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Abstract. The mechanical damage accumulation occurring iraraay of axially loaded
nanopillars is studied within the stochastic appho& o each nanopillar, an initial strength-
-threshold is assigned which is drawn from the Wikiprobability distribution. Under
the influence of load exceeding the strength-thoksithe pillar height is reduced. Then
the reduced pillar gets new higher strength-thriesland its load is transferred to other
working pillars. We analyse slip loads causinggshstem height reductions and avalanches
of the pillar height reductions.
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Introduction

In recent years many tensile and compressive arpets have been performed
on nano- and microscale metallic pillars [1-3]. Thaterials under investigation
are for instance nickel, gold, copper, molybdenurd aluminium. These experi-
ments on nano-sized pillars confirm substantiargjth-increase via the size re-
duction of the sample [3]. In works [4, 5] concagnicompression tests of nano-
sized nickel and molybdenum pillars a process ddieechanical annealing” has
been observed. Scientists dealing with these casajane experiments noticed that
before the tests the nanopillars were full of dialions. During the “mechanical
annealing” process density of dislocations in tilampwas reduced by many orders
of magnitude producing an almost dislocation-fregstal. Therefore pillars
exhibited enhanced strength and progressively higiiesses are required in order
to continue deformation.

Studies on arrays of free-standing nanopillarsesiibf to uniaxial microcom-
pression reveal the potential applicability of ngiflars as components for the
fabrication of micro- and nano-electromechanicateyms, micro-actuators or opto-
electronic devices [3, 6]. This work concerns atipedamage process in a set
of pillars assembled to a flat and rigid substr&ech an arrangement is applied
in systems of micromechanical sensors. The modstriteed below is based
on the idea of a fibre bundle model watick-dip dynamics [7, 8].
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1. Description of the model

The system under consideration consistdNofparallel nanopillars. The terms
“nanopillar” and “pillar” are used interchangeabhhe initial height of each nano-
pillar equalsh(r=0)=1, i=12,...,N, therefore the initial height of the system
takes valueH (r =0)=1. Here, 7 denotes the number of time step. To each nano-
pillar x we assign an initial critical Ioadjt‘h(rzo), i=12,...,N, which is
a strength-threshold of the given nanopillar sujgcto axial loading. Initial
strength-thresholdxftih(r=O), i=212...,N are independent and identically dis-
tributed random variables with the probability dgnsnd distribution functions:
(o), P(oy). It is assumed that the randomness of initialnsfite-thresholds

represents the disorder of heterogeneous matdtial.variety of pillar strength-
-thresholds results from fabrication errors of indisal pillars. In this paper we
employ the Weibull distribution:

P(oy,)=1- exp{— (%ﬂ 1)

Here, the dimensionless paramepeiis the Weibull index andl is a scale pa-

rameter (setting the scale of the thresholds), wiicfixed to A =1 in this work.
The Weibull index controls the amount of disorderthe initial pillar strength-
-thresholds, so it is the model’'s key parametee Bigger the Weibull indexo,

the smaller the disorder.

The Weibull distribution is widely used in matesiacience, because conducted
experiments proved that real materials follow theibMll probability distribution
functions very closely for strength and time to dge of individual elements [9].

It is assumed in materials science tjmaf( 210) [10].

The system is subjected to an axial external IBadhcreased in a quasi-static
way. All the nanopillars are intact at the begimniof the loading process, $o
grows gradually frorrF(r = 0): 0 and the load of nanopillars changes with time in

accordance with relatioo(r)=F(r)/N,(r), whereN,(r) is the number of cur-
rently loaded (working) nanopillars.
When loado; >aj, the pillar height is irreversibly and instantydeeed

h(r)=h(r-1)-k2h 2)
Coefficientk takes value:

_| o for gr)soy(r)

_{1 or 2 for o(r)> o (r) )
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The parameterAh is associated with degree of the pillar heightuotion
and its value, in this work, i&dh=0.01. Therefore, single pillar height reduction
takes a random valu@01 or 002. The cumulative value of pillar height ued
tions at time steg is equal toh™ (r) =h (0)- h (7).

As a result of the pillar height reduction, becaokelimination of defects from
the crystal, the reduced pillar gets a higher gitethreshold:

T (T) = oy, (T _1) [(0+]) (4)
5=n1KIAI100 (5)

here, the factor; is a strengthening coefficient of the reducedapillThe coeffi-
cient is randomly drawn from the intervi),,in,/7max] fOr each pillar reduction.

Let h..,(r)=Max(h(r)] denote the height of the highest pillar at theetistep
7, hence the system height in this momenHi&) = h,..,(r) and reduction of ini-
tial system height takes valug,e (7) = H(0) - h... (7). If the height of the reduced
i" pillar h (7)< H(z)- 002, then the pillar is not working and its loagl has to be
transferred to other working pillars. For the Idaansfer we assume an infinite
range of interaction, which is represented by tluba load sharing (GLS) rule.
For this rule the increased loads caused by thar pgduction are shared equally
by all currently loaded pillars, so the load of twerking pillars increases by
o, =0, /N, (r) and the load of the reduced non-working pillatsfab zerog;, = 0
All the working pillars are subjected to an equmld. If the height of the™ pillar
after reduction ish(r)=H(r)- 001 there is no load transfer, the pillar is still
working and a stable state occurs.

A load transfer from reduced and non-working pittay give rise to reductions
of other working pillars due to loads exceeding #ieength-thresholds of these

pillars. Consequently, a subsequent load transéen freduced pillars may cause
further reductions. If the load transfer does naivpke the next pillar height re-
ductions or heights of the reduced pillzkrér)z H (r)— 001 there is a stable state.
To continue the damage process in the case otdbkesstate occurrence the ex-
ternal loadF has to be increased with a small amodait for each working pillar.
The load increas@o takes a minimum value to provoke height reductibthe
weakest working pillar. The above-described procechas to be repeated until
first stable state occurs forl (7)< 09. This means that external lodé is in-

creased only if the system heigHtz)> 09.

After the height reduction, each pillar obtainseavrhigher strength-threshold in
accordance with formula (4). All the pillars whdseights h (r)= H(r)- 001 are

subjected to equal load. When the system height is decreaseft)<H(r -1),
all the non-working pillars whose heights(r)=H(r)- 001 are again loaded by
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o =F/N,(r). In this context, a so-called slip load is an exéload F that induces
the height reductiom (r) = H(r —1)- 001 of the whole system.

2. Analysis of the chosen simulation results

Simulations have been performed for several sysiees with strengthening
coefficients uniformly drawn from the intervals.(8, 0.15], [0.1, 0.2], [0.15, 0.25],
[0.2, 0.3] and [0.25, 0.35]. We considered setgiltdrs with initial random strength-
-thresholdsa{h(o), i =12,...,N governed by the Weibull probability distribution.
Damage of systems with different degrees of strattdisorder (characterised by
the Weibull index) has been examined, nanmety2, 5710
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Fig. 1. Slip load$ received for the subsequent system height rechaitiQy.
Results for single samples of sizBls= 500x500 (circles)N = 600x600 (squares)
andN = 700x700 (diamonds) pillars. Strengthening coidfits drawn
from the interval [0.15, 0.25], Weibull indgx= 5

Figure 1 illustrates subsequent slip loaHs for single samples of sizes
N =500x500, N =600x600 and N = 700x 700 pillars. Strengthening coefficients
are drawn from the interval [0.15, 0.25] and disorés determined by Weibull
index p =5. It can be seen that for all system sizes thetfirge height reductions
are under equal or almost equal external load,ideapgradual increase of pillar
strengths. The fourth consecutive system heighiatash is induced by a consid-
erably increased load. Further height reductioss akeded an increase of external
load F. After the rescaling of slip loads by adequateteayssize we received
dimensionless values of slip loads =F /N. For samples showed in Figute
values ofg, are independent of the system size. Subsequetensysight reduc-
tions are induced by nearly equal valuewpfirrespective of the system size.

Mean values of the subsequent slip lo&dfor systems with different intervals
[7min Imax] @re shown in Figure 2. The analysed systems daofs =50° pillars

and disorder of initial strength-thresholds is sjied by the Weibull indexp = 2.
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Reductions of the system heigHt, > 0.1 (visible in Fig. 2) have to be explained
as follows. When the height of the systd< |, @i®e external loadr is not
increased. However, the current for€eis still applied and the loading process
continues until the occurrence of the stable stdtnce the final system height
may take valuedd;,, < 0.9.
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Fig. 2. Mean values of slip loaéfsreceived for the consecutive system
height reductionsi,oq. Comparison of the results obtained for different
intervals fmin, 7max: [0.05, 0.15] (circles), [0.1, 0.2] (squares),1B, 0.25]
(diamonds), [0.2, 0.3] (up triangles), [0.25, 0.8&)wn triangles).
System sizé\ = 50x50 pillars, Weibull indey = 2

With the increase of pillar strengths the mean eslaf consecutive slip loads
for different intervals[/,in,/7ma] iNcreasingly differ from each other. It can also
be noticed that the bigger the strengthening coefiis; are the more dynamic
the increase of slip loads. From Figure 2 it cavdle observed that the bigger
the strengthening coefficients, the faster theesystattain stable states. For systems
with coefficientss7 drawn from the interval [0.05, 0.15] the heightuetibns are
up to H,, = 0.15. By contrast, for systems characterised by thervat [0.25, 0.35]
maximum reductions do not exceet] = 0.11.
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Analysing the results presented in Figure 3 thiuémice of strength-threshold
disorder has to be noticed. The mean values ofiadigs F are ordered in accor-
dance with the Weibull indep. The subsequent height reductions for a weakly
disordered systema(=10) are under the slip loads greater than for styodgdor-
dered systemgdg=2). A characteristic of increase of slip loads imitar for all
investigated disorder degrees.
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Fig. 3. The mean values of slip log@$or subsequent height reductidfg.
Comparison of pillar strength-threshold disorgex: 2 (circles),
p =5 (squares)y = 7 (diamonds)y = 10 (triangles). System size
N = 50x50 pillars, coefficients drawn from the interval [0.1, 0.2]
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Fig. 4. Empirical distributions of slip loadisfor subsequent height reductidigg.
Coefficientsy drawn from the interval [0.1, 0.2], the Weibultexp = 5.
The figure is based on 5x18amples oN = 50x50 pillars

Figure 4 illustrates distributions of slip loadts for consecutive system height
reductions. The analysed system consistsNet50%x50 pillars whose strength-
-thresholds are characterised by the Weibull index5. For initial system height
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reductions H,q <0.03) the distribution of slip loads is unimodal. Féretnext
height reductions H,,, >0.03) the distribution becomes multimodal. With the

increase oH, . the observed interval of slip loads increases aideng.

Chosen distributions of the final loads;,, have been presented in Figures 5
and 6. It should be noted that the distributiothef final loadsF;, is multimodal.
For systems with strengthening coefficients dravamfthe interval [0.1, 0.2] val-
ues of the final load aggregate around five modiég. 6). In general, the bigger
the values of strengthening, the less modes indigtebution (Fig. 6). It has been
observed that for a fixed strengthening interival;,,”7ma] the distributions of the
final load are characterised by the same numbearaafes, irrespective of strength-

-threshold disordefo = 2,5,7,10).
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Fig. 5. Empirical probability distribution of then&l loadF;;, for system
of N=100x100 pillars. Coefficients drawn from the interval [0.1, 0.2],
the Weibull index = 5. The figure is based on 280 samples
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Fig. 6. Empirical distributions of the final loa#ig, for systems oN = 50x50 pillars

and different intervalsjpn, 7mad- The Weibull index = 2. Distributions
are built on results of 2x4@amples for each interval

Here, we define the term of slip avalanche whicthesnumber of pillar height
reductions between two consecutive external loackmentsA is the size of the
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slip avalanche. Hence the size of the slip avaladcis the number of pillar height
reductions between two stable states. The distobi@ of the slip avalanches of
sizesA follows a power law distributionD(A)~A™. Based on the simulation
results a range of variation of exponé3< a < 235 has been estimated. Figure 7
presents selected distribution of the slip avalargihes. Very long slip avalanches
(inclusive number of reductions equal to at leadf bf the system size) are not
included in the above-mentioned figure. The distign of such long slip avalanches
illustrates Figure 8.
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Fig. 7. The distribution of the slip avalanche sifar systems dfl = 150x150 pillars.
Coefficientsy drawn from the interval [0.15, 0.25], the Weibilliexp = 5.

The figure is based on 2415 samples
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Fig. 8. Empirical distribution of the long slip daache sizes for systems
of N =50x50 pillars. Coefficients drawn from the interval [0.15, 0.25],
the Weibull index = 5. The figure is based on 3¥1amples

Figure 9 presents probability distribution of adlirslip avalanche sizé&; for
the exemplary parameters. As in the case of tha fomdsF;, the distribution
of A; is multimodal. Comparison of\; distributions for systems with different
intervals[t]min,qma,] is shown in Figure 10. From this figure we can shat
the bigger the strengthening the smaller the numlbenodes around which ¢
are aggregated.
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Fig. 9. Empirical probability distribution of the#l slip avalanche size§ for system
of N =50x50 pillars. Coefficients drawn from the interval [0.15, 0.25],
the Weibull index = 5. The figure is based on 3¥1samples
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Fig. 10. Empirical distributions of the final slgvalanche sizes; for systems
of N =50x50 pillars and different intervalg,fy, 7maq- The Weibull index = 2.
Distributions are built on results of 2X1€amples for each interval
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Fig. 11. The final loadFs,, vs. size of the final slip avalanchefor systems
of N =50x50 pillars and different intervalg,fn, 7max: [0-1, 0.2] (black colour),
[0.15, 0.25] (light grey colour), [0.2, 0.3] (dagkey colour). The Weibull index

p = 5. The results are based on 3%4@mples for each interval
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The dependence between the size of the final stipaacheA; and the final
load F;, has been shown in Figure 11. As it can be seerintiteases of strength-

ening cause the growth of the final load and timaiehtion of the longest final slip
avalanches.

Conclusion

In this paper, we have analysed the partial danpageess in quasi-statically
loaded arrays of nanopillars. Damage of the systeoharacterised by a gradual
decrease of the system height with many destrudiages of individual pillars.
In the presented “mechanical annealing” model dagling of the pillar causes its
height reduction and dislocation density drop. @ouoently, the pillar strength
increases.

Our simulations have been performed for differeegrées of the system
strength-threshold disorder. We have noticed thatsimaller the initial strength-
-threshold disorder, the greater the mean valstipfoads inducing system height
reduction. With a decreasing height of the systdma, distributions of slip loads
change from unimodal to multimodal.

Damage evolution can also be described by avalancheillar height reduc-
tions. The distribution of slip avalanche sizesibith a power law decay. This
power behaviour is not applicable for the longéiptavalanches.
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