
Mikrooszlopok 
deformációs tulajdonságai ���

���
Ispánovity Péter Dusán	


	

	




Tartalom	


•  Mérési módszerek	


•  Kísérleti eredmények	


•  Modellek	




Nagy felbontású csavarás	


•  Cu (fcc) és Zn (hcp) csövek csavarása	


•  A deformációban 10-9 felbontás	
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Fro. 2. Macro-plot of stress plastic strain behavior for a 
basally oriented specimen grown from 8 hard-grephite- 

mold spheriaal seed. 

magnitude of the millimicroplastic bursts and the 
frequency of their occurrence generally increased 
with increasing stress to the limit of stressing. A 
second insert in Fig. 2 shows a burst of about lo-’ in 
strain magnitude near the limit of stressing. A 
loading relaxation minimum is shown to have been 
produced due to the short duration (fraction of a 
second) over which the burst event took place. 
Many other such relaxation minima, but smaller in 
magnitude, were observed at recorded resolution. 
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Greatly increased plastic flow and extensive 
millimicroplastic burst activity dramatically char- 
acterize the stress-strain behavior of basally oriented 
specimens that were produced from spherical seeds 
grown in soft graphite molds. The macro-plots for 
two such specimens are shown in Fig. 3. The encircled 
regions, shown blown up to recorded resolution 
(before reduction for publication) in Figs. 4 and 5, 
respectively, reveal burst activity typically observed 
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FIG. 4. Stress-plestic strain behavior of basellv oriented 
specimen No. 3 8t recorded resolution showing det8iis 
of the millimicroplestic burst activity. Teken from the 

circled region in Fig. 3. 
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FIG. 3. Macro-plots of stress-plastic strain behavior for 
basally oriented specimens No. 1 and No. 3 seeded 
from soft-mold crystels. Circled regions are shown et 

recorded resolution in Figs. 4 and 5. 
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Akusztikus emisszió	

•  Mérések jég, Cd, Zn, Cu mintákon	


•  A mért amplitúdó (A) és a felszabaduló���
energia (E) hatványfüggvény eloszlást���
követ	


•  Exponensek:	

•  τE ≈ 1,6	

•  τA ≈ 2,0	


•  Az események forrásai egy���
D ≈ 2,5 dimenziós fraktálon helyezkednek el	


C.-M. Miguel et al., Nature (2001)	


J. Weiss et al., Science (2003)	
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acoustic events were recorded during this tertia-
ry creep. In agreement with previous results (7),
a power law distribution of energies was ob-
served over more than five orders of magnitude,
with an exponent ! " 1.6. The plastic anisotropy
of ice, coupled with the applied boundary con-
ditions and the inclination of the basal planes,
induced bending moments. In polycrystalline
ice, such bending moments are relieved by lat-
tice curvature, followed by the formation of
subboundaries and kink bands, which consist of
dislocations grouped in walls perpendicular to
the basal planes, and by a rotation of the basal
planes toward the compression axis (15). This
mechanism, called continuous recrystallization,
leads to the formation of new grains. A similar
mechanism was observed during our experi-
ment, with a rotation of the basal planes from
11° to 4° from the compression axis, and with
the nucleation of two new grains at both ends of
the sample at the end of the test. As expected,
the grain boundaries were perpendicular to the
initial basal orientation.

The location of the AE sources was comput-
ed from the arrival times of a wave at five
transducers, in a way similar to that employed to
locate microcracking events in rocks (16, 17).
The time resolution of the recording device was
0.1 #s, leading to a lower bound for the spatial
resolution of 400 #m. Only the dislocation ava-
lanches that were detected by the five stations
were located; that is, essentially the largest ones.
This filtering happened homogeneously in time
and in space. A vertical and a horizontal projec-
tion of the located hypocenters show (Fig. 1) (i)
a clustering of dislocation avalanches on the
vertical projection along a direction perpendicu-
lar to the slip (basal) planes, in agreement with

the formation of kink bands, which will eventu-
ally organize into new boundaries; (ii) a migra-
tion of the avalanches along this direction, char-
acterized by a pointlike symmetry around the
center as the crystal creeps; and (iii) a possible
preferential alignment of the avalanches on the
horizontal projection, especially for the first 300
events (red dots in Fig. 1). The migration of the
AE hypocenters [observation (ii)] might be re-
lated to the crystal rotation and the buildup of
kink bands. An analysis of the 3D spatial orga-
nization of the dislocation avalanches was per-
formed by means of a correlation integral anal-
ysis (Fig. 2). Within a scale range limited toward
small scale by the spatial resolution threshold

and toward large scale by a finite size effect
(sample diameter " 52.3 mm), we observed a
scale-invariant spatial distribution of avalanche
locations with a correlation dimension D "
2.5 $ 0.1. Whereas observations (i) and (ii)
listed above are linked to the bending moments
induced by the boundary conditions, this scale-
invariant emerging structure results from the col-
lective dislocation dynamics that self-organize
into a scale-free clustered pattern of avalanches.
This picture completes the static observations of
scale-invariant dislocation structures (2, 3) as
well as the scaling properties in terms of dissi-
pated energy (7). This suggests a dislocation
system in a close-to-critical state within a mate-

Fig. 1. 3D mapping of dislocation avalanches during creep of an ice
crystal: (A) vertical and (B) horizontal projection of the hypocenters. A
uniaxial compressive stress %11 of 1.1 MPa was applied to the cylindrical
sample (length " 86.5 mm, diameter " 52.3 mm), which led to a
resolved shear stress on the basal planes of 0.21 MPa. The temperature
was –10°C. Hypocenter locations were obtained from the arrival times at
five acoustic transducers, using a constant wave velocity of 3950 ms&1.
The frequency bandwidth of the transducers was 0.1 to 1 MHz, and the

amplitude range between the minimum and maximum recordable
thresholds was 50 dB. The hypocenters, which are concentrated on the
vertical projection along two bands perpendicular to the slip planes, have
been colored as a function of their occurrence rank within the sequence
of events. This reveals a migration of the avalanches, because the first
events are preferentially located in the upper right and lower left corners
and the last ones are in the upper left and lower right corners of the
vertical projection.

Fig. 2. Correlation inte-
gral analysis of the hy-
pocenter locations (cir-
cles). C(r), which is the
probability of two loca-
tions being separated
by less than r, scales as
C(r)' rD, with a corre-
lation dimension D "
2.5 $ 0.1 (circles) over
about 1.5 orders of
magnitude. A similar
analysis was also per-
formed for the same
number of locations
randomly distributed (a
Poisson distribution)
within the cylinder
(crosses), which gives
D" 2.9$ 0.1, which is
in agreement with the theoretical expected value of 3. This demonstrates that the clustering of
dislocation avalanches revealed by the correlation analysis is not affected by the size or the shape of the
sample. Scaling analysis is limited toward small scales by the resolution threshold that induces an
identical localization for several hypocenters, and therefore an artificial clustering, whereas a finite size
effect is visible toward large scale.
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Minták faragása FIB-bel	


•  20keV-es fókuszált Ga+ 
ionokkal bombázzuk a felületet	


•  Módszerek	

•  Felülről lefelé ill. oldalról	


•  Opcionális amorf Pt réteg	
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Figure 1
(a) Schematic of the microcompression test that highlights the spatial relationship of the sample relative to
the primary components of a commercially available nanoindentation system, which are colored in black.
(b) Schematic of the flow response of a microcrystal oriented for single slip. Solid lines represent the initial
microcrystal geometry of diameter D and length L0, and dashed red lines represent the sample after testing.
! is the angle between the slip plane normal and the load axis, and u! is the projected offset of the slip planes
after an axial displacement "L. The easy glide of a single-slip-oriented microcrystal is facilitated by the
rotation of the load point through the angle # about a distance point P (for R " L0), which allows the height
of the slip zone h0 to remain constant and relatively unconstrained. (c) Scanning electron microscope (SEM)
image of a 5-µm-diameter microcrystal sample of pure Ni oriented for single slip. (d ) SEM image of panel c
after testing. Adapted from Reference 23, with permission from Elsevier.

systems are well suited for microcompression testing because they typically produce stress-strain
curves with microstrain and submegapascal resolution for micrometer-scale samples (1). The
specific performance parameters for each testing system naturally bound the range of sample sizes
that can be interrogated.

www.annualreviews.org • Plasticity of Micrometer-Scale Single Crystals in Compression 363
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Mikrooszlop készítés	


•  Elődeformált réz egykristályból	


•  Kezdeti diszl. sűrűség: ���
≈1014 m-2	


•  Oszlop átmérő: 3 µm, 
magasság: 9 µm	
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Figure 1
(a) Schematic of the microcompression test that highlights the spatial relationship of the sample relative to
the primary components of a commercially available nanoindentation system, which are colored in black.
(b) Schematic of the flow response of a microcrystal oriented for single slip. Solid lines represent the initial
microcrystal geometry of diameter D and length L0, and dashed red lines represent the sample after testing.
! is the angle between the slip plane normal and the load axis, and u! is the projected offset of the slip planes
after an axial displacement "L. The easy glide of a single-slip-oriented microcrystal is facilitated by the
rotation of the load point through the angle # about a distance point P (for R " L0), which allows the height
of the slip zone h0 to remain constant and relatively unconstrained. (c) Scanning electron microscope (SEM)
image of a 5-µm-diameter microcrystal sample of pure Ni oriented for single slip. (d ) SEM image of panel c
after testing. Adapted from Reference 23, with permission from Elsevier.

systems are well suited for microcompression testing because they typically produce stress-strain
curves with microstrain and submegapascal resolution for micrometer-scale samples (1). The
specific performance parameters for each testing system naturally bound the range of sample sizes
that can be interrogated.
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Kísérleti összeállítás	


•  Összenyomás nanoindenterrel	


•  Lapos gyémánt összenyomó fej	


•  A műszernek is van egy rugóállandója	


2.1. Materials selection and preparation

To assess the viability of obtaining single-crystal
properties from small volumes, three di!erent materials
were selected, only one of which is described here. A sin-
gle crystal of elemental Ni, grown from the melt, was ac-
quired from Alfa-Aesar and was annealed at 1000 !C for
24 h in an argon atmosphere. Thin samples which were
oriented for single-slip deformation (surface normal ori-
entation near Æ269æ) were sectioned from the crystal
using a diamond saw. After sectioning, the samples were
mechanically polished to a 6 lm finish, electrolytically
polished, and finally annealed at 500 !C for 1 h in an ar-
gon atmosphere.

Using the FIB system, numerous samples were milled
into the surface of the prepared crystal such that the spec-
imen axial direction was normal to the prepared crystal
surface [32,33]. The sample sizes ranged from 1.0 to

40 lm in diameter. Generally, fewer samples were pre-
pared at the largest sample sizes since the machining time
was dramatically longer for the larger samples (!3 days
for 40 lm samples versus !2 h for 2 lm samples). Each
of these samples was tested in axial compression using
the flattened diamond tip and the nanoindenter. These
data were processed using standard procedures to gener-
ate stress–strain curves as a function of sample diameter.

2.2. Intricacies of the method

Conducting mechanical tests of this type presents a
few challenges. Notable is the di"culty to obtain paral-
lel alignment between the surface of the flat indenter and
the flat top of the specimen for accurate axial loading.
As a part of our now standard practice, the nanoinden-
tation system has been fitted with a goniometric sample
holder to enable more-precise alignment. Using a series
of flat test indents and the standard machine optics, the
goniometer stage may be adjusted to minimize misalign-
ment between the flat indenter tip and the specimen end.

Fig. 2 shows a 2D schematic of the specimen both be-
fore and after testing. From the figure one may observe

Fig. 2. Two-dimensional schematic of the microcrystal compression
testing experiment. Solid lines represent initial microcrystal integrally
fixed to the bulk crystal. Dashed lines represent the sample after
testing. h is the angle between the slip-plane normal and the load axis.
u 0 is the projected o!-set of the slip planes after the displacement dL.
Note that because of load-point rotation u, about a distant point P
(relative to L0), the slip-zone height, h0, remains constant with strain
facilitating easy glide.

Fig. 1. Schematic of the microcrystal compression testing experiment.
Black regions in (a) represent the configuration of the commercial
nanoindentation system outfitted with a flat diamond tip. An SEM
image of the 30 lm flat diamond tip is shown in (b). The lower grey
area in (a) represents the microcrystals machined into the surface of a
macroscopic single crystal.
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In situ összenyomógép	


•  In situ deformáció a SEM-
ben	


•  Mérés közben nm-es 
elmozdulás ill. μN-os erő 
pontosság	


•  Maximum 10 μm 
elmozdulás és 10 mN erő	


•  μm-es XY pontosság	


•  Erő- ill. elmozdulás 
vezérlés	


•  Változtatható rugóállandó 
(jelenleg 1 mN/μm)	




Mérőeszköz	




Mérőeszköz	




Oszlopok összenyomása	




Orientáció szerepe	


•  Kis méretek (<2 μm) 
esetén gyakran 
aktiválódik 
másodlagos csúszási 
rendszer	


The stress–strain curve (Fig. 2) of the LAGB pillar is
dominated by a higher yield strength, stronger hardening
and smaller load drops compared to the corresponding sin-
gle-crystalline pillars. The most apparent reason for the
strength increase of 19–41% at 1% strain is the reduction
in source size in the component grains through truncation
hardening. It should be noted that the evaluation of yield
strength in micromechanical samples is influenced by the
strain at which it is analyzed. Since an evaluation at 0.2%
strain as for macroscopic samples is not sensible due to

the lack of accuracy in micromechanical tests, we per-
formed our measurements at 1% strain. As discussed in
the Introduction, the use of a constant size e!ect exponent
for the strengthening power law is controversial; however,
to obtain an estimate for the increase in yield strength, the
phenomenological scaling law by Dou and Derby [20] and
the source activation stress formula by Rao et al. [18] were
used. Rao et al. calculated the critical resolved shear stress
of double-ended and single-ended dislocation sources of
30! mixed type with varying lengths from 233 to 933 Bur-
gers vectors and fitted the simulation data with the follow-
ing equation:

s!L" # kG
ln!L=b"
!L=b"

!2"

Here L is the source length, G the shear modulus, b the
Burgers vector and k a constant with values of 0.06–0.18
for single-ended to double-ended sources. Since the

Fig. 3. SEM micrographs of micropillars after compression; the CTB is nearly parallel to the viewing direction going from top to bottom of the pillar. (a)
Compression sample of grain 1. (b) Bicrystalline pillar containing a CTB that is comprised of grain 1 and grain 2. It can be clearly seen that the slip steps of
both grains meet perfectly along a straight line, the CTB. (c) Compression sample of grain 2.

Fig. 4. Side view of the deformed bicrystalline pillar from Fig. 3b. The
CTB runs from left to right through the top surface of the pillar and is
nearly parallel to the viewing plane. Both grains are displaced simulta-
neously into the same directions parallel to the image plane.

Fig. 5. Engineering stress–strain curve of the single-crystalline compres-
sion samples of grain 1 (gray), grain 2 (black) and the bicrystalline sample
containing a CTB (green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

P.J. Imrich et al. / Acta Materialia 73 (2014) 240–250 245

Fig. 4. SEM images of microcrystals: (a) 1 lm diameter sample after test showing intense localized shear; (b) 2 lm diameter sample after 56% shear
showing activation of second slip plane; (c) 5 lm diameter sample before deformation; (d) sample shown in (c) after !90% compressive shear
deformation; (e) and (f) 10 lm diameter samples after 9.6% and 12% shear strain, respectively; (g) and (h) 20 and 30 lm diameter samples after 20.5%
and 17.% shear strain, respectively.

4070 D.M. Dimiduk et al. / Acta Materialia 53 (2005) 4065–4077

Fig. 4. SEM images of microcrystals: (a) 1 lm diameter sample after test showing intense localized shear; (b) 2 lm diameter sample after 56% shear
showing activation of second slip plane; (c) 5 lm diameter sample before deformation; (d) sample shown in (c) after !90% compressive shear
deformation; (e) and (f) 10 lm diameter samples after 9.6% and 12% shear strain, respectively; (g) and (h) 20 and 30 lm diameter samples after 20.5%
and 17.% shear strain, respectively.

4070 D.M. Dimiduk et al. / Acta Materialia 53 (2005) 4065–4077

← Egyszeres csúszás	


Többszörös csúszás →	




Deformációs görbék	

•  A deformáció inhomogénné 

válik	

•  Az egyes diszlokációk okozzák	


•  Lavinaszerű viselkedés 



Szemcsehatárok	


•  Hall-Petch reláció: ���
	
σY = σ0 + kd-1/2	


•  d: szemcseméret	


•  σ0: egykristály folyásfeszültsége	


•  Minél finomabbak a���
szemcsék, annál keményebb���
az anyag	


•  A megfelelő szemcseméretet���
hőkezeléssel vagy deformációval 
lehet beállítani	




Méreteffektusok	

•  Csökkenő mérettel 

növekvő keménység:	


•  d: átmérő	


•  τ0: tömbi folyásfesz.	


•  n ≈ 0,6	


•  Normálás a Burgers 
vektorral ill. a nyírási 
modulusszal → 
univerzális viselkedés	
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Figure 3
Composite plot of published microcrystal flow stress data as a function of sample diameter for FCC metals.
Data in the plot have been normalized by the anisotropic shear modulus and Burger’s vector for each
material, and the reference flow stress, ! o, was considered negligible. The unique scaling slopes and stress
magnitudes for the two studies of Cu, relative to the remainder population, may imply that for those studies
some reference stress in needed. The scaling exponent n that best fits the data is approximately 0.6.

dependent on the initial dislocation density. One possibility is that the elemental materials ex-
amined by five different independent studies contain similar starting densities. In three of the
studies, this condition is met; the initial starting densities are reported to be of the order of
1012 m!2 for two of the studies (12, 25) and moderately higher in a third study (23, 32). Another
explanation is that a double-logarithm plot is not ideal for discerning subtle differences among
data.

Size-dependent strengthening is observed in both single-slip (2, 9, 12, 23) and multiple-slip
(7, 8, 25, 28) orientations. There has been no experimental microcompression study of the same
bulk crystal tested under both symmetric and single-slip orientations, and thus the quantitative
effect of crystal orientation on the size-dependent flow response is unknown. That being said, the
relative importance of crystal orientation lessens as the sample diameter shrinks to the micrometer
scale, because the stress-strain curves for both single-slip and multiple-slip orientations become
qualitatively similar when size-affected strain hardening dominates plastic flow.

BCC Metals
Measurements of body center cubic (BCC) metal plasticity using microcompression testing are
limited to pure-Mo and Mo solid-solution single crystals. In general, the behavior of FIB-prepared
BCC microcrystals is similar to that of FCC microcrystals with regard to the size-dependent
strengthening response. As the sample size is diminished, the strain-hardening behavior at small
strains displays a size-affected response, as demonstrated in Figure 4. As a result, the flow stress
measured at finite-strain values also increases with decreasing sample size. This has been deter-
mined for both symmetric (6, 29, 30, 33, 34) and single-slip (34; M.D. Uchic, J.M. Florando &
D.M. Dimiduk, unpublished research) orientations.
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τY = τ 0 +Bd
−n

M. Uchic et al.,  Annu. Rev. Mater. Res. (2009)	




Alakítási keményedés	

•  Az alakítási keményedés jelentősen megnő kis méreteknél	


•  Ezt követően: végzetes lavina	


in all cases the WHR tends toward that for larger sam-
ples. The strain bursts themselves have a wide range of
magnitudes and a greater range of incremental values rel-
ative to those observed for the 18–40 lm samples.

When the sample size drops to only 5 lm in diameter,
the CRSS is still higher than that for other samples (Fig.
3(c)). The wide scatter observed for the 10 lm samples
persists. However, as distinct from the larger samples,
before a shear strain of 10% was reached, many of sam-
ples deformed via a single rapid strain burst that pro-
ceeded to a magnitude greater than !5% shear strain
in an uncontrolled event (taking place in less than a
0.2 s interval). This was sometimes followed by a contin-
uation of the burst over the next successive control inter-
val at essentially the same stress level. Such flow
proceeded until the tests were stopped at engineering
plastic strains in the range from 10% to 40%. A similar
flow response was observed for both the 2 and 1 lm
diameter specimens (Fig. 3(d)); however, the maximum
stress achieved during the tests continued to increase
with decreasing sample size, and the shear strain
achieved prior to the catastrophic bursts decreased to
!5% shear strain. Di!erences were also observed in

the appearance of the samples after testing, with the
smallest samples exhibiting fewer slip bands that were
more active, as indicated by large single-slip-plane dis-
placements even under compression loading (Fig. 4).

3.3. Finite-size e!ects

Overall, the attributes described here for plastic flow
of microcrystals are distinct from the commonly
known behavior of both macroscopic fcc metal crystals
and the reported behavior of fcc metal whiskers. Engi-
neering stress–strain curves from representative sample
sizes are shown in Fig. 5. This figure clearly shows the
overall change in flow behavior as a function of sample
size. Fig. 6 shows a plot of the engineering stress at
!1% strain versus sample diameter. While the diame-
ters of the crystals tested overlap with those reported
for fcc metal whiskers, in no instance do the stresses
observed in the present study approach the magnitudes
reported for the whisker studies. In Fig. 6 the best scal-
ing relationship for flow stress with sample diameter
follows a 1/Dn relationship, where n has the value of
"0.6 to "0.7.

Fig. 3. Shear stress versus shear strain plots grouped by sample diameter: (a) 18 lm and greater; (b) 10–11 lm; (c) 4–6 lm; and (d) 2.5 lm and
smaller. Note comparisons to the stress–strain curve from macroscopic crystal. Also, curves are truncated at 15% strain for clarity.
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τ = Eγτ = Eγ

D.M. Dimiduk et al.,  Acta Mater. (2005)	




Kicsi vagy elődeformált minták	


•  Mo (bcc) oszlopok különböző 
elődeformációval	


•  Az elődeformáció puhítja az 
oszlopokat	


pre-strain. As can be seen, some of the pillars (e.g. pillar 4)
show relatively stable stress–strain behavior, similar to that
observed in the 11% pre-strained pillars. After compres-
sion, pillar 4 showed evidence of two non-parallel slip
bands that were active during deformation. The lower
one appears to have been constrained at the bottom, which
may have led to the activation of a second, di!erently ori-
ented slip band at a di!erent location in the gage section.
However, without in situ examination during deformation
it is impossible to know for sure which one became active
first. Other pillars (e.g. those labeled 1–3 in Fig. 5) exhib-
ited jerky flow and ‘‘stair-step” shaped stress–strain curves
similar to what has been reported in the case of FIB-milled
pillars [e.g., 14]. When examined after compression, these
pillars showed evidence of multiple, parallel slip bands.
Still other pillars (e.g., 14 the topmost curve in Fig. 5a)
exhibited behavior that is reminiscent of the unstable plas-
ticity seen in as-grown pillars (Fig. 3), but without their

high strength. It should be noted that all the 4% pre-
strained pillars (total of 15 tested) had yield strengths that
are substantially lower than those of the as-grown pillars.

Broadly similar behavior was observed in the !550 nm
pillars given a pre-strain of 8% (Fig. 6). However, the scat-
ter in strengths was found to be less than that for the 4%
pre-strained pillars (cf. Fig. 5a). In both the 4% and 8%
pre-strained pillars the lowest yield strengths observed were
approximately the same (!0.9 GPa). However, the highest
yield strength achieved in the 8% pre-strained pillars
(1.73 GPa) was lower than that of the 4% pre-strained pil-
lars (2.90 GPa). The measured yield strengths of the vari-
ous Mo pillars with di!erent amounts of pre-strain are
listed in Table 1.

Fig. 7 summarizes the e!ects of pre-strain on the yield
strengths of the 500–550 nm pillars. The yield strength
decreases with increasing pre-strain from approximately
the theoretical strength (!9.3 GPa) for the as-grown pillars
(0% pre-strain) to !1.00 GPa for the 11% pre-strained pil-
lars. As mentioned before, the yield strengths of the as-
grown and the 11% pre-strained pillars exhibit relatively
small scatter (standard deviations of ±8% of the mean val-
ues), whereas, the yield strengths of the 4% and 8% pre-
strained pillars show large scatter (standard deviations of
37% and 17% of the mean values for 4% and 8% pre-
strained pillars, respectively). For pre-strains greater than
4%, the magnitude of the scatter decreases with increasing
pre-strain.

3.2. Sample size e!ects on strengths of micropillars

We showed in an earlier paper [24] that pillar size (in the
range 360–1000 nm) does not a!ect the yield strength of as-
grown pillars (0% pre-strain). They all behaved like dislo-
cation-free materials, with reproducible stress–strain curvesFig. 5. Results of compression tests of !550 nm pillars after 4% pre-

strain: (a) engineering stress–strain curves showing a variety of deforma-
tion behaviors and (b) SEM images of pillars after compression. The
numbers indicate which pillar corresponds to which stress–strain curve.

Fig. 6. Engineering stress–strain curves of !550 nm pillars after 8% pre-
strain showing a variety of deformation behaviors.

4766 H. Bei et al. / Acta Materialia 56 (2008) 4762–4770

In sharp contrast to the unstable plasticity observed in
as-grown pillars, stable plastic flow, similar to that
expected in ‘‘bulk” samples, can be achieved in !550 nm
pillars if they are given a 11% pre-strain prior to testing
(Fig. 4). The engineering stress–strain curves show contin-
uous strain hardening, with a 0.2% o!set yield stress of
1.00 ± 0.08 GPa, which is almost an order of magnitude
lower than that of the as-grown pillars (!9.3 GPa).
Together, these results are consistent with the view that,
in dislocation-free materials, yielding occurs at a very high
stress because dislocations have to be first nucleated at the
theoretical stress [36–38], whereas, in materials containing
pre-existing dislocations, yielding occurs at a significantly

lower stress by the movement or unlocking of pre-existing
dislocations [37,38].

Unlike the 0% pre-strained pillars (Fig. 3b,c), the 11%
pre-strained pillars (Fig. 4b,c) do not collapse uncontrolla-
bly. Rather, because they yield at a relatively low stress and
then work harden in a stable way, the load-controlled nan-
oindentation system is able to stop the test after the pre-
scribed 20% strain. After compression, at least one major
slip o!set can be seen on the pillar surfaces (see Fig. 4b,c).

We also investigated the behavior of pillars after inter-
mediate pre-strains of 4–8%, and found significantly di!er-
ent features in their deformation behavior. Fig. 5 shows
several stress–strain curves of !550 nm pillars given a 4%

Fig. 3. Results of compression tests of !500 nm Mo pillars in the as-grown condition: (a) engineering stress–strain curves showing yielding at very high
stresses followed by sudden large strain bursts and (b,c) SEM images of pillars after compression tests showing catastrophic plastic collapse.

Fig. 4. Results of compression tests of !550 nm pillars after 11% pre-strain: (a) engineering stress–strain curves showing ‘‘bulk-like” behavior with low
yield stresses and normal strain hardening and (b,c) SEM images of pillars after compression.

H. Bei et al. / Acta Materialia 56 (2008) 4762–4770 4765

1.32 ± 0.2 GPa. An interesting similarity is revealed
between size and pre-strain e!ects if one compares Figs.
5a and 10 on the one hand, and Figs. 5a and 4 on the
other: the stress–strain curves become more reproducible
(and ‘‘bulk-like”) with increasing pillar size (for a fixed
amount of pre-strain) and increasing pre-strain (for a fixed
pillar size).

4. Discussion

Fig. 11a summarizes our results for the dependence of
yield strength on pillar size and pre-strain. At one extreme,
the data for the 0% pre-strained specimens (360–1000 nm)
represent an upper bound corresponding to the theoretical
strength. This is consistent with transmission electron
microscopy results which have shown that the Mo fibers
in directionally solidified NiAl–Mo eutectics are disloca-
tion-free [39]. They are also consistent with the whisker test
results reported by Brenner many years ago [33,34].

At the other extreme, the data for the 11% pre-strained
pillars appear to represent a lower bound, corresponding to
behavior that may be expected of the ‘‘bulk”. This view is
given credence by the stress–strain curves shown in Fig. 4,
which look like bulk curves even though they are actually
for relatively small !550 nm pillars. The way to confirm
this, of course, is by performing compression tests on bulk
single-crystals having the same orientation and composi-
tion as our Mo pillars (Mo–10Al–4Ni, at.%). Unfortu-
nately, when we tried to grow a single-crystal of this
composition [35], the large di!erence in the melting points
of Mo and Al made it impossible for us to prevent large-

scale evaporation of Al (in fact, the boiling point of Al,
2450 !C, is lower than the melting point of Mo, 2610 !C).

At both the upper and lower extremes, strength is inde-
pendent of pillar size, but for di!erent reasons. The upper
bound is related to the stress needed for dislocation nucle-
ation which is the same for all pillar sizes. It is conceivable
that for much larger sizes than those shown in Fig. 10, one
might encounter a su"cient number of mobile dislocations
even in directionally solidified pillars. But for the size range
investigated so far, the as-grown pillars behave like disloca-
tion-free materials and their yield strength is given by the
size-independent theoretical strength. At the lower bound
the situation is di!erent because a significant number of
dislocations might be already present in the pillars as a
result of the 11% pre-strain. Therefore, they do not have
to be nucleated and the yield/flow stresses are governed

Fig. 10. Engineering stress–strain curves of !1200 nm pillars after 4% pre-
strain. Insets are SEM images of pillars after compression.

Fig. 11. Dependence of (a) yield strength, and (b) flow stress on pillar size
for di!erent pre-strains.

4768 H. Bei et al. / Acta Materialia 56 (2008) 4762–4770

H. Bei et al.,  Acta Mater. 
(2008)	




Szemcsehatár szerepe	


•  Kisszögű szemcsehatár 

•  Koherens ikerhatár	


connected at the twin boundary with the corresponding slip
systems in grain 2, as can be clearly seen in Fig. 3b. The
planes of the individual systems always meet perfectly at
the CTB and all slip steps extend through both grains,
which leaves the boundary unbent and produces large slip
steps which can easily be identified in the side view in
Fig. 4. The deformation of the pillar occurs through collec-
tive slip of both grains into the same direction along a set
of two !1!11 planes that enclose an angle of 141!.

While one could think that the introduction of the CTB
would lead to a strengthening of the compression sample
like for the LAGB, Fig. 5 proves the opposite. The
stress–strain curves show similar elastic slopes, yield points
and hardening behavior for both kinds of pillars. Both sin-
gle crystals show a smooth elastic–plastic transition at yield
stresses of 120 and 135 MPa, while the bicrystal exhibits a
peak yield stress of 131 MPa and shows slight softening

before the stress increases and reaches a plateau at
!145 MPa.

4. Discussion

The opposing results of the LAGB and the CTB is the
central aspect of the following discussion which is comple-
mented by 3-D DDD simulations. The results for the sin-
gle-crystalline Cu samples that were tested in this paper
are comparable regarding deformation morphology,
stress–strain behavior, reproducibility and results docu-
mented in literature [4–13,55–59], and thus are not further
discussed.

4.1. LAGB

Two very distinctive di!erences are visible by analyzing
the LAGB pillar by SEM compared to the adjacent single-
crystalline pillars. The glide steps at the surface are much
weaker and more glide steps are observed, indicating less
localized plasticity. Additionally, the di!erent flow behav-
ior of the individual grains leads to a large distortion of
the pillar, with a deflection of the grain boundary in the
center of the sample of !17! compared to the pristine ori-
entation. This distortion is most likely caused by the di!er-
ent mechanical properties of the two crystal orientations in
the LAGB pillar combined with the constraints imposed by
the testing setup. The Young’s moduli in compression
direction are fairly similar: 75 and 79 GPa for grain 1
and grain 2, respectively, as calculated from the elastic con-
stants [60]. Elastic buckling can be excluded due to the
aspect ratio of length to thickness of !3; however, elasto-
plastic buckling as discussed in Ref. [61] could cause the
observed bending.

Fig. 1. SEM micrographs of micropillars after compression. (a) Compression sample of grain 1. (b) Bicrystalline pillar containing a LAGB that is
composed of grain 1 and grain 2. (c) Compression sample of grain 2.

Fig. 2. Engineering stress–strain curve of the single-crystalline Cu pillars
of grain 1 (gray), grain 2 (black) and the bicrystalline pillar containing a
LAGB (red). While the single crystals show similar behavior, the bicrystal
exhibits increased yield strength and shows stronger hardening. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

244 P.J. Imrich et al. / Acta Materialia 73 (2014) 240–250

connected at the twin boundary with the corresponding slip
systems in grain 2, as can be clearly seen in Fig. 3b. The
planes of the individual systems always meet perfectly at
the CTB and all slip steps extend through both grains,
which leaves the boundary unbent and produces large slip
steps which can easily be identified in the side view in
Fig. 4. The deformation of the pillar occurs through collec-
tive slip of both grains into the same direction along a set
of two !1!11 planes that enclose an angle of 141!.

While one could think that the introduction of the CTB
would lead to a strengthening of the compression sample
like for the LAGB, Fig. 5 proves the opposite. The
stress–strain curves show similar elastic slopes, yield points
and hardening behavior for both kinds of pillars. Both sin-
gle crystals show a smooth elastic–plastic transition at yield
stresses of 120 and 135 MPa, while the bicrystal exhibits a
peak yield stress of 131 MPa and shows slight softening

before the stress increases and reaches a plateau at
!145 MPa.

4. Discussion

The opposing results of the LAGB and the CTB is the
central aspect of the following discussion which is comple-
mented by 3-D DDD simulations. The results for the sin-
gle-crystalline Cu samples that were tested in this paper
are comparable regarding deformation morphology,
stress–strain behavior, reproducibility and results docu-
mented in literature [4–13,55–59], and thus are not further
discussed.

4.1. LAGB

Two very distinctive di!erences are visible by analyzing
the LAGB pillar by SEM compared to the adjacent single-
crystalline pillars. The glide steps at the surface are much
weaker and more glide steps are observed, indicating less
localized plasticity. Additionally, the di!erent flow behav-
ior of the individual grains leads to a large distortion of
the pillar, with a deflection of the grain boundary in the
center of the sample of !17! compared to the pristine ori-
entation. This distortion is most likely caused by the di!er-
ent mechanical properties of the two crystal orientations in
the LAGB pillar combined with the constraints imposed by
the testing setup. The Young’s moduli in compression
direction are fairly similar: 75 and 79 GPa for grain 1
and grain 2, respectively, as calculated from the elastic con-
stants [60]. Elastic buckling can be excluded due to the
aspect ratio of length to thickness of !3; however, elasto-
plastic buckling as discussed in Ref. [61] could cause the
observed bending.

Fig. 1. SEM micrographs of micropillars after compression. (a) Compression sample of grain 1. (b) Bicrystalline pillar containing a LAGB that is
composed of grain 1 and grain 2. (c) Compression sample of grain 2.

Fig. 2. Engineering stress–strain curve of the single-crystalline Cu pillars
of grain 1 (gray), grain 2 (black) and the bicrystalline pillar containing a
LAGB (red). While the single crystals show similar behavior, the bicrystal
exhibits increased yield strength and shows stronger hardening. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

244 P.J. Imrich et al. / Acta Materialia 73 (2014) 240–250

The stress–strain curve (Fig. 2) of the LAGB pillar is
dominated by a higher yield strength, stronger hardening
and smaller load drops compared to the corresponding sin-
gle-crystalline pillars. The most apparent reason for the
strength increase of 19–41% at 1% strain is the reduction
in source size in the component grains through truncation
hardening. It should be noted that the evaluation of yield
strength in micromechanical samples is influenced by the
strain at which it is analyzed. Since an evaluation at 0.2%
strain as for macroscopic samples is not sensible due to

the lack of accuracy in micromechanical tests, we per-
formed our measurements at 1% strain. As discussed in
the Introduction, the use of a constant size e!ect exponent
for the strengthening power law is controversial; however,
to obtain an estimate for the increase in yield strength, the
phenomenological scaling law by Dou and Derby [20] and
the source activation stress formula by Rao et al. [18] were
used. Rao et al. calculated the critical resolved shear stress
of double-ended and single-ended dislocation sources of
30! mixed type with varying lengths from 233 to 933 Bur-
gers vectors and fitted the simulation data with the follow-
ing equation:

s!L" # kG
ln!L=b"
!L=b"

!2"

Here L is the source length, G the shear modulus, b the
Burgers vector and k a constant with values of 0.06–0.18
for single-ended to double-ended sources. Since the

Fig. 3. SEM micrographs of micropillars after compression; the CTB is nearly parallel to the viewing direction going from top to bottom of the pillar. (a)
Compression sample of grain 1. (b) Bicrystalline pillar containing a CTB that is comprised of grain 1 and grain 2. It can be clearly seen that the slip steps of
both grains meet perfectly along a straight line, the CTB. (c) Compression sample of grain 2.

Fig. 4. Side view of the deformed bicrystalline pillar from Fig. 3b. The
CTB runs from left to right through the top surface of the pillar and is
nearly parallel to the viewing plane. Both grains are displaced simulta-
neously into the same directions parallel to the image plane.

Fig. 5. Engineering stress–strain curve of the single-crystalline compres-
sion samples of grain 1 (gray), grain 2 (black) and the bicrystalline sample
containing a CTB (green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Műszer oldalirányú merevsége	


•  A műszer különböző 
paramétereire nagyon 
érzékeny lehet a 
mérés	


•  További szempontok	

•  Párhuzamosság	


•  Minta hasasodása	


•  Felületi hatások a FIB 
vágás során	


•  Minta felfüggesztése	


•  Stb.	
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Figure 2
Experimental flow curves for two 10-µm-diameter Ni-base superalloy microcrystals oriented for single slip,
in which the lateral constraint has been varied significantly between the two experiments (P.A. Shade,
R. Wheeler, Y.S. Choi, M.D. Uchic, D.M. Dimiduk & H.L. Fraser, unpublished research). This change has
a demonstrable effect on the flow curves and, for the highly constrained sample, results in significant internal
crystal rotations as shown in the accompanying electron backscatter diffraction maps (inset). The overall
habit of the zone of crystal rotations is conjugate to the primary slip-plane trace direction. The conjugate
zone of slip and associated crystal rotations are required to maintain axial alignment of the specimen with the
loading device.

OBSERVATION OF PHYSICAL PHENOMENA

FCC Metals

Many of the initial applications of the microcompression methodology focused on studies of
simple metals, in particular elements that possess the face center cubic (FCC) crystal structure.
The reasoning for this is twofold: The single-crystal flow behavior of these metals has been studied
in great detail by testing of both bulk samples and vapor-grown whiskers, and similarly, there
is extensive knowledge regarding the active dislocation processes and structures that result from
plastic deformation. In addition, the use of Au crystals enables the study of small-scale deformation
in a material that does not form a native oxide layer.

The phenomenon that has garnered the most attention for experiments on FCC microcrystals
(micrometer-scale single crystals) of pure Ni (2, 11, 23, 25), Au (4, 7–9), Al (12, 26), and Cu
(26–28) is the strong dependence of the flow stress on sample size when the sample diameter is of
the order of tens of micrometers or smaller. This increased flow stress results from both increases
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Diszlokáció lavinák	

•  Véletlen diszlokáció lavinák	


•  Hatványfüggvény szerinti eloszlás:	

•  τ: lavinaexponens (≈1,5)	


•  s0: levágás (cutoff) (≈100 nm)	
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Owing to space restrictions, this review cannot fully comment on the entirety of microcrystal
or microcompression testing work that has spanned a wide range of materials systems and ad-
vancement in test methodologies. A list of these activities includes microcompression testing of
shape memory alloys (10, 37, 38), Ni superalloys (3), Ti alloys (38, 39), Ni3Al intermetallics (2, 39,
40), Cu/Nb nanolaminates (41), nanocrystalline Ni (40, 42, 43), metallic glasses (44–46), stainless
steel (47), and nanoporous Au foams (48); in situ microcompression testing of Si (5) and GaAs
(49); creep testing of Al microcrystals (50); bend testing of Cu microcrystals (19, 51); and tension
testing of Cu microcrystals (27, 52).

Intermittency
In addition to size-scale strengthening effects, another almost-universally observed phenomenon
in microcrystals is an intermittency associated with plastic deformation. Unlike bulk-crystal de-
formation, which is usually associated with smoothly varying flow curves, discrete bursts of strain
activity are regularly observed in microcrystal flow curves, as shown in Figure 6. The stress-strain
curve of a 20-µm-diameter Ni microcrystal deformed to 20% strain usually comprises many
hundreds or even thousands of discrete events (53).

Intermittency of plastic flow for large samples has been previously characterized through other
means [image-based analysis of slip trace evolution (54) and acoustic emission experiments (55),
for example]. The observation of strain bursts in microcrystal experiments provides a means for
direct quantitative measurements of the statistical attributes of such events. The strain bursts
have typical magnitudes that are of the order of angstroms to micrometers (12, 29, 53). The
limited sample volume associated with the microcompression experiment—in conjunction with
nanometer-per-second displacement rates and sensors that provide subnanometer displacement
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Figure 6
(a) A collection of flow curves from 20-µm-diameter Ni microcrystals that have a <2 6 9> orientation and that display flow
intermittency (strain bursts). (b) The event frequency distribution showing the probability density of slip events p(x) versus event size, x,
plotted on logarithmic scales. Power-law scaling over more than two orders of magnitude is exhibited for both a single sample (open
circles) and the aggregate data from several samples (solid circles). Adapted from Reference 53. Reprinted with permission from AAAS.
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Földrengések	


•  Gutenberg-Richter törvény:	


•  M: magnitúdó (logaritmikus)	


•  b: exponens (≈1,0)	


N>M =10
a−bM

•  Skála-független eloszlás	


•  Az események minden 
skálán előfordulnak	




3D diszlokáció dinamika	


•  Diszlokáció 
szegmensek 
követése 
különböző 
csúszási 
síkokon	


•  Megfelelő 
rugalmas 
határfeltételek	




Levágás skálázása	


•  A levágás függése	

•  Γ: a gép és a minta 

együttes keménysége	


•  Θ: alakítási keményedés	


•  E: Young modulusz	


•  L: minta mérete	


•  b: Burgers vektor	


•  s: lavinaméret 
(deformáció)	


displacement-controlled deformation, the driving
stress decreases due to relaxation of the elastic
strain. The total effective-stress drop caused by
an avalanche of strain s is (Q + G)s, where G is
the effective stiffness of the specimen-machine
system (for a cubic compression specimen with
rigid boundaries, G equals the elastic modulus E).
This stress drop terminates the largest avalanches
and, accordingly, we expect the cut-off to scale in
inverse proportion with (Q + G). A second scaling
property can be motivated as follows: Large dis-
location avalanches extend along a lamellar region
across an entire specimen cross section. The total
strain produced by such a “system-spanning” ava-
lanche is proportional to the dislocation Burgers
vector modulus b and inversely proportional to the
characteristic specimen size L. Combining these
relations, we find that [see also (19, 24)]

s0 º
bE

L!Q" G# !2#

To verify the validity of this scaling relation, we
performed simulations of different system sizes in
displacement control with a rigid constraint. As seen
in Fig. 3, avalanche strain distributions obtained
from specimens of different sizes fall on top of each
other after rescaling s ! S = sL(G + Q)/bE with
G = E and Q deduced from the simulated stress
strain curves (fig. S3). The same is true for the
distribution we obtained under load control where
G = 0, and we rescale by using the hardening co-
efficientQ alone. The avalanche strain distributions
obtained from our microbending simulations fol-
low the same universal scaling curve if we identify
L with the length of the bending beam and note
that these simulations use displacement control.

It is instructive to apply the scaling (2) to the
experimental data of (2) (solid circles in Fig. 3). In
these experiments, the distribution of elongation
increments x = sL was determined during defor-
mation in load control. Rescaling the experimental
data points by setting S = xQ/bE and using a har-
dening coefficient Q = E/1000 as deduced from
the stress-strain curves in (2), we find that the
scaled experimental data and simulation results are
described by a single, universal scaling function,
P(S)º S!3/2 exp[!(S/0.6)2]. In addition, the present
theory can quantitatively explain high-resolution
strain measurements that recorded strain bursts
during stress-controlled torsion of tubular macro-
scopic samples of zinc, oriented for basal slip (16).
Using the experimental parameters of (16), we
estimate s0 " 2 ! 10!7, in agreement with the size
of the largest strain jump reported in (16).

Our simulations demonstrate that intermittent
dislocation avalanches are an intrinsic feature of
crystal plasticity with properties that do not depend
on the slip geometry, deformation mode, or details
of the dynamical properties of dislocations. The
avalanches are statistically characterized by a uni-
versal probability distribution whose characteristic
parameter s0 is determined by the specimen size,
the hardening capacity of the material, and the re-
sponse of the deformation “machine” to an ava-
lanche. But what are the implications of these
findings for deformation processes on the micro-
meter scale? To elucidate this aspect, we performed
stochastic simulations of the bending of a long
thin rod subjected to a bending moment that is
constant along its length. The basic idea of these
simulations (19) is that a long thin rod can be
considered as a chain of segments that are similar
to those we have simulated by discrete dislocation
dynamics, and that behave in a statistically inde-
pendent manner. The applied bending moment is
increased until the total bending angle exceeds 2p,
when the rod should assume an annular shape. As
a consequence of the stochastic and intermittent
nature of the deformation process, the deformation
behavior of the individual segments can, however,
no longer be predicted in a deterministic sense. As
the maximum avalanche strain increases with de-
creasing system size, the stochastic heterogeneity of
deformation becomes more and more pronounced.
This leads to irregular shape distortions, as shown
in Fig. 4. In the limit of very thin rods (illustrated
by the bottom right shape in Fig. 4), the stochastic
heterogeneity does not increase further: In very
small specimens, the largest strain bursts that occur
before the simulation is terminated remain below
the intrinsic cut-off s0 of the probability distribution.

Our findings demonstrate that it may be dif-
ficult, on the micrometer and submicrometer scale,
to control the results of plastic-forming processes.
Note, however, that micrometer-scale components
such as bonding wires that are processed through
plastic forming are polycrystals. We have studied
the influence of grain boundaries on the propaga-
tion of dislocation avalanches by simulating bi-
crystalline and multicrystalline samples (19). The
results suggest that in polycrystals, grain bounda-

Fig. 2. Progress of a large
dislocation avalanche in
[010] symmetrical multi-
ple slip for a specimen
of size L = 0.5 mm. The
graph shows an overlay
of snapshots from every
10th global simulation
timestep during a strain
burst event. Red, green,
blue, and cyan denote dis-
locations on the four {111}
sets of crystal planes; yel-
low represents immobile
Lomer locks created through
dislocation reactions. Sever-
al geometrically separated
dislocations become un-
pinned during the same
event, which demonstrates
the importance of long-
range elastic interactions
in strain burst initiation.
The avalanche has a strongly anisotropic shape with more than 60% of the deformation occurring on
one of the four equivalent sets of slip planes. Although a part of the deformation is taking place outside
a single slip plane, the statistical analysis of the avalanche distribution suggests that the fractal
dimension of the avalanches is close to two, indicating an effective lamellar shape.

Fig. 3. Scaling collapse of
avalanche size distributions.
Open data points: data ob-
tained from simulations of
systems of different sizes
in load and displacement
control. Scaling parame-
ters: b = 2.8 ! 10!10 m
(Al); G = E, Q = E/10
(displacement-controlled
tension/compression and
bending); G = 0, Q = E/10
(load-controlled tension/
compression). Full data
points: experimental data
of Dimiduk et al. (2);
scaling parameters: b =
2.5 ! 10!10 m (Ni), G = 0,
Q = E /1000 ( l oad -
controlled compression). Full line: scaling function P(S)º S!3/2 exp[!(S/0.6)2].
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s0 ∝
bE

L(Γ+Θ)



Leggyengébb láncszem modell	

•  Diszlokáció éhezés	

•  A diszlokációkat vonzza a 

felület → kimennek	


•  Nincs idő multiplikációra ill. 
keresztcsúszásra	


•  Kiürülnek a források	


•  A maradék egykarú források 
közül a leggyengébb fog���
aktiválódni:	


T.A. Parthasarathy et al.,  Acta Mater. (2007)	


the cylindrical free surface is complex, but it is a good
approximation to assume that image stresses from the
free surface always tend to rotate the dislocation line un-
til it is normal to the surface [14]. Thus the stress required
to move these truncated arms depends on the shortest
distance from the pin to the free surface. This e!ect has
been observed recently in large-scale three-dimensional
dislocation simulations [15]. This e!ect is dominant when
the sample size is of the same order as the spacing
between internal obstacles (e.g. forest dislocations).
Second, the distance a dislocation moves is limited to
the width of the sample, lowering the possibility of
cross-slip multiplication. Both e!ects contribute to star-
vation, leaving fewer mobile dislocations than are neces-
sary to accommodate the externally imposed strain rate.

In finite samples, where the sample dimensions are of
the same order of magnitude as the source lengths, all
sources end up as being single-ended due to interaction
with the free surface, as in Figure 1b. Accordingly, the
model assumes a random distribution of pins in the sam-
ple, with each pin having a dislocation arm starting from
it and ending at the surface. For a given pin, the length
of interest is the shortest distance from the pin to the
surface. Further, for a solid with several such sources,
the arm that has the longest length determines the criti-
cal stress to initiate plastic strain. Thus the model calcu-
lates the longest of the arms each of which has a length
that is the shortest from a pin to the surface. This will
give the lower bound on the athermal CRSS in the
micro-strain regime.

Consider a cylindrical specimen of radius R, with the
primary slip plane oriented at an angle b from the tensile
axis. The glide plane in this case is an ellipse with major
axis b = R/cos(b) and minor axis R. For a random dis-
tribution of pins, the probability, p(r)dr, of finding a
pin within an elliptical annulus of infinitesimal width,
dr, at a distance r from the free surface is given by

p!r"dr # p$!R% r" & !b% r"'
pRb

dr; b # R= cos!b" !1"

For the case of n pins located randomly, the probability
for the maximum distance from the free surface to be
kmax, is given by

p!kmax"dkmax # 1% p!R% kmax"!b% kmax"
pRb

! "n%1

( p$!R% kmax" & !b% kmax"'
pRb

# $
ndkmax

!2"

The above equation gives the probability that a given
sample with n pins has kmax as the e!ective source
length. The first moment of this distribution will give
the mean e!ective source length of multiple (statistically
su"cient number of) samples. The second moment will
give the scatter. Thus the first and second moments of
this distribution give the mean and standard deviation
of the e!ective source length, kmax, as

!kmax #
Z R

0

kmaxp!kmax"dkmax

#
Z R

0

1% p!R% kmax"!b% kmax"
pRb

! "n%1

( p$!R% kmax" & !b% kmax"'
pRb

# $
nkmaxdkmax

!3"

rkmax #
Z R

0

k2
maxp!kmax"dkmax % !k2

max

! "1=2

#
Z R

0

1% p!R% kmax"!b% kmax"
pRb

! "n%1
"

( p$!R% kmax" & !b% kmax"'
pRb

# $
nk2

maxdkmax % !k2
max

"1=2

!4"

Both can be reduced to analytical expressions involving
the generalized hypergeometric functions.

The stress required to operate a source with one end
pinned and the other at the free surface of a cylinder is
taken to have the same form as that for a Frank–Read
source, although the appropriate geometrical factor is
uncertain. This stress is the excess required over the fric-
tion stress and the stress from the dislocation forest
(which results in a back stress) given by the Taylor equa-
tion, since multiple iterations of the source operation
will be required for macroscopic strains of the order of
0.2%. The model neglects the e!ect of sample size on
the possible truncation of the Taylor potential. Thus
the critical resolved shear strength of a cylindrical sam-
ple, R, of height h, with the primary slip plane oriented
at an angle, b, to the load axis, is then given by

CRSS # aGb
!kmax

& s0 & 0:5Gb
%%%%%%%
qtot

p !5"

where a is a geometrical constant, G the shear modulus,
b the Burgers vector, s0 the friction stress and qtot the to-
tal dislocation density. The mean value of source length,
!k, is given by Eq. (3), where the number of pins, n, is
related to sample dimensions and initial dislocation
density in the sample, as given by

a b

Figure 1. (a) A schematic sketch of how double-pinned Frank–Read
sources quickly become single-ended sources in samples of finite
dimensions. (b) Schematic sketch of single-ended sources in a finite
cylindrical sample in critical configuration, which occur where the
distance from the pin to the free surface is the shortest. The longest
arm among the available sources (blue in this case) determines the
critical resolved shear stress. Thus the statistics of pins within a sample
of finite size determines the yield strength of the sample. (For
interpretation of the references in colour in this figure caption, the
reader is referred to the web version of this article.)
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Figure 8
Predictions of the Parthasarathy et al. (82) model for (a) Ni and (b) Au, shown in comparison with reported
experimental data. Data in panel a are from References 2 and 23. Data in panel b are from Reference 7 (red
squares) and Reference 9 (blue diamonds). The dotted green and red lines correspond to the lower and upper
standard deviations from the mean, respectively, as predicted by the model. Redrawn from Reference 82,
with permission from Elsevier.

distribution per slip system, and stress required to operate said sources. There has been recog-
nition from a number of independent groups regarding these statistical processes, as discussed
below.

The study of Parthasarathy et al. (82) developed a statistical model for the flow strength of
microcrystals, which was heavily influenced by observation of single-ended source operation in
the 3-D DDS. The statistical model of these researchers sought to calculate the increase and
variation in critical resolved shear stress (CRSS) by determining the stress required to activate
the weakest single-ended source in a microcrystal when only one slip system is active. Analytical
expressions were developed to predict the mean and variance for the longest single-ended source in
a microcrystal as a function of sample diameter and initial density. The resultant source operation
stress was added to the Peierls stress and the stress expected from the grown-in dislocation forest
to calculate the CRSS of Ni and Au microcrystals, as shown in Figure 8. This figure shows that at
the microscale the source operation stress becomes a dominate factor in determining the CRSS.
Also, the decrease in the number of single-ended sources with shrinking sample volume results
in greater statistical scatter of the CRSS. The predicted values of CRSS also agree well with
experimental data on Au and Ni microcrystals.

Ng & Ngan (83) constructed a statistical model that adds additional complexity to that of
Parathasarthy et al. (82). The Ng & Ngan (83) model examines the minimum stress required to
activate a single-arm source on any of the possible FCC slip systems for a single-slip-oriented
sample, thus accounting for the possibility that initial slip activity will occur on a nonfavorably
oriented slip system. Like the Parthasarathy et al. (82) study, the operating or yield stress for a
sample is simply the minimum stress to overcome the sum of the Peierls stress, the single-ended
source operating stress, and a forest-hardening stress; the geometrical orientation of the slip sys-
tems and possible differences in the forest-hardening stress between slip systems are also included
in the calculation. Although this study also demonstrates a size dependence of the yield stress, a
more notable finding is that the simulations quantitatively agree with experimental observations
of slip trace activity in lightly deformed Al microcrystals (83), as shown in Figure 9. Here, the
observation of initial slip activity on a nonfavorably oriented slip plane increases with decreasing
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Plaszticitás sejtautomata modellje	

•  Az anyag keménysége inhomogén	

•  Diszlokációszerkezet fluktuációja	

•  Belső rendezetlenség	

•  Lokális folyásfeszültség	


•  Elemi deformációs folyamat:	

•  Nyírófeszültség eléri a folyáshatárt	

•  Maradandó alakváltozás: egy sík mentén csúszás	

•  Új folyáshatár meghatározása, mert megváltozott a 

mikroszerkezet	


M. Zaiser, P. Moretti, J. Stat. Mech. (2005)	

M. Talamali et al., Phys. Rev. E (2011)	




SA algoritmus	

•  NxN sejt	

•  1. Véletlenszerű folyásfeszültségek generálása (rendezetlenség)	

•  2. Növeljük a külső feszültséget, amíg egy cella meg nem folyik	

•  3. Megnöveljük a plasztikus deformációt ebben a cellában	

•  4. Megváltoztatjuk a lokális feszültséget minden cellában a 

feszültségfüggvény szerint	

•  5. Új véletlen folyásfeszültséget rendelünk az aktivált cellához	

•  6. Goto 2.	


M. Zaiser, P. Moretti, ���
J. Stat. Mech. (2005)	


M. Talamali et al., ���
Phys. Rev. E (2011)	




Feszültség-deformációs görbék	




Lavinaviselkedés	


•  Lavinák méretének 
eloszlása hatványfüggvény	


•  Exponens: τ ≈ 1,4	


•  A levágás a kísérletekkel 
megegyezően viselkedik	


a non-hardening system. It is obvious from figures 19 and 21 that hardening does not

fundamentally change the stepwise morphology of the stress–strain curves or the

power-law statistics, but eliminates the largest avalanches which, in a non-hardening

system, occur at stresses close to the critical stress. In this sense, hardening

suppresses the critical behaviour associated with the critical stress !c, but neverthe-

less leaves many of the scale-invariant properties of the dynamics unchanged.
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Figure 20. Probability distributions of slip avalanche sizes (probability density p!!"" vs.
strain increment !") as obtained from an ensemble of systems of size 256#256; left: distribu-
tions corresponding to di!erent stresses; right: universal distribution obtained by re-scaling
!" ! !"!1$ !=!c"2.
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Figure 21. Probability distributions of slip avalanche sizes; left: distributions corresponding
to di!erent hardening rates; right: universal distribution obtained by re-scaling !" ! #!".
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M. Zaiser, N. Nikitas, J. Stat. Phys. (2007)	


P(s) = As−τe
−
s
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Mikrooszlop összenyomás	


•  42 elvégzett összenyomás	
 42 fesz.-def. görbe 



Átlagos viselkedés	

Plasztikus deformáció 

értékek egy 
meghatározott 

alkalmazott feszültség 
esetén	

	

	


Átlagos fesz.-def. görbe	

A plasztikus deformáció 

szórása	


Karakterisztikus 
feszültség	


P. D. Ispánovity et al., Phys. Rev. Lett. (2010)	




Átlagos viselkedés	

•  Hasonló görbék a három 

módszer esetén	


•  Karakterisztikus (folyás) 
feszültség	


2D DDD 

3D DDD Oszlopok 



Feszültségek eloszlása	


Feszültségértékek 
eloszlása különböző 
deformációk esetén	


Ispánovity, Hegyi, Groma, Györgyi, Ratter, Weygand, Acta Mater. (2013) 



Szórás változása	

•  Különböző méretű oszlopok 

összenyomása (3, 6, ill. 12 μm)	


•  Átlagos görbékben kis változás 
(nagy a diszl. sűrűség)	


•  A szórás jelentősen 
csökken a méret 
növekedtével	



