢) (i.e. the
time required for the applied force to reach an amplitude
value, close to the value of Fy generated by the elec-
tromagnetic force transducer) constituted several ms
(1-3 ms depending on the material and applied force).

To record the electrical signal induced by the for-
mation and motion of charged structural defects un-
derneath the indenter, the sample was placed between
two identical probes. The potential difference from
these probes was applied to the differential input of
a broad - band (10~'-10° Hz) amplifier with an input
resistance of 10'" Ohm. This arrangement provided an
opportunity to record the sample electric dipole mo-
mentum, P(¢), synchronously with the indenter pen-
etration depth. It is well known, that in crystals with
ionic or covalent bonds almost all of the structural
defects (dislocations, impurity atoms, vacancies, etc.)
carry an electric charge [18, 19]. Their displacement
during mechanical loading leads to electrical polar-
ization of the crystal. The dynamic dipole momen-
tum, P(¢), as shown in [20,21], is proportional to the
quantity and displacements of moving charged defects.
It provides an additional opportunity for the in situ
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Figure 5 Time dependence of indenter penetration (/(f) — 1) and electric dipole momentum (P (¢)- 2) for some ionic crystals: (a) LiF- T =293 K;
(b) LiF- T =293 K; (c) KCl:Ba (0,1 mol% Ba) - T- 77 K; (d) LiF - T-77 K.
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non-contact registration of the dynamics of micro-
mechanical events. This information can be very use-
ful for practical applications; as an example—it was
shown in [22] that wear resistance of zirconia based
ceramics correlates well with properties of the particu-
lar material to retain electrical charges injected into it.
Another example—the amplitude and frequency spec-
trum of electrical signals, generated as a result of irra-
diation of NaCl, LiF and ZnS samples by high power
beam of CO; — laser, is completely determined by the
character of optical damages in the sub-surface layers
and by a type of generated defects (rosette dislocations,
cracks or fusion zones) [23].

3. Results

Despite large differences in mechanical properties of
investigated crystals (their Young’s modulus differed
more than an order of magnitude and hardness differed
almost two orders of magnitude), the indenter penetra-
tion kinetics was qualitatively similar. 4(¢) curves show
typical s-shape behavior. Following initial 1-3 msec
of activation time, A(¢) rapidly increased and attained
80-90% of its final value during 10—12 ms from the on-
set of displacement. During the same time, P (¢) reached
25-30% of their final values (see Fig. 5a) (except for
MgO, Si and metals where polarization has not been de-
tected). The depth, A(t), reached its final values within
10to 100 sec of loading, and P (¢) —within 10 to 300 sec.
This duration depended on type of material studied, test
temperature, and amplitude load. Generation of cracks,
observed in optical microscope during unloading [24],
was accompanied by abrupt changes in P(¢) with the
duration of the pulse leading edge being ~1 us. The am-
plitudes of these jumps of both polarities were ~10% of
the final signal amplitude, clearly distinguishing them
from usually slow variations of P (¢) (9o > 10-20 msec)
which is typical for processes involving plastic defor-
mation [20, 21,24-26].

We noticed some peculiarities in the P(¢) behavior
during initial stages of the indenter penetration. In all of
the investigated ionic crystals we observed that activa-
tion time for P (¢) was from 1 to 4 msec longer than for
h(t) (see, Fig. 5b). This delay was slightly dependent
on the temperature and the applied load. In contrast to
all the crystals studied, P (¢) changed its polarity during
indenter penetration in KCI:Ba (0.1 mol% Ba) crystals
(Fig. 5¢).

In a number of experiments, /(¢) showed damped
oscillations (Fig. 5d). These oscillations were ob-
served only in relatively hard materials (or during
low temperature tests), provided that load pulse lead-
ing edge was shorter than 2 msec (MgO and Si at
room temperature, LiF at T <200 K, NaCl and K 1
at T <100 K). Similar oscillations were observed in
[13] during high rate indentation of In. Indentation of
soft crystals (KCl, NaCl, LiF, Pb, and Al) at room tem-
perature did not show oscillations. We demonstrated
that these oscillations are not related to resonant fre-
quency of the test apparatus but related to “indenter
— contact zone”. The dynamic model of the oscilla-
tory system (Fig. 6) takes into account the mass of

A
/ Fo (1)
/

NNV N N N N N N N N N N NN

Figure 6 A model representation of an oscillating system. 1: indenter;
2: sample; mq: mass of the movable part of load cell; C and D, C; and
Dy; C, and Ds: stiffness and damping coefficients of the indentation
zone, the suspension and the shaft respectively.

movable parts of the loading unit, m, the stiffness
of the springs of suspensions C, the stiffness of the
shaft C», the stiffness of the sample in the contact
zone C, and the dissipative properties of these elements
with corresponding coefficients of damping D, D, and
D. The most complicated and important parameter is
C =kE,A'?, where k-is the proportionality coefficient
depending on the shape of the indenter [5-7], A = G h?
is the projection of the contact area of the inden-
tor, E,=[(1—v)E~ '+ (1 — vi)Efl]_l is the effec-
tive Young’s modulus, E and v - are Young’s modulus
and Poisson’s ratio for the sample material, E; and v; -
for the material of the indenter, respectively. Circular
frequency of the natural damped oscillations w is corre-
lated with these parameters through the obvious equa-
tion w={[(C'+C;H " +Cilmy"' — D*V/2. De-
sign details of the test apparatus were taken into
acount to meet the following requirements: Cp > C,
C1«C, Di«D and D, <D (in our appara-
tus, C,=50 MN/m, C;=1 kN/m, D;<1 s7!,
Dy <0.1 57!, D>30 s~! and the measured value of
C was <1 MN/m). The regime of penetration and the
arising oscillations, in the first approximation, depend
only on the properties of the material in the contact
zone, i.e. on C and D values. Increase in / results in
the proportional growth of C. At some critical value
h., the regime changes from a periodic to oscillatory
due to Cmy ! exceeding D?. These regime changes in
our crystals occurred only at . ~3-14 um. The fre-
quency of self-oscillations of the movable suspended
mass was much lower than w, and the frequency of
self-oscillations of the shaft was much higher than w.
Therefore, these oscillations did not interfere with the
measuring procedure.

Thus, the amplitude, frequency, and decay decre-
ment of oscillations provides information on mechan-
ical properties of material in the contact zone. Mea-
surements of the parameters of self-oscillations in the
“sample — indenter system can be used to calculate the
Young’s modulus in microvolumes (1-103zm?).

Continuous registration of the penetration depth of
the indenter vs time A (¢) allows estimation of instanta-
neous values:
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Figure 7 Time dependence of the indentor displacement & = f(¢), dis-
placement velocity v =dh/dt = f(t), applied load F = f(¢), dynamic
hardhess Hq = f(¢) for (001) surface of LiF, at T =300 K. Indention
load - 0.11N.

i) linear velocity v(¢) =dh/dt;
ii) strain rate &(t) = dh/ hdt;
iii) resistance force of the material to indenter pene-
tration F (t) = Fo — mo(d*h/dt?);
iv) averaged over the imprint area of contact stresses
under the indenter o (¢) = F (¢)/A(t) or dynamic hard-
ness by Meyer Hd(t) = o (¢).

F (¢) can be measured independently by piezoelectric
transducer (see Fig. 2).

Typical dynamic dependencies v(¢), F(t), Hy(t) in
case of LiF crystals are shown in Fig. 7. Accu-
racy of definition o (¢) and Hy(¢) at the initial stages
(h > 0.5 um) may be estimated as ~10-30%. How-
ever, with increasing values of 4 and A the estimation
error of o(¢) and Hy(t) decreased, and the resistance
force F(¢) was asymptotically approaching a predeter-
mined force Fy In 5-7 ms from the onset of loading,
a relative error in estimation of o (t) and Hy(f) was ~
few percent. At ¢t > 1s, Hy reaches the static value of
hardness Hy determined independently by a traditional
hardness tester.

Process of indenter penetration into investigated
crystals consisted of as many as four distinct stages (in-
stead of just two stages—fast and slow—, usually pos-
tulated so far). It can be seen from the Kinetic curves of
fné = f(t)and £n P = f(¢) plotted in semi-log coordi-
nates (Fig. 8). The strain rate decreases almost linearly
in each stage, which suggests an exponential relaxation
process. & ~ &, exp(—kt) [or P ~ P, exp(—ki1)].

The differences in the k (k1) values on different stages
were as high as four orders of magnitude, and the differ-
ences in the pre-factor values (&,, P,) were more then
five orders of magnitude. These drastic differences in
the quantitative description of /(¢) and P (¢) at different
stages suggest changes in the rate controlling processes
(presumably changes in the mass transfer mechanism
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in the contact zone). As seen from Fig. 8, rate depen-
dencies of &(¢) and P () can be described by the same
number of stages with a similar duration for each stage
(despite obvious dissimilarities in the shape of /(¢) and
P(t) curves (see Fig. 5). These dissimilarities in the
h(t) and P(¢) curves provide an indirect prove that they
contain an independent information and can not be ex-
plained by a trivial “dynamic capacitor” effect.

4. Discussion

“in situ” recording of indenter penetration dynamics
provides a uinque opportunity to obtain valuable infor-
mation about the sequence and the nature of the pro-
cesses taking place underneath the indenter.

It should be mentioned, that despite a relatively low
absolute indenter velocity (less than 1 mm/s, see Figs 5
and 7), small size of the deformation zone (*/) leads
to very high apparent strain rates, &, of the material
underneath the indenter during initial stages of inden-
tation (first few milliseconds). The maximum attainable
strain rate is &€ = A /h> 10% s~ !, which is comparable
with a typical values for high-speed collisions between
macroscopic bodies. It is a well-known that plasticity
of even very soft crystals is greatly suppressed under
these conditions. As a result, quasi-elastic deformation
should dominate up till much larger loads, than it is
usually observed during quasi-static process of nanoin-
dentation [3,27,28]. Dynamic hardness during initial
stages of indenter penetration exceeds several times (up
to 10) the static one.

Fig. 9 shows that initial stages of the penetra-
tion velocity-force dependence can be described by
a straight line. Extrapolation to o¢g=0 will provide
an apparent velocity &g at the onset of plastic defor-
mation. Temperature dependence of £nég is shown in
Fig. 10. Data can be described by an Arrhenius law
E=¢gexp(U — yo).

Activation volumes y obtained from the slope of £ne
vs f(o) at the initial stages of penetration have very
low values ~1073° m? for all investigated materials
(see Fig. 8). Corresponding activation energies—U —
for ionic crystals were ~0.01-0.1 eV (depending on
the temperature).

Apparent values for activation volumes as a fraction
of a volume (V.) occupied by an atom (cation) in the
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Figure 9 Stress dependence of the strain rate for ionic crystals: KCI - 1;
NaCl - 2; LiF - 3; MgO - 4.
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Figure 10 Temperature dependence of the strain rate for LiF crystals.

lattice at normal pressure implies that plastic defor-
mation occur via motion of individual atoms. Effect
of hydrostatic confining pressure on the diffusion rate
also provides an estimate of y as ~0.6-0.7 V.. It should
be mentioned that there are alternative diffusion related
mechanisms of dislocation plasticity (dislocation climb
for example), which are also characterized by small val-
ues of y &~ V.. However, at low temperatures used in
our study they are too slow to sustain high strain rate
&~10% s~! observed during initial stages of indenter
penetration. Low activation volume and high strain rate
at low indentation temperatures support earlier ideas on
mass-transfer mechanisms via non-equilibrium point
defects (interstitials or crowdions) [29-31].

As seen from Fig. 8, at later stages of indenter pene-
tration (¢ > 10 — 12 ms), H4 approaches static value of
microhardness Hg, U (in ionic crystals) increases up to
values ~0.2-0.3 eV and y - up to 10728 m>. For these
indentation stages y values become closer to ~10 b3
(where b — Burgers vector of glide dislocations). These
values for activation volume are typical for dislocation
mechanism of material flow underneath the indentor
[8-11,32,33].

In [34, 35] binding and migration energies of inter-
stitial clusters in some f.c.c. crystals were calculated
by molecular dynamics simulations in a multi-particle
potential. It was shown that such clusters are formed
during t < 107! s, with the formation energy for indi-
vidual interstitial atom being ~ several eV. These clus-
ters of interstitial atoms can move with very low acti-
vation energies (~1072 eV) along directions of close
packing, which can provide a very effective crowdion
mechanism for mass transfer. As follows from the above
discussion, our interpretation of experimental data are
in agreement with the results of computer simulations
[34,35]. Apparently, high stress concentration at the
initial stages of indenter penetration leads to genera-
tion of high density of non-equilibrium point defects
(without thermal activation). Low values of U and y
during several first ms of penetration imply that sub-
sequent displacement of these non-equilibrium point
defects involves thermal activation.
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Figure 11 The scheme of deformation mechanisms change at print for-
mation. 1: activational volume of y for soft materials (Pb, NaCl, LiF);
2: activational volume y for hard materials (Si, amorphous metal alloy
CospFe3sBis); 3: dynamic microhardness Hy. F(¢): “rectangular” force
pulse. Hy: quazistatic hardness.

Since in the above describe estimations of y we did
not take into account several factors, namely: elastic
component of deformation, inhomogeneity of applied
external stresses and an effect of internal stresses, the
accuracy of y assessments is not very high, specially
during initial stages of indentation (10-30%). Despite
relatively high error in y estimations, certain distinc-
tions between potential mechanisms involved in mass-
transfer can be drawn from the available data. Differ-
ences in activation volumes between point defect’s and
dislocation-controlled processes of plastic deformation
are usually 2-3 orders of magnitude [29]. This differ-
ence is far beyond uncertainty in our evaluations of y.
A schematic diagram representing transitions between
dominating mechanisms of plastic deformation during
residual impression formation is shown in Fig. 11.

There are numerous independent experimental
evidences of generation and motion of high con-
centration of non-equilibrium point defects during
indentation [36—42]. However, reliable quantitative
information regarding non-equilibrium point defect
concentration and their mobility is still lacking.

We used results obtained in the present work to pro-
vide quantitative information regarding relative contri-
butions of non-equilibrium point defects and disloca-
tions in the displacement of material’s volume during
residual impression formation [43]. We assumed that
for activation volumes y, < 10 x 1073% m? plastic de-
formation is defined by point defects and their clusters,
and for y, > 50 x 10739 m3 it is defined by dislocation
plasticity. Then from the loading part of the indenta-
tion curve we determined values of /; corresponding to
a transition in the mechanisms of plastic deformation.
For indenter penetration distance (/4;), we estimated
displaced material volume as V; = (49/6) x (h;)* and
normalized this volume by the displaced material vol-
ume at the maximum penetration (syax), Which pro-
vided us with a relative contribution of point defects and
dislocations in residual impression formation. Results
of these estimations for different materials are shown
in Table I. This approach does not take into account
elastic recovery during unloading (see Fig. 3). How-
ever, elastic recovery for soft crystals was small (see
Fig. 3b) and does not significantly affect ratio of point
defects/dislocations related volumes. For hard crystals
(see Fig. 3c) dislocation plasticity was insignificant and
almost 100% of the displaced volume can be attributed
to point defects.

Data shown in Table I clearly indicate that for all
investigated materials even for relatively long inden-
tation duration (r > 1 s) considerable part of plastic
deformation and mass-transfer in the vicinity of inden-
ter imprint can be attributed to point defects (individual
atoms or small clusters of them). During initial stages
of indentation (t < 10 ms) role of dislocation plastic-
ity in mass-transfer underneath the indenter diminishes
significantly and hardly exceeds 10% even in soft crys-
tals. During initial indentation stages with prevailing
effect of point defects over dislocation plasticity, dy-
namic hardness Hy can significantly exceed its static
values Hy (see Table I).

Additional valuable information regarding mecha-
nism of mass transfer during indentation can be ob-
tained from kinetic of electrical polarization in the
vicinity of indenter impression. In alkali halides crys-
tals (NaCl, KClI and LiF) slightly doped with low level
of aliovalent impurities (~1073 at%), sing and am-
plitude of P at saturation agree well with the charge
sign and density of dislocations propagating from the

TABLE I

Contribution of Contribution of

point defects dislocations
HmﬂX
Materials Indentation load N H‘—[ Ahji/ hy AVi/V, INY AVi/V,
S

KCl 0.11 5 0.7 0.34 0.10 0.24
NaCl 0.11 7 0.69 0.33 0.17 0.42
LiF 0.11 9 0.64 0.26 0.1 0.25
MgO 6.0 10 0.68 0.31 - -
Pb 0.25 3 0.46 0.10 0.42 0.80
Al 0.25 9 0.58 0.20 0.33 0.70
CO50FC35B 15 0.25 10 1.00 1.00 0 0
Ge 2.3 10 0.67 0.30 0.26 0.6
GaAs 3.8 10 0.49 0.12 0.4 0.78

902



indenter impression into the crystal bulk. Preliminary
plastic deformation of a sample up to & ~ 10% has very
little effect on hardness, however, it significantly affect
dislocation mobility and P. During indentation of LiF
we observed that steep increase of P(¢) was delayed
for ~2—4 ms relative to /(t) (see Fig. 5b). Duration of
this activation time correlates well with the duration of
the initial, non-dislocation stage of mass-transfer. Dur-
ing initial stage of indentation in KClI crystals heavily
doped with Ba (up to ~0.1%), instead of activation
time we observed polarization signal, which is oppo-
site to the polarity expected from dislocation plasticity
(see Fig. 5¢). In 5-7 ms, sign of P changed to “nor-
mal” for dislocation plasticity. This interesting effect
can be explained assuming that initial stages of polar-
ization are caused by displacement of intrinsic cation
interstitials enhanced by high concentration of charge
compensating vacancies. Thus sign inversion of P in
heavily doped crystals is related with a change in dom-
inating carriers of plastic deformation carring oppo-
site electrical charge. Cations transport “plus” sign, but
dislocations - “minus” sign.

From the above discussion it follows that impact of
point defects should be more pronounced at low 4. It is
also well known from simple geometrical consideration
that hardness H ~ 1/h? and displaced volume V ~ /3.
Thus for low h one can expect more pronounced effect
of point defects on hardness than on displaced volume.
Relative contribution of dislocation plasticity for low
h is relatively small, thus changes in dislocation den-
sity and mobility cannot result in proportional changes
in hardness. Relatively poor sensitivity of hardness to
conditions of dislocation generation and motion was
indeed observed.

We believe that above discussion is important not
only for deeper understanding of basic mechanisms of
plastic deformation and mass transfer during indenta-
tion, but may find far reaching practical implications.
We demonstrated that non-equilibrium point defects
play an important role in material’s property known
as hardness. This information provides a new insight
on different ways for optimization of wear resistance
of structural materials.

5. Conclusion

1. A new technique for investigation of elastic and plas-
tic properties of materials and the dynamics of struc-
tural defects in micro-volumes, ~um?, was developed.
The technique is based on the analysis of the kinetics
of the indenter penetration into a material surface as a
result of quasi instantaneous load application.

2. The apparatus and the technique developed pro-
vides an opportunity to study dynamics of the indenter
penetration with the highest time resolution (~50 wus)
attained so far for displacement sensitive indentation
testers. The experimental apparatus was also capable
of recording electrical polarization of the indentation
zone with a time resolution of ~0.1 us in crystals con-
taining charged structural defects.

3. Dynamics of indenter penetration is described by
Arrhenius law. It is shown that penetration process con-

sists of several stages (as many as four in some cases)
differing in activation volume and activation energy. A
model is proposed describing dominating mechanisms
of plastic deformation and mass-transfer at each stage.
Based on the analysis of activation parameters, it is
shown that the residual impression formation involves
the following stages:

a) elastic deformation of the material,

b) plastic deformation via generation and displace-
ment of non-equilibrium individual point defects and
then their clusters (crowdions);

c¢) dislocation plasticity.

4. Relative role of different plastic deformation
mechanisms is evaluated, and it is shown that even in
soft crystals, point defects play an important role in mi-
crohardness. In hard materials (for instance, Si, amor-
phous alloys) and short indentation times, the residual
impression formation and hardness is mostly defined
by non-dislocation plasticity.
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