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Abstract :

In this article the dynamic mechanical charactéionaof PDMS and SUS8 resin using dynamic
mechanical analysis, nanoindentation and the sagrmmicrodeformation microscope have been
presented. The methods are hereby explaisetbnded for viscoelastic behaviouand their
compatibility underlined. The storage and loss nlioofuthese polymers over a wide range of
frequencies (from 0.01 Hz to some kHz) have beeasomed. These techniques are shown fairly
matching and the two different viscoelastic behasgoof these two polymers have been
exhibited. Indeed, PDMS shows moduli which stilcriease at 5 kHz whereas SU8 ones
decrease much sooner. From a material point of ,viee Havriliak and Negami model to

estimate instantaneous, relaxed moduli and timstaohof these materials has been identified.

1 — Introduction

In the field of materials sciences it is quite hewchave matching mechanical characterization
methods at very small scale. This has become pessilly in the last few years especially
thanks to scanning probe microscopy [1, 2, 3, 46,57] and nanoindentation [8, 9, 10].
Viscoelastic properties of polymers have also beeasured for low frequencies and for higher
frequencies thanks to the time-temperature equical¢ll]. Yet, direct measurements at high

frequencies are far less studied in the literatfir@aterials.
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In this paper, three techniques of dynamic meclahrebaracterization working at different
scales have been used. A Dynamic Mechanical ArelfBMA) is a technique working at
macro scale by tensile tests. The Scanning Micaydedtion Microscope (SMM) [12, 13] is a
type of AC-force microscope, a non destructiveayswhich allows quantitative measurements
of elastic properties at micro scale. At last, nadentation tests which can characterize
materials at nano or micro scale and for quasiestatdynamic loadings have been carried out.
We decided to characterize two polymers by meaguitieir complex Young's moduli for a
wide range of frequencies to exhibit their viscegtaproperties. We chose two very different
organic materials often used in MEMS applicationeDMS and SU8 resin.
PolyDiMethylSiloxane (PDMS) is a silicon-based &aser. Mechanical properties of this very
versatile material vary with preparation conditioieung's moduli values can actually fluctuate
in the range of 0.1 MPa to some tens of MPa depgndn its preparation [14, 15, 16, 17]. It
exhibits an important viscoelastic behaviour. ThHeeo material we decided to characterize is a
SU8 resin film. This resin is a polymer based ooxégs which is used for photolithography and
MEMS applications and has a Young modulus in thegea3-6 GPa associated with a low

viscoelastic behaviour [18].

Bulk samples have been designed to allow DMA meamsants and to verify the compatibility
of these technique$.o our knowledge such a comparison on viscoelas#terials has not been
yet reported in the literaturehis is the principal aim of this study performedtbase two very

different polymers. The material point of view wiké briefly analyzed at the end of this paper.

2 — Materials and experimental procedures

2.1 Materials

Polydimethylsiloxane (PDMS) has become the mosulabuilding material used in a variety
of low-cost acqueous microfluidic devices aimedparticular at single use for biological or
medical diagnostics. In order to have low powerstmnption, many groups use this material for
the manufacture of mobile part (often membraneddaj...) in active systems such as
microvalves and micropumps. Therefore the charaeiigon of the dynamic mechanical
properties of PDMS is of great interest. To reatlze PDMS samples, the Sylgard 184 PDMS
Kit manufactured by Dow Corning Corporation and posed by a prepolymer and a curing
agent has been used. The samples were made bgnigersethod. The prepolymer and curing



agent in ratio 10:1 were mixed with an Ultra Tutaaxmogenizer for 30s. The solution was
poured into a Petri dish up to a thickness of al®dtmm and degassed in a desiccator by
application of vacuum for 15 mn with a cycle of Z2amt 0.5 m Torr. The solution was then
cured in an oven at 65°C for 4 h following the maooendations from Dow Corning. PDMS
was demolded and cut to make rectangular specinigifferent samples have been tested.
Specimen 1 was tested thanks to the three difféeshniques for aging timeg af about 1500
hours and 11 000 h at constant temperatute€20-22° C in a closed Petri dish and without light
exposure. Specimen 2 is a very old sample whictbbas aging for a long time, ¢ 3 years) at
room temperature (20 to 30 °C), without any patéicyprecaution and whose preparation
conditions are not exactly the same as those puslhjigresented for specimen 1. Thus, these

two PDMS samples must be considered as two diffenaterials.

The SUS8 resin is a negative epoxy type photorekithvhas been developed by IBM (Watson
Research Center). This polymer is a good mateaalMEMS applications.Two different
samples have been tested. Specimen 1, tested heitthtee techniquess afilm of 0.13 mm
thick obtained by spin-coating liquid SU8 resinr(BD s at 5000 rpm/s) on a glass substrate.
Before the deposition a deshydratation base ofal 200°C has been realized. The final step,
after deposition, is a curing of 5 mn at 120 °Ce Ttained film was removed from the glass
substrate and then cut to make the different sanpie sample for each technique. Specimen 2
is a film of 50 um thick deposited on <100> siliceumbstrate by spin-coating liquid resin (for
120 s at 500 rpm/s). A first soft-bake deshydratba h at 50 °C followed by a hard-bake of 15
h at 90 °C have been performed. Due to the smiakribss of these films, only nanoindentation

and SMM procedures have been carried out.
2.2 Dynamic Mechanical Analysis (DMA)

DMA measures with frequencies in the range of 20L00 Hz were performed on a commercial
BOSE Electroforce 3200 machine, at room temperdturéhe three different materials and at
T =23, 0, -20, -40, -60°C for the PDMS sample Qug; for this specimen the time-temperature

equivalence has been analyzed over a large doriéieqoiency; 10 < f < 10 Hz.

For PDMS and SUS8 resifspecimen 1samples, gage lengths of the specimens were &0out
mm and 36 mm for a cross section of about 13 xn®w and 10.2 x 0.13 mhrespectively. A
control on the position with a peak to peak amghitwf 0.5 mm (corresponding to a straintof

7.6.10°) for a preload strain of 9.1.F0vas realized. Thus the samples were always iricens
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even at the low point of the cycles. According e tASTM Standard Guide for Dynamic
Testing the software calculates the phase agdbetween the imposed displacement and the
measured force and uses the specimen shape torctmnvetiffness and the phase information
to provide the values of E', the storage modullstHe loss modulus and tag( the tangent of
the phase angle. Moreover, for the specimefBMS and SU§)the evolution of E' and E"
with the aging time,thas been studied between 3 to about 1300 hours.

2.3 The Scanning Microdeformation Microscope (SMM)

2.3.1 Presentation of the microscope

The SMM is a type of AC-force contact microscopke Bensor is a micromechanical resonator
(Fig. 1) composed of a silicon cantilever with aafinsharp sapphire tip at the end. The
cantilever is glued onto a piezoelectric bimorpangducer at the other end. The transducer
excites the vibration of the tip-sample system. Tipgemains in contact with the sample and
vibrates at some kHz with an amplitude of some natees. Amplitude and phase of the
cantilever vibration are measured with a high dantyi heterodyne interferometer [19, 20]. The

synoptic of the SMM is presented in Fig. 2.

The signal at the probe output is averaged withdbeble-phase lock-in amplifier and the
amplitude and the phase of the cantilever displacerare recorded by the computer. Moreover,
a modulated laser diode is used in a deflectonteteontrol the static force applied on the
sample thanks to the second lock-in (and the tbivd can be used for a transmission mode
operation). This microscope is an effective tookg¢oord images of surfaces and subsurfaces
with heterogeneous local elasticity or to charaoteglastic properties of a material.

In the framework of this study, it has been usethéasure Young's moduli. So we put the tip in
contact with the sample and an additional staticeds applied by vertically displacing the
clamped end of the cantilever is applied. Theneth@tation frequency is scanned. The resonant
frequency depends on the static force applied heéacbntact stiffness. Actually, by measuring
this resonant frequency, local contact stiffness loa estimated and then, with a well-suited
model, the local Young's modulus is extracted. Othierasonic non-invasive methods like
atomic force acoustic microscope (AFAM), ultrasorarce microscopy (UFM) or AFM

spectroscopy with heterodyne interferometer canensaich a characterization on the nanometre



scale but with less accuracy because the contagelnmaust take into account additional forces
at this scale [1, 2, 3, 7].

2.3.2 Model

A continuous model (Fig. 3) has been used [6, @1¢htain Young's moduli values of tested

samples from the measured contact resonant fremsenthe cantilever is represented as a
beam interacting with the sample through two smih'g and k1. The piezoelectric bimorph
transducer action on the cantilever has been nmamtiel a simple mass,rand a spring k A

Hertz contact has been considered to obtain theesgjon of the contact stiffnesis'N :

Ky =E2/3(6 RE /3 (1)

However, for polymers, a dynamic Hertz contact iseded to consider the frequency

dependence of the Young's modulus [22, 23], thus :

- _ B /3 2
kN - E*]_]}g (6 R%} ( )
0

Where EB is the static reduced Young's modulus of the samE] is the dynamic reduced

Young's modulus for the considered frequengyiskhe static additional force and R the radius

of the tip. This relation is different from the stabne (Eq. 1). IfEi = E*0= E (Eq. 2) is

identical to (Eq. 1). For viscoelastic materials @bsolutely necessary to use this new relation
because the dynamic Young's modulus can be veigreiit from the static one. It will be the

case for PDMS whereas for the SU8 resin we can #eeptatic reIatior(EI = E*o).

To extract the Young's modulus value from the cdntasonant frequencyy,fthe linear
differential equation for the vibration of the beawth boundary conditions has been solved
[21] :

4 2
Ecla—Z+pSa—Z: 0 (3),
0X ot



where E is the Young's modulus, | the area moment of iagptthe volume density and S the

cross section of the cantilever.

In this study a simple spring-mass approximatios been introduced to take into account the

damping and to determine the complex Young's madiike Arinéro et al. [24] did for an

AFM. First, the relation betweep &nd k'N IS obtained:

f _i kIN+kC
0 21 Metf (4)

where k is the beam stiffness. The linear differential egumadescribing the response of an
oscillator, with my the effective mass of cantilever and tip, the complex value of the

responseqy the cantilever-tip-sample system's resonance anfrgéquency and the damping

coefficient is:
2.
6_;( 2\ x, wbx = R exp(wt) ®)
ot ot Meft

with: X = Xgexp(iwt) exp(ip).

So,

Fo / Megt (6)
(@ — w?) + 2w\

Xpexp(ip) =

Introducing the resonance frequency of the systeamnd the 3 dB half-bandwidth, fgiven by
fo= w/2rt and § = A/2m, the expression of the complex contact dynamiiitnes can be

obtained:

Keep = = Mgt (42 (FE -1 2) +8im% £ (7).

Xoexp(ip)

By taking the imaginary part, and as f is clos&tohe k'}\, stiffness is obtained:



Kn =8Me T fofy (8)
Introducing the complex effective Young moduIIE*§:

Ey=E +iE 9)
and writing the expression of the complex stiffn@s$25] :

kn =k +iky (10)
with a static Hertz contact :

kn =E 23 (6RRp }'° (11),
and thanks to Egs. (4), (8) and (11), the expressi& is given by:

EWJﬂM+%mW2 (12)

This relation will be used for the SU8 resin @f: E*o.

For a dynamic contact:

g

" E 13
kn == (BRR }/° (13)
Eo
Thanks to Eqgs. (4), (8) and (13), the following egsion ofEl* has been obtained:
v _2(ky * ke)HEo'> (14)

E

fo(6RRy)3



This relation will be used for the PDMS elastomer.

At last, it is interesting to note that the relasoon the components of the complex Young's
modulus determined with the hypothesis of statif (9. 1) or dynamic (dyn) (Eqg. 2) Hertz
contact are such that :

o _=* /3 21/3 o e 2y3 */3
Eayn = (Eaf 2 EF'® and Eyn= EH® B (15).

It is thus possible to write:
. \1/3
(i — gy _q) _E0
Eayn = EY | a+(@-a ){ £0)° J (16)
st

with (i) = (' or "),a = 1 for a non viscous material aod= O for a viscoelastic material.
2.3.3 Experimental conditions

Two different cantilevers have been used for treratterization of these two materials. Thanks
to a previous study on the sensitivity of the SM28][ we chose 2 different cantilevers which
are optmized for PDMS and SU8 resin. Actually, \Wwewvged that the cantilever stiffness must
be chosen close to the contact stiffness to hageb#st sensitivity. As cantilever stiffness
depends on the inverse of the cube of the lenglbngth of 7 mm for PDMS and 4.5 mm for
the SU8 which is harder have been chosen. The waittththe thickness of the beam are 400 um
and 150 um respectively. The tip has a cylindrizade and a conical end as shown in Fig. 1.
The sharp end of the tip is spherical. For the beatim a length of 7 mm, the tip length | is 697
pum, its mass m = 0.23 pug and its curvature radiags4® um. For the one with a length of 4.5
mm, | = 976 um, m = 0.45 pg and R = 20 um. Thecsegplied force Fwas 0.15 mN for the
PDMS and 0.5 mN for the SU8 resin. The frequenayala of the SMM with these cantilevers
corresponds to some kHz. As an example, Fig. 4sgilie first resonance mode of the two
PDMS samples (specimens 1 and @y each sample about 5 to 7 measurements have been
performed and the final result is the mean of tAkeies.The shift frequency difference between

these two specimens, due to their different modutisbout 350 Hz. Note that the SMM has



already been tested on standard hard materialsiliken and silica [6, 21, 26] and a precision

of nearly 5 % have been determined with the usedemno

With these experimental conditions the polymersleagled in their linear viscoelastic regime.
Actually, PDMS remains linear until deformations6df % [17] and 5 % for SU8 resin [18]. For
a spherical tip like SMM ones, deformation of tlemtact area is = 0.2a/R [27], where a is the
contact area radius and R the tip radius. Withtifpewe have used, a <5 pm and R > 20 um,

thuse < 5 %.

2.4 Nanoindentation tests

2.4.1 Model

The Berkovich's indentations were performed witNanoindenter fi (Nanolnstruments). The
hardness kland the Young's modulus Bre deduced using the classical static procedutteeo
continuous stiffness method (CSM) described aviadl One of the most commonly used
methods for analysing nanoindentation data is tliee©and Pharr one [8], which expands on
earlier ideas developed by Loubet et al. [28] am@fDer and Nix [29]. This analysis has often
been applied to polymer characterization, for exanjfp8], [30] and [31], even if the true
contact area is underestimated due to the pushirg the material around the indenter. In this
case the Young's modulus is slightly overestimakémyever, in our method described below
the Young's modulus has been estimated for an faten depth close to zero (Eq. (32)) and

thus the pile up effect may be considered as niéigig

In the Oliver and Pharr method, the hardnesantl the reduced modulus &e derived from :

Hy, =max (17)
A
and
—v2 1-y2
(d_Fj —s =2 B VA with L=17Vs 17V (18)
dh ) ynioading Jn E Es Ei

In these equations,nk is the maximum indentation load, A the projecteeaaof the elastic
contact, Sthe unloading stiffness measured at different maxn depths of penetration h for

the classical method (quasi-static method), or inanusly with the CSM technique (at a
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frequency f = 45 Hz)y = 1.034 for a Berkovich's tip.sEBndvs are the Young's modulus and the
Poisson's ratio of the specimen angdviEthe same parameters for the indenter. The expressi

of the projected contact area A for a Berkovichemigr is given by the following formula:
2 / 19
A(hc)=24.56 + = (g f" (19)

n=1

The second term in Eq. (19), evaluated using fuskch as a reference material, takes into
account the geometrical deviations due to thedimding. Presently, this term is negligible due
to the large penetration depths. The displacemeastdiven by:

he=h- g Tmax (20)

in the case of the classical method, i§$ calculated by analytical differentiating of the

experimental unloading curve:
F=D(h- h " (21)

and evaluating the derivative at the peak logag.Fx is the remanent penetration depth and m

2 for a Berkovich indenter. For the CSM method,displacement fis given by:

he=h-e— (22)
S

where Sand F are the unloading stiffness and the forcerded along the displacement of the
indenter, respectively. So, with this method, hastnand Young's modulus can be determined
as a function of the penetration depth h. In (20 §2),e = 0.72 which corresponds to a
conical indenter. In the CSM method a small harmdo@ad oscillation is superimposed to the
static one and if the tested material presents@oeiastic character it is then possible to deduce

its complex modulus [32]. If the dynamic loadingyisen by:

F=FR exp(wt) (23)
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the deformation response of the material is :

Ah = Ahy exp(t) exp@ (24)

where @ is the phase lag due to viscous dissipation, akgs. (5) and (6) for the SMM

technique. The components of the complex modulusag be calculated according to:

-
= _%2n\/K cose. (25)
e T

= _S"znﬁ sin) (26)

with Sy = R/Ahg and thus tamg) = E /E .
In the present case, for polymer application>& E (Eq. 18) and thenE = Es /(1—v25) as in

SMM experiments. Now, if §& and S are the stiffness of the indentation cell, of thad

frame and of the sample respectively, the totéhsss g is :

-1
1 1
a3r3) s @n
In our case &> S, then:
SO = SS + S (28)

Combining Egs. (18) and (19), we obtain :

s, . [2a86 n dF
E.=—= with =, — and =—
S~ 2uh, "N o2 3= h (29).

This relation supposes that the surface of the kanspprecisely detected without initial

penetration (§>> § = 44 N/m). This is the case for metallic materiaigl &iard polymers such
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as the SUS8 resin. However, with PDMS, €S and thus when the contact is detected the
indenter has penetrated into the sample. In thidystve determined the contact with the sample
for different fixed stiffnessespSsuch that §> § > S, that is to say for a certain penetration

depth R function of $. In this case, the measured Young's modujusi& given by:

(30)

Emes=
2P hmes
where hhesis the measured indentation depth penetration.

Due to the quasi-elastic indentation response ®fRBMS samples,;& 0 and m = 2 in Eq.
(21), and thanks to the relations (19) and (28)eiasily shown that:

he =aih with o; <1 (31)
Note that the coefficierd; is not the same in quasi-static or dynamic methddghe measured

indentation depth for a given contact stiffnegssSes= h — h, combining Egs. (29), (30) and
(31) the relation (32) is obtained:

Emes=Es+ E shr?(—sw (32)
mes

Thus the representation.g& = f(1/hne9dS Must be linear ; the intersection with the Y agiges
the value of the true Young's modulusdad the slope of the straight line allows to deiee

Esho(So) which is an increasing function of the initialffstess 3.

In fact, when hes>> hy, Emes= Es. Thanks to these representations thedties for quasi-static

condition or for dynamic loading (f = 45 Hz) candetermined.
In the CSM technique the loss tangent is defined as

E" Agw
tan@)=—=——-
E' 55— mw? (33)

where 3 is given by the relation (28) at the consideredjfiency), is the sum of the damping
coefficient of the apparatus and the one of thaaminm is the mass of the moving part of the
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indenter. The measured tah(s false as\o and g are functions of the initial indentation depth
ho. The true value of the loss tangent correspondfidse at h = i+ hpes = 0. Plotting the
measured values of tag(as a function of (h+ hyed, the intersection with the Y axis should
give the true value of this parameter. The ind@pth penetrationglcan be calculated from the
experimental representation of Eq. (32); the slgpes the product giks and knowing E
previously determined, we calculate thevhlue. This way will be used to determine the ¢in(
value of the PDMS samples and thus the loss modtluEqg. (33)). For the SU8 resin, the
contact is precisely detected, thys=h0 and the taig) value given by the standard procedure is

considered as accurate.
2.4.2 Experimental conditions

Nanoindentation tests were performed using a Nateoiter IF. As previously mentioned the
study was conducted following the classical (qaaiic) and CSM (dynamic at f = 45 Hz)
procedures. For each tested sample and for eadh stiffness g, the measurement sequence
consists on 5 indents with a 50 um space betwesm thith a maximum penetration depth of
hmax 04 um. The penetration speed was not constantnioaeased with depth from 2 to 45
nm.s" with 8 steps such that= (1/h)(dh/dt) is approximately constant and equal to Z.%6.

The stiffness of the indentation celliS 44 N/m and the values of the imposed initidfregss

are in the range 53 S 94 N/m. For the quasi-static method, four uniogs (to 90 % of the
total loading) were performed at abouti= 1, 2, 3 and 4 um and 50 % of the unloading curves
are considered to calculate the contact stiffnésheosamples $Sas previously presented. For

the CSM procedure, the indenter vibrates at a #eqy of 45 Hz for an amplitude of 1-2 nm

during the indenter penetratida = 210251 ).

As an example, Fig. 5 shows, for the PDMS sampliéd evolution of the measured Young's
modulus Ees obtained with the two methods as a function of iieasured indentation depth
hmesand for different values ofpSAs expected by Eq. (32) & decreases with;Rs According

to Eq. (32), Fig. 6 gives the representations gfsEs a function of 1/ps for the same
conditions as those presented in Fig. 5. Theseseptations are linear and lead to determipe E
= 1.7 MPa, Gyn= 2.6 MPa for the classical and CSM methods resmdg. Note that, for the
same value of & the slopes of these representations are diffedeptending on the performed
method. Indeed, this is due to the different valtie; in Eq. (31) for quasi-static or dynamic

loadings. Thanks to Eq. (32) and knowing \Ee can evaluate the indentation depth h

13



corresponding to the initial stiffnesg. or instance, in the case of the sample 1,HSpB~ 25
N/m, hh=4 pum.

In the case of the SUS8 films the maximum penetnatiepth has been fixed atd#3 um and
the contact between the surface of the sampletanadhtienter tip is easily detectable. Thus, the
measured values of the Young’'s modulus and of thedriess are constant overall the

indentation depth.
3 — Experimental results

The three techniques work at different scales amtifferent frequencies. As previously shown,
they enable us to check the viscoelastic propedid¢bese polymers. Actually, storage and loss
moduli of polymers change depending on the frequeWe recorded the measures of E' and E"

for the two specimens of PDMS and for the two Sesrr films.
3.1 Case of the PDMS samples

We tookv = 0.48 for the Poisson's ratio of the PDMS (hylaestéec material). The values of E'
for the two PDMS samples are plotted in Fig. 7 &snation of the working frequency and for
the three experimental techniques. Note that ferSNMM value, f is the first contact resonance
frequency equal to 4,18 KHz. The measures giventhgy DMA and the nanoindentation

methods are in a fairly good agreement. The SMMs@wen if it is two decades further show a

possible continuity. Static moduEB for the two samples are respectively 1.7 and ZZ&aNAs

it will be shown, this difference is principally duo the different preparation conditions and
weakly to the aging time. Storage modulus increag#s the frequency for the two samples,
which is typical of a viscoelastic material. Foeske two materials the values given by the SMM
at nearly 4 kHz are 3.4 and 5.5 MPa (Fig. 7). la Eig. 8 the loss modulus is plotted as the
function of the working frequency. At 0.01 Hz thalwes are very low, near zero, but sharply
increase with the working frequency. Results betw&MA and SMM show the same
behaviour for E" than for E'. Typically, for polymse E" increases before reaching a maximum
and then decreases with the working frequency. S values of E" at 4 kHz for the two
specimens are about 1 and 1.6 MPa.

E' and E" are of the same order of magnitude whielans that for this range of frequencies the

material is very viscoelastic. This behaviour isagified by the parameter tag(= E"/E' as
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shown in Fig. 9. The values estimated with the C&oindentation procedure are in good
agreement with those obtained by the DMA analyBiee SMM values also show a possible
continuity. The tanf) parameter is an increasing function of the freqyeas expected, and the
SMM values are close to 0.28 forf4 kHz. It should then decrease for higher freqiesnche
maximum value should be obtained at a frequencgboiut 16 Hz. From a material point of
view, it is interesting to note that the valuestlué tan(p) parameter are the same for the two
tested specimens, indicating that this parametmsansensitive to the elaboration conditions

and the aging time as it will be shown later.

To compare in a more quantitative manner the resalitained by the DMA and the SMM
techniques, DMA experiments at low temperatures (I -20, -40, -60°C) on specimen 1 have
been carried out. The frequency range is 0.01 tel5@nd thus, thanks to the time-temperature
equivalence, a large domain of frequency can be/zed; 10° < f(Hz) < 10. However, for the
specimen 1, between the first experiments prewopstsented (Figs. 7, 8, 9) for a relatively
short aging time (t= 1460 h) and these new measurgs=(tL1 000 h, Figs. 11-12-13), the
material has evolved over a very long time at raemperature. The effect of aging time has
been analyzed thanks to the DMA technique and digb® shows the increasing of the
normalized storage modulus E(E'(4h) (E'/(t) measured at an aging timeotver the modulus
measured just after the elaboration of the matdtiédh)) as a function of the aging timeahd

for three frequencies. So, between these two exjeatts, the storage modulus (and also the loss
modulus) has grown of about 14 %. The William-Ldraled Ferry model has been applied to
calculate the storage and loss moduli master claseshiown in Figs. 11 and 12 respectively. In

this model, for a fixed reference temperaturg the translation parametear, 1, of the

frequencies, is given by:

| | | | | - (T-To) | |
£0 (11 =0 (1. &)1 1) with L éP,To)z—C(il)+T 0% and (I (or" (g
2 -0

In the representations drawn in Figs. 11 and 12 réfierence temperature is ¥ 23°C and the
values of the parameter@f) and (g) ¢ C are equally reported in these figures. E' and E"

continuously increase with the equivalent frequefidy/ < f < 1¢ Hz) from 2 to 7.5 MPa and
0.02 to 1.6 MPa respectively. Figure 13 gives thawgion of the parameter tag(= E"/E' as a

function of the equivalent frequency.
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New nanoindentation and SMM tests have been peddram this aged specimern £ 11 000

h) and the results are plotted in Fig. 11, 12, A8.for the previous results (Figs. 7, 8, 9),
nanoindentation measures (quasi-static and dyngmeitg¢ctly match those given by the DMA.

For the SMM experiments, a new cantilever whoseatharistics are: length 6,5 mm, width

400 pum, thickness 80 um, | = 697 um, m = 0.44 pdyRn= 45 um, has been used. The first

resonance mode with an applied static force of thbis §, = 2,65 KHz, which corresponds to
E'=4.39 MPa Eg =2 MPa in Egs. (2) or (15)). The value of the lIm®dulus determined from

the half-bandwidth if of the resonance peak is E" = 1,19 MPa, thus@an(Q.27. These
different values are plotted in Figures 11, 12,ah8 are in a fairly good agreement with the
time-temperature equivalent curves. Taking intooaot the aging of the specimen, resulting in
an increasing of 14 % on the values of the Youmgidulus components whepincreases from
1460 h to 11 000 h (Fig. 10), the values of theviones measurements & 4,16 KHz) have also

been reported in these figures. They are in thgheiurhood of the master curves.

From a material point of view, it is interesting iote that the values of the tghparameter
obtained with these three different techniques ba two specimens are identical, thus
insensitive to the aging time and the elaboratimmdgtions. The values measured with the SMM
technique (tar) OO 0.27) are slightly higher than those evaluatedhwhe DMA time-
temperature equivalence, tgh(10.21, for the same frequency domain. Indeed, theakies
are slightly overestimated with the SMM method. sThbservation tends to show that, if,g(t
EIC) is a function of the aging time @and the elaboration conditions EIC, the complexiuhas
should be given by :

E =g(t,,EIC)E + iE ) (35)

As a conclusion, our measures given by the thriéereint techniques working at different scales
lead to characterize the PDMS material over a widgye of frequencies (f0- 10" Hz), but

with a certain discrepancy due to the differencethia working frequency of these three
methods. However, the measures show the compstilzihd the complementary of these
characterization systems. We quantitatively saw @helution of storage and loss moduli of
these bulk PDMS samples. Indeed, the measuredsvaheein a fairly good agreement with the
results reported by Mata et al. [15], Roure efl8] and Schneider et al. [17], ie : E' = 1.9 MPa

without climate test and for quasi-static measur@sie
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3.2 Case of the SUS8 resin

The same measures on the SUS8 resin film have bemeed out. For this material we took a
Poisson's ratio of = 0.29.For the two specimerthe evolution of the storage modulus E' with
the frequency has been plotted in Fig. 14. Thigtithe three techniques do not perfectly match.
Actually for sample 1, at 0.01 Hz the DMA valuedbout 2.9 GPa (2 different measures)
whereas the nanoindentation value is about 4.5 GIaeover, for these two techniques the
storage modulus slightly increases with the fregydn the studied range. The SMM value at
23 kHz (first resonance frequency) confirms theemdtion modulus values with a nearly equal
value of 4.2 GPa. As previously mentioned, the @alfithe order of 4.5 GPa is in agreement
with the results given in the overall literatures to 6 GPa. The low values obtained by DMA
technique are certainly due to the too small theslenof the tested specimen (0.13 mm) and the
small preload strair=(9.10% allowing to a certain inhomogeneity in the strfigid across the
specimen section. The artefacts due to the insmtiroempliance effects observed on rigid
specimens are also not neglectible. So in the &yierve of the storage modulus of a polymer,
the maximum of slope has already been passed @&ncdhdidulus is quite constant. The same
evolution can be expected for the loss modulusis tange of frequencies. In Fig. 15 a loss
modulus which decreases with the frequency canbiserged. The nanoindentation value is a
slightly greater than the DMA one. The SMM value€3tkHz is lower and confirms the global
decreasing of the loss modulus. It can be notetl tttealoss modulus if far lower than the
storage one (20-80 MPa versus 4-4.5 GPa). Thus,Slb8 resin presents a very weak

viscoelastic behaviour, far less than the PDMS one.

The tan{) has also been plotted in Fig. 16. The maximumbeas passed (I 10° Hz) and this
parameter decreases with the frequency. Of codingeyalues are much lower than for the
PDMS and the maximum value is close to 0.025. limiportant to observe that the three
techniques perfectly match. DMA and nanoindentatialues are the same at 45 Hz and the
SMM value prolongs the decrease of the curve. ¢hvisgth DMA technique, the error due to the
small thickness of the film (or other causes) esdame effect on the determination of E' and
E" and disappears on the loss tangent which isleégule ratio E"/E'.

Nanoindention and SMM measurements have been pstbon the same sample (specimen 1)
but for an aging time at room temperature of ad@@00 h. Contrary to the PDMS samples, no
noticeable evolution outside of the method accesabias been pointed out.

For the SU8 film deposited on the Si substrateqispen 2), the nanoindentation and the SMM

techniques perfectly match (Fig.14) and the deteechivalues of the storage modulus are %.57
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0.15 GPa and 5.& 0.3 GPa, respectively. These values are higher thase measured on
specimen 1, but close to those reported by Al-Halihet al. [18], i.e.: 5.2 GPa. The values of
the loss modulus and the tangent of the phaseriaglatted in Figs. 15 and 16. As for the
specimen 1 these two parameters decrease withigtyeeincy, but the values are slightly lower
than those determined on the previous samplef.e.40 MPa (at 45 Hz) and E 8.4 MPa (at
13 KHz) for the nanoindentation and the SMM procedyurespectively. These observations,
increasing of E’ and decreasing of E” comparedthie values obtained on sample 1, are

certainly due to the long bake during 15 h at 9(p&@ormed on this specimen.

Note that the Berkovich hardnessesdfl these different polymers are about, #0.33+ 0.05
MPa and 0.5% MPa for the two PDMS samples (specimens 1 andfzectively) and ki= 330
+ 20 MPaand H, =362t 13 MPafor the twoSU8 films (specimens 1 and 2). This last value is
fairly good agreement with the one given by Al-Halh et al. [18] (H = 430 MPa).

4 — Phenomenological modeling

From a material point of view and for viscoelastiaterials as polymers, the crucial problem in
vibration experiments concerns the accurate detetion of the viscoelastic parameters over a
broad range of frequency. So, in the case of sidakdeformation, the complex modulus can

be written as [34] :

n
_1 with > R = :
1+ o =1 (36)

E =F +(E—é)§ n
j=1

where Eand E are the instantaneous and relaxed Young's maeslpectively. The parameters
T; are the different relaxation times andspa ponderation coefficient for each relaxatiomet It

is very difficult to determine the values of thergraeters p 1; and their number n. From a
phenomenological point of view, to overcome thifficlilty the empirical model of Havriliak
and Negami [35] (H-N model) is considered, whicimbines the advantages of the modelling

of Cole et al. [36] and Davidson et al. [37]. limstmodel, the complex modulus is given by:

E=F+FE-t& );
(1+ (icor)®)P (37)
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Thus, storage and loss moduli are respectivelyngibye

E=E+(E-E) cosfe) 72
(1+ 2(t)* cos@mt /2 (ot f“) (38)
E"= (EI _ Ef ) SIn(B(p) 573
(1+ 2(t)* cos@imt /2% (ot ?O‘) (39)

. 1| (0n)®sin(@mt/2)
with  @=tan ( )J (40)

1+ (wt)* cos@mt /2
wheret is a single parameter with time dimension anfl two empirical parameters.

Note that ifa =3 = 1, the equation (37) with a single relaxationdiis obtained. The different
experimental curves of Figs. 11, 12 and 13 forRBMS and Figs. 14, 15 and 16 for the SU8
resin have been fitted by equations (38), (39)) &l the results drawn on these figures. The
identified values of the parameters are listedabl& 1. Note that these values correspond to the

working range of frequencies and cannot be useddior higher frequencies.

The simulations are fairly good especially consigron the one hand the three different
experimental techniques that have been used atiteosther hand the wide range of frequency
which has been analysed. Notice the very greatmifice between the time parameter of the
PDMS and the SUS resin's one; the PDMS is veryovsdtan@) = 0.21 at f = 16 Hz) contrary

to the SUS resin (tag( = 0.005 at f = 1HHz for sample ). The same trend is observed on the
ratio between the instantaneous and the relaxediin&{E": E/E" = 17 for the PDMS and only
=1.12-1.25for the SUS8 resin. Note that from an experimergalnt of view, the time-
temperature equivalence experiments performed oM®Bamples with E= 2 MPa give
E(f)/E" 07.5 at f = 10 Hz (this study) and from [38] with"E 50 MPa give E(f)/E= 10 at f =

10" Hz. These results corroborate the valll&'& 17 presently determined forf co.

5 — Conclusion
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In this article the efficiency of the three meclwahicharacterization methods has been pointed
out. The results of the three different scales rigpres (macro, micro and nanoscale) fairly
match. The two very different viscoelastic behavsoaf PDMS and SUS8 resin for the same
frequency range have been quantified. Their storlgs moduli and tagf from 0.01 Hz to
some kHz have been measured. Satisfying globaliimira according to the models and good
agreement between measured values and literatessh@ve been obtained. In conclusion, these
three complementary experimental techniques anddéheloped methods can be used as
powerful metrology tools for the mechanical chagaegtion at very small scale of viscoelastic
materials.To our knowledge, such a comparison of these tixgerimental methods applied on
viscoelastic materials has not been reported ifitlture and highlights the potentialities of
these techniques for polymer applications.

Note that as multiple modes were measurable by Sii¢hod (4 modes detected on the SU8
resin), we started to develop a suitable identitbcaprocedure to recover both the Young’s

modulus at different frequencies and the Poissbo imm SMM measurements.
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Figure captions

Vibrating sensor of the SMM.

Principle of the SMM microscope.

Model to describe the behaviour of the SMM
Experimental spectra of amplitude of vitma (I* mode) as a function of frequency
in contact with the two different PDMS samples dostatic force of 150 uN and for a
driving voltage of the bimorph of 1V.

Evolution of the measured indentation modgEnes as a function of the measured
depth penetrationfas for PDMS sample 1 (t= 1460 hours) and different contact
stiffness Q. The results are obtained with quasi-static ant@gthods.

Determination of &(static measurement) andyfk(dynamic measurement) according
to EQ. (32) : Resas a function of 1/ .

Storage modulus of PDMS samples measuyedaboindentation, DMA and SMM
techniques as a function of the working frequergnulation with the H-N model.
Loss modulus of PDMS samples measured dnoindentation, DMA and SMM
techniques as a function of the working frequerggnulation with the H-N model.
tan@ parameter of PDMS samples determined by the tdierent techniques.
Simulation with the H-N model.

Evolution of the storage modulus of samp(E'(t)/E'(4h)) as a function of the aging
time ¢, .

Storage modulus of PDMS sample ,1=(tL1 000 h) measured by nanoindentation,
DMA time-temperature equivalence and SMM technigassa function of the
working frequency. Simulation with the H-N model.

Loss modulus of PDMS sample 15t11 000 h) measured by nanoindentation, DMA
time-temperature equivalence and SMM techniques dsnction of the working
frequency. Simulation with the H-N model.
tan@) parameter of the PDMS sample. Simulation withHkK model.

Storage modulus of SU8 resin samples uamedswith the three techniques as a
function of the working frequency. Simulations witie H-N model.

Loss modulus of SU8 resin samples medswrith the three techniques as a function
of the working frequency. Simulations with the Haidel.
tan@) parameter of the two SU8 resin samples determimethe three techniques.

Simulations with the H-N model.
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Table 1: Parameters values of equation (38) (38)(40)

Specimen t, a B 1(s) | E'(MPa)| E(MPa)| F(Hz)

PDMS (Spec. 1) 1460 h|  0.236 1| 2%0 1.65 296 | 16-10°

PDMS (Spec.1) | 11000h 0.236 1 2210 1.9 34 1G-10°

PDMS (Spec. 2) | >25000h 0.236 1 2p 26 44 1G-10°

SU8 (Spec. 1) ~1000H 0.4 | 0.38| 40 3600 4500 tao®
~14000h

SUS8 (Spec. 2) ~1000H 0.4 1 0.5 5000 5600 T0-1
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