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Pop-in effect as homogeneous nucleation of dislocations during nanoindentation
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Using advanced depth-sensitive hardness measurements, the homogenous nucleation of dislocations has
been observed in dislocation-free single crystals. This process is related to a sudden displacement jump in the
force-displacement curve. The mechanical stress for the set-in of this pop-in effect has been estimated with the
Hertzian elastic contact theory. Experimental results of dislocation loop nucleation show good agreement with
the continuum theory of dislocations. Electron microscopy provides a direct proof of dislocation nucleation
during nanoindentation.
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[. INTRODUCTION The shear stressnecessary for homogeneous dislocation
nucleation can be calculated from the elastic self-energy
Nanoindentation is an excellent tool to determine me-stored in a dislocation loop. From the equilibrium between

chanical properties on a local scale. Moreover, the topograthe elastic energy and the work necessary to form a disloca-

phy of the residual impression can be studied in the atomiction loop of the radius in an isotropic medium,

force-microscopy mode by the same tip used for the

indentationt The physical background of the indentation 2-v Gb | ar

load-displacement behavior of single crystals on a nanometer T n E —2).

scale has been a matter of intensive experimé&rtaind o . .

theoretical~’ studies. The load-displacement curves obtainedrhermal contributions an_d the possible formation of a stack-

by nanoindentation may show discontinuities at load leveldnd fault are neglecteds is the shear modulug the mag-

below 1 mN, which characterize a sharp transition from purélitude of the Burgers vectoy, Poisson’s ratio, and, the

elastic to plastic deformation. It has been related to homogd'ner cutoff radius. The maximum of the relatier= 7(r) is

neous defect generation and surface roughness in recet critical stressr at the critical loop radius, for dislo-

model experimentd.The role of dislocation generation and cation nucleation,

slip has been discussed in comparison to structural

- 1-v 4anr

transformations. Microscopical investigations have been ~ G_b% E

. . ) Tc . 1)
used to prove defect generation during nanoindentafiof?. 27re 10
The basic process in a broad range of matefialstals, ce- ) ) )
ramics, semiconductors, ionic crystaeems to be the ho- _ 1he maximum shear stregaccording to the Tresca crite-
mogeneous nucleation of dislocatioid? rion) 7 beneath a spherical indenter can be expressed as a

During depth-sensitive hardness measurements a diamofignction of the mean contact pressure or the indentation
indenter is penetrating the sample under continuous registrd2"ce andsthe penetration degttat known tip radiusk of the
tion of force F and penetration depth. The mean contact indenter;
pressurep,, increases according to the Hertzian contact

5 (i ; 4E |h
theory'® with the square root of the penetration depth, 71 =0.46%,, =0.46 \ﬁ @)
517 R
F 4 =~ h . . — . .
Pm=—"= 3—E —. The effective elastic modulug is obtained from Young's
Ta v R

modulusk and Poisson’s ratio of the sample and those val-

Here 2a is the diameter of the contact circig, the effective ~ U€S of the indenter materigtiiamond: E; =1141 GPa,»,
elastic modulus, an the radius of the indenter tip, which is =0.07),
regarded as a sphere. The strength of the material restricts
therefore the feasible maximum contact pressure. The very _

high stress beneath the indenter may result in phase E E E;

transitionst®!” crack formation'® or homogenous disloca-

tion nucleation>!* In the present paper, the conditions of It follows from the analysis of the elastic stress field that
the latter effect are investigated in detail. the maximum hydrostatic pressure is, depending on Pois-

1 1—V2+1—Vi2
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FIG. 1. Ratio between the minimum hydrostatic pressure of Tip radius (um)

phase transitionsy, (Ref. 16, and the stress of homogeneous dis- FIG. 2. Occurrence of the pop-in effect as a function of the tip

location nucleation in different materials. The ratio of the maximum __ . . . . : .
hydrostatic pressure and the maximum shear stress calculated 1‘r0radIUSR and the der.15|ty Of. dlslogat|ons presenF in the rr?a'[.e,maN .
contact theory of isotrapic elastic bodies amounts to 2.8 sfor 9 the number_of dlslocatlons_llkely to_ be actl_vat_ed within tht_a in--
—0.35. and it is indicated as a dashed line dentgr stres_s field. The materl_als studied are indicated at their typi-
e ) cal dislocation densities. The indenter radii used are marked at the

upper scale.

son’s ratio, about 2—3 times higher than the maximum shear N~0.09R?. (4)
stress71 . For »=0.35, the ratio of the maximum hydro-

static pressure and the maximum shear stress calculated frophjs equation is illustrated in Fig. 2 in a log—log plot of the
contact theory of elastic bodies amounts to 2.8. This value igjslocation density versus the tip radius for the parameter
indicated as a dashed line in Fig. 1. Furthermore, the ratiqy=1 andN=0.01, respectively. With a high degree of cer-
between the hydrostatic pressure required for phasginty, the pop-in effect will not appear if the dislocation
transitions® and the critical shear stress of homogenous disgensity is higher than £ocm™2 for an indenter tip radius
location nucleatiodEq. (1)] is compared for different semi- =1 ,m. The pop-in effect is not expected for indentations
value is smaller than 2.8 in Si, and therefore phase transine dislocation density is low. This conclusion is confirmed
tions are initiated before; is reached. Consequently, the py measurements with different indenters and materials, in-

pop-in effect in Si cannot be described by a dislocationgjcated on the upper and right axes of Fig. 2.
model.

Homogenous dislocation nucleation is only possible if no
mobile dislocations already exist in the sample close to the

indenter. The number of dislocationd, likely to be acti- Depth-sensitive hardness measurements were carried out
vated can be calculate_d as the product of the contact areg room temperature under constant loading and unloading
between sample and indenter at the depfhwhere the (ates using the MTS Systems Nanoindenter I1. For the mate-
pop-in jump sets in and the dislocation dengitpf the ma-  yia|s tested, a variation of the loading rate within the range
terial, 1-3000uN/s did not show any significant influence on the
characteristic values measured for the pop-in effect. A load-
N=pmRh . ing rate of 1uN/s was chosen to analyze the load-
displacement curves with high accuracy in acceptable time.
) o ) The indenters used for the experiments were selected with
It should be noted thalil is a mere statistical quantity. For yegpect to significantly different tip radii ranging from 0.1 to
N=1, we assume that existing dislocations inside thejg ,m (Fig. 2, as measured by atomic force microscopy. In
stressed area take part continuously in plastic deformatiogyger to obtain universally valid results, a broad range of
and no sudden displacement jump occurs. Belw0.01,  materials was investigated. Single-crystalline metals Ni,
the pop'—.in effect has been observed experimentally with higlw), semiconductors(Si, GaAs, InP, epitaxial ZnSe on
probability. 5 GaAs, and ionic crystals (BaF CaF,) were studied in dif-
AssumingE~3G and substituting the critical shear stressferent surface orientations. For the preparation of the bulk
from Eq. (1) into Eq. (2) for h=h;, the pop-in penetration semiconductors and ionic crystals, standard polishing proce-
depth depends only on the tip radius, dures were used. In addition, cleavage faces were studied.
Panchromatic cathodoluminescen¢gL) images were
taken at 77 K in a JEOL JSM 6400 scanning electron micro-
scope operating at 8 kV. With this technique, dislocations in
semiconductors can be easily recognized, because they can
As a result of this approximation, the number of existingact as centers of the nonradiative recombination of excess
dislocations likely to be activated before the pop-in effectcarriers(dark contrastor as centers of radiative recombina-
appears can be written as tion (bright contrast against the matrix luminescence

Il. EXPERIMENT
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FIG. 4. Load-displacement curve measured during indentation
of a (111 cleavage face of CgFeompared to that of &111) surface
after grinding (dotted ling. The micrographs on the left show
etched dislocations present in the sample and those introduced dur-
ing indentation. The rows of indentations with 100, 10, and 1 mN
are visible.
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FIG. 3. CL image of a ZnSe layer with indentation® ( The deformation is pure elastic. The load-displacement
=0.1 um) with loads of 0.05 mNtwo columns on the right 0.1  curves registered exhibit no displacement jump for these in-
mN (two middle columns and 2 mN(two columns on the left  dentations with maximum load of 0.05 mN. The pop-in ef-
The low-load indentation sites are marked by circles. Typical load{fect is connected with the set-in of plastic deformation, and
displacement curves of the 0.05 and the 0.1 mN indentations, rehe loading and unloading curves are different. In contrast,
spectively, are shown below. no cathodoluminescence contrasts in addition to the in-

grown defects appear regularly at the positions of the 0.05
mN indentations, indicating that no fresh dislocations are

The formation of dislocations at indentations was studiechucleated.
by transmission electron microscopy in diffraction contrast, Transmission electron microscogfEM) could directly
carried out with a JEM 1000 microscopy operating at 1 MV.show the dislocation rosette formed at indentations in GaAs
shortly after the pop-in jumpt The dislocation loops visible
in TEM are the result of dislocation generation and multipli-
cation. The critical stress of dislocation motion is orders of

Figure 3 shows a CL image of indentations in a 4.2-magnitude smaller than the critical stress of homogeneous
um-thick epitaxial layer of001) ZnSe/GaAs. The density of dislocation nucleation. In this way, plastic deformation can
in-grown dislocations amounts tox210° cm™2. In accor-  proceed easily after dislocation generation by conventional
dance with Fig. 2, it is low enough for the appearance of thanultiplication processes.
pop-in effect. The influence of preexisting dislocations on the load-

A set of indentations produced with different maximum displacement curve is demonstrated in Fig. 4. While the dis-
loads is visible. The indentations are marked by circles foplacement jump occurs during indentation of the cleavage
the low-load experiments. In the CL image, dark contrastplane of the Caj-sample, it does not occur on(all) sur-
appear at the indentation sites for maximum lozds1 mN, face after grinding. In the latter case, the elastic-plastic de-
indicating the nucleation of dislocations. More extended disformation can proceed via mobilization and multiplication of
location contrasts are to be seen at the 2 mN indentations ithe dislocations introduced by the pretreatment, and the
the two columns on the left. There, bright and dark CL con-pop-in effect does not occur. After the pop-in jump, the load-
trasts can be distinguished. In accordance to earlier work odisplacement curves are identical. This means that the plastic
dislocations in II-VI compound semiconductors, these con-deformation beneath the indenter is comparable for both sur-
trasts can be attributed to the different core structure of polafaces. The dislocations present in the samples and generated
dislocations known as and g dislocations, respectivefy. during nanoindentations are visible in the micrographs of

The pop-in effect appears in this case and also for théig. 4 after etching in a solution of 5 HNG 1 HCIO;
indentations in the middle columns with a maximum load of +5 H,O for 15 min.

0.1 mN, as can be seen in the load-displacement curves. Figure 5 showsry calculated ah; in comparison tor,
Typical curves are shown in Fig. 3. For all indentations in thefrom Eq. (1) for different single crystals and indenters. One
two middle colums of Fig. 3, there is a scatter in the pop-incan see that; determined from the indentation experiment
load ranging from 0.06 to 0.14 mN. Before the pop-in effectat the pop-in jump is always very close to or higher than the
appears, all loading and unloading curves are identical. Thitheoretical critical generation stress of dislocations. The
behavior is found for maximum loads of 0.05 mN applied for higher values can be explained by the fact that the resolved
the indentations in the two columns on the right in Fig. 3.shear stress acting in a particular slip system is always

IIl. RESULTS AND DISCUSSION
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FIG. 5. Tresca stress; for the appearance of the pop-in effect
at different tip radii and dislocation nucleation stregsn different
materials.
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tations. To describe this effect in more detail, calculations
which take into account the anisotropy of the materials are
being carried out.

IV. CONCLUSIONS

The appearance of the pop-in effect in different single
crystals can be interpreted as a manifestation of the homoge-
neous nucleation of glissile dislocation loops. Conventional
multiplication processes of these loops permit strong local
plastic deformation. The jump in the load-displacement
curves is thus the transition from pure elastic to elastic-
plastic deformation, if no dislocations already present in the
sample can be activated. The analysis of the elastic part of
the load-displacement curve with the quasi-isotropic descrip-
tion as Hertzian contact allows us to estimate the critical
shear stress of homogeneous dislocation nucleation. Within
this isotropic approximation, the experimental results are in

smaller than or equal to the Tresca stress. Only for speciajood agreement with the theoretical estimations. The density
orientations of the slip plane and glide direction does theof preexisting dislocations determines a maximum tip radius
resolved shear stress equal the Tresca stress. This explaivisthe indenter. This explains why the pop-in effect is found

the variation of the measured for different crystal orien-

normally only in nanoindentation experiments.
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