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Summary

In this paper was elaborated the simulation metlbbddetermination of

anticipated wear of HDD micro-bearings by virtue Barat Bhushan and
Chizhik experiments. Measurements of micro-scateraacro-scale wear depth
show that values on both scales of all the silisamples are about the same
among different silicon materials and higher th&si€C. In both materials the
wear depends of normal load, number of time cyales$ dynamic conditions.
On the basis of experiments it is visible that thedencies of wear depth
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increases versus time periods or time cycles dfereint for various materials.
On the ground of mentioned measured values andgusgie recurrence
dependencies, was elaborated the algorithm of wakres in HDD micro-
bearing in arbitrary long time period after expdtibn beginning.

Coefficients of recurrence equation are obtainedexperimental way.
These coefficients contain wear corrections reasgltfrom the vibrations,
unsteady load and surface roughness asperitiesunegafrom the nominal
mean level. The obtained solutions of wear recegerguation are assigned to
the regions of coefficient-values for which the wgmocess converges to
stability limit wear value or tend to larger andder wear values during the
exploitation process. This fact enables to seenm@ction between roughness,
material properties in one side and the wear valuesvear increases in
succeeding time units of exploitation process ineotside. Moreover on the
basis of mentioned analysis we can anticipate gtiinize the least wear of
slide HDD micro-bearing.

INITIAL INFORMATION ABOUT MICROBEARING WEAR
PROGNOSIS

The wear studies in the micro- and nano-scale haea conducted on actual or
simulated MEMS components. The MEMS devices in Whiear issues are
critical are HDD micro-bearing and micro-motdt. [1-5]. Solutions of the
presented problem can be possible on the basiseoéntly obtained
measurements of micro-bearing and micro-motors waeng the first number
cycles or time periods (may be month or years)xpiatation. The function
between wear depth and number of cycles or timmgemdepends on normal
load, and the kind of lubricant, and the kind oftenil of cooperating sample
or bearing surface4 [ 1-3, 5]. The experimental dependencies aresented in

Fig. 1.
After experimental AFM measurements it follows tihé sequence of
discrete wear values {t} for n = 1,2,3,..., i.e. the values of a decreasarim

of HDD micro-bearing journal diameter equal to ten (f.,+ f,) of wear in
two foregoing successive time units (possibly innthg) multiplied by a
dimensionless average stochastic coefficient 0 < & plus some exponent
dimensional stochastic function B[L. 1, 2, 5]. Coefficients D, a, b depend on
the experimentally obtained normal loads, the roegk of surfaces, the micro-
hardness of micro-of bearing material, the jouraagular velocity, and the
frequencies of vibrationf.. 1, 2, 4, 5]. Variable n is numbered by natural
numbers 1, 2, 3,.... The dimensionless constant amdependent random
parameter 0 < & 1 denotes any coefficient which averages the wedwo
succeeding foregoing time unifs. 5]. Power term bD with index n as
exponential function make up the negative or pesitifferences between the
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real wear in the succeeding time unit and weay.a¢ff,) obtained from the
mentioned average valu@ls 1, 2]. In this case wear of HDD micro-bearing,
this can be described by the following recurrerguagion:
f .,=a(f ,+f )+bD" for n=1,23,... 1)

Recurrent Equation (1) determines analytical foa'riyl:,} presenting a
sequence of wear values numbered for n = 1, 2, 3ime units, if we know
dimensionless values D[1], a [1] and dimensiondli&adb[nm]. To solve this
problem, it is necessary to add the boundary cmmditlL. 5]. Hence, we
assume that in two first time units (possibly inntis) and the wear by virtue
of experiments attains dimensional valuegpm], W,[pm].
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Fig. 1. Wear depths as a function of normal load ahas a function of cycles or operating
times for various samples: 1 — undoped Si(100), 2 undoped polysilicon film,
3 — n-type polysilicon film, 4 — SiC film

Rys. 1. Gébokas¢ zwycia jako funkcja obaeizenia normalnego oraz jako funkcja liczby cykli
czasu eksploatacji dla mdych prébek: 1 — nieaktywny krzem Si(100), 2 —akigwna
btona pdélizgowa, 3 — n-ty rodzaj btony polisilikonowej, 4btona wglika krzemowego

THE BASIC PRINCIPLES OF SOLUTION
The general solution of Eqg. (1) has the f¢tm6]:

fr=Cxd +Cx3 +f2 forn=1,2,3,... )

with xz—ap(—a:O 3)
where G,C, arbitrary constants an{ifr?} denotes particular solution of non-

homogeneous equation. SymbgisX::

2
X12=§iwfa+a?, for 0<as1D,sxi,<D;, Dp,=(£v5)2 (3)

2
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denote only real roots of characteristic equati®)n By imposing the boundary
conditionsf, =w; ,f, =W, on the general solution (2), we obtain the follogvi
systemL. 7]:

CiXy +CoXa +f0 =Wh, Cixf +Cox3 +2 =W, (4)
The system of equations (4) determines the unkremmstants Cand G.

THE CASE OF WEAR STABILIZATION AND CONTINUOUS
INCREASES

For the following assumptiorik. 1, 2]:

2 2

a a 11 D
Xo %D, =—+,Ja+—,0<a<=, =<a<1l ie az—, D,<D< 5
X1, X2 X122\/ 2 > D1 2 D, (5

the sum of solutions (2) after N time units hasfti®wing form [L. 6, 7]:

N N
. - bD 1-D
> —C1X1 X + 2X2 X2 t (6)
n=1 - X1 1-X» D“-aD-a 1-D
EXAMPLE 1

In two successive time units, the HDD micro-bearijuyirnal diameter
decreases Wand W nm [L. 1, 2]. Now we can determine the wear after
infinite time units using measurements and stodhadata presented by
a[l] = 1/6, D[1] = 1/3 for arbitrary b [nm]. Fronordmulae (4), (5), (6), we
obtain the following exploitation parameters:

D’ _2 1 9 1
@t =Xy G DWW, G- W (1)

By putting the data (7) in Formula (6), the sunwefar, i.e. the sum of the
solutions of recurrence Equation (2), in followitigme units, we attain the
following form of convergent wear value sequence:
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for N=1, f, =W,
for N=2, f/+f,=W,+W,

3

for N=3, > 'f.=1.1666¢6)W,+1.1666456)W, +0.333383)b
n=1
4

for N=4, > =1.194444)W, +1.3611{1)W, +0.500000b

n=1

for N =10, an =1.249211W +1,497671W, + 0,745381b

n=1

........................................................... (8)

00

for N=o, 3f;=1.250000W +1,500000W +0,750000b

n=1

In this case, the increases of the wear has ailingticceeding time limits
during the exploitation and, in a sufficient numlzgrtime units, we obtain
constant wear values presenting in last row in tdan(8).

REMARK 1

Using measurements and data presented by a[1],=Dft$ = 3/2<D for arbi-
trary b [nm], we obtainll. 1, 2, 6]:

2 D?
=—\l++6)>xlaz—=22¢ 9
Xi=gLeVe)>2tar 2 ©

In this case, from Formula (6), it follows thattiihe unit N = 1, 2, 3,... in-
creases, then wear always increases.
THE CASE OF WEAR STABILIZATION
For the following assumptiorfk. 1, 2, 6]:

1 D D?
O<a<=, =D, X\,=———, a=——, 0<D<1 (10
2 X1 X2 D+l D+1 (10)

the sum of solutions (2) after N time units hasfti®wing form [L. 6, 7]:
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N

N
. -1
fi=C +C
nzln 1X1 A (D 1) (2D a)

After infinitely many time units, the sum of weadkl( is convergent and
tends to the following value:

) N o D D b(D +1) (12)
fo =C -C +
lim Zl T2 % a1 by

THE CASE OF WEAR CONTINUOUS INCREASES
For the following assumptiorfk. 1, 2, .3]:

(D:la:;) :)(Xlzlxzz—;j (13)

The sum of solution (2) in successive time unitstha following forniL. 7]:
ST AN 240"
S R (S S
+b{ 0.8 K—le —1}+N('§”)},

9 27|\ 2

forN=1,2,3,....

From formula (14), it follows that the wear afteetfollowing time units is
always divergent, and in the presented case, wimndltte following values:

for N=1, f =W,
for N=2, f +f, =W, +W,

3
for N=3, > f. =1.500000W, +1.500000W, + b

n=1

4
for N =4, Z f, =1.750000W, + 2.250000W, + 2.500000b
n=1
(15)
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In this case, the increases of the wear has noilinsucceeding time limits
during the exploitation, and we obtain larger aargjér wear values in succeed-
ing time units.

CONCLUSIONS

The algorithm of HDD micro-bearing wear calculasoim succeeding time
units (possibly in months or years) had been geeéramn the basis of
experimental achievements.

The following new achievements are obtained:

1. The algorithm enables one to find the wear atitharbitrary time units
after the beginning of exploitation.

2. The knowledge of the operating parameters, diofy the algorithm
formula, enables one to recognise the function eamdistribution as a
function of continually increasing wear values eraafunction presenting
stabilising wear values after a sufficient numbértime units after the
beginning of exploitation.
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Streszczenie

Zuzycie mikrotozysk w napgdach HDD w kolejnych okresach eksploata-
cyjnych, takich jak kolejne miesice, lata jest bardzo istotnym problemem
procesu eksploatacji komputerow. Jak wynika z bada doswiadczalnych,
wartosé zuzycia zalery od wartosci obciazenia, rodzaju materiatu tracych
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sig powierzchni oraz ich chropowatdci, srodkdw smarujacych, a takie
czasu trwania eksploatacji. W zalgnosci od wymienionych parametrow
rozwoj zuzycia odbywa s¢ mniej lub bardziej intensywnie. Niniejsza praca
za pomo@ zaleznosci rekurencyjnych przedstawia algorytm symulujacy
zuzycie mikrotozysk HDD w dowolnym czasie trwania eksploatacji, majc
do dyspozycji pomierzone wartdci zuzycia po dwoch kolejnych latach lub
miesigcach pracy tazyska oraz dysponujc wiedz o zmianach i wzrdcie
wartosci zuzycia zaczerpngta z dokonanych pomiarow déwiadczalnych.
Wspotczynniki rozpatrywanych zaleznosci i rownan rekurencyjnych sa
scisle uzaleznione od wymienionych parametrow eksploatacyjnych.



