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Bonding of air plasma oxidized polydimethylsiloxane (PDMS) strips is evaluated in this paper by peel testing.
Two PDMS-PDMS strips, after being treated with air plasma, were brought together for bonding into
a specimen, which was subsequently subjected to peeling until breaking apart. The maximum load applied
in each peel test was used to indicate the bonding strength. Among the 68 specimens tested, 40
experienced a maximum load in the range of 0.1-0.2 N mm™L. Seventy-six percent of the specimens
under peel testing failed at the cohesive mode, meaning that the air plasma-based bonding can be strong
enough to retain its integrity after peeling. Correlation between the maximum load and failure modes
suggests that strong bonding can be achieved with a higher plasma power for 50-60 seconds of
treatment in air plasma. Based on the Kendall energy balance equation, we suggest that the higher the
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1. Introduction

Surface treatment of PDMS by plasma oxidation is a standard
method to create silanol functional groups for bonding and for
other surface functionalizations." When reacting with oxygen
plasma, the monomer O-Si(CHj3), of PDMS near the surface will
be converted into the hydroxyl group (-OH, which is associated
with the silanol group SiOH), ready for covalent bonding to
another plasma-treated PDMS piece.” Because the polar silanol
groups make the surface hydrophilic,® the density of the silanol
group can be indirectly quantified by the hydrophilicity or
wettability of the surface, e.g., the contact angle of a deionized
(DI) water droplet on the treated surface.* Therefore, the quality
and strength of bonding can be indirectly evaluated by the
hydrophilicity of an oxidized PDMS surface. Rezal et al.” reviewed
the heterogeneous bonding of PDMS to various materials.

Among various gas media for plasma treatment of PDMS,*®
oxygen is widely used.” Oxygen plasma-assisted PDMS-PDMS
bonding can be as strong as 690 kPa (100 psi).” Intriguingly,
inert gases, such as argon, nitrogen, and helium, have also been
used in plasma oxidization of PDMS surfaces.® The source of
oxygen for plasma oxidization using inert gases comes from the
residual air in the plasma chamber, the water vapor that exists
in the plasma machine, or the oxygen retained in the polymer.®
Inert gases do not introduce any detectable chemical compo-
nents on the treated PDMS surface."*
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The bonding strength of plasma-treated PDMS surfaces has
been assessed indirectly'>* and directly,"*"® mostly for oxygen
plasma-treated PDMS surfaces. Indirectly, Chen et al.** studied
hydrophobic recovery on the air plasma-treated PDMS surface.
Jiang et al.*® related the contact angle of a water drop on an air
plasma-treated PDMS surface to the plasma treatment time.
Bhattacharya et al'* correlated the hydrophilicity of a plasma-
treated PDMS surface to its bonding strength, in terms of the
contact angle. Despite the lack of a standard for measuring the
true bonding strength, the air infusion test,’® pressure rupture
test,"*"” shear test,'®” mechanical tensile test,"> T-peel testing,"®
and blister test"?® have been developed for characterizing the
bonding strength.

The use of air plasma is convenient, and has been used to
make the PDMS surface hydrophilic."»*** Chen and Lindner
have studied the stability of hydrophilicity on air plasma-treated
PDMS surfaces.” Air plasma-treated PDMS-PDMS bonding,
although well-known for its suitability to many microfluidics
applications,* has yet to be directly evaluated.

In this paper we assess the air plasma-assisted PDMS-PDMS
bonding strength directly by peel testing, to quantify air plasma
for its effectiveness in surface treatment for bonding. The
failure mode of each specimen and its correlation to the
bonding strength are discussed.

2. Experimental section

The PDMS samples used in this work were prepared per the
standard protocol: mix the elastomer (Sylgard 184, Dow Corn-
ing) and its cross-linking agent at the 10 : 1 ratio (by weight),
degas in a vacuum desiccator, pour the degased mixture into
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Fig. 1 (a) Specimen geometry for peel test. (b) Specimen setup in
Instron without loading (c) and under loading. (Units in mm. Dimen-
sions not to scale.)

the respective customer-designed molds for each experiment,
and cure under 200 °C for 8 min.

A batch of specimens were assembled as follow. A flat piece
of cured PDMS (1.5 mm thick) was cut into strips 5 mm wide
and 50 mm long. Two cut PDMS strips, with the bonding
surface up, were treated in air plasma under various combina-
tions of three treatment parameters: the pressure in the barrel
reactor, the radio frequency (RF) power, and the plasma treat-
ment time. Two different pressure levels (200 and 300 mTorr)
and three power levels (6.8, 10.5, and 18 W) were individually
used for treatment times in the range of 30 and 60 seconds. In
total thirteen combinations were tested (see Table 1 in the ESIf).
Following plasma treatment, the PDMS strips were immediately
brought into contact manually for bonding per the scheme
shown in Fig. 1(a). The bonding was carefully made by placing
a piece of paper between the two treated PDMS strips to achieve
a bonding area of 6 mm x 5 mm. A 100 g weight was subse-
quently placed on the bonded specimen to keep pressing at the
bonding area for 5 minutes. It took a few minutes to complete
a test, the duration of which is determined by the strength of
bonding (the stronger the bonding, the longer the specimen
was stretched in the test). In the dwelling period and waiting in
queue for testing, all the specimens were exposed to the
ambient environment.

Three bonded specimens were prepared for testing each
combination of the plasma treatment parameters. Each bonded
PDMS specimen was subjected to T-peel testing.'®** For the test,
each bonded specimen was clamped with the grips of a test
machine (Instron 4466 System, Norwood, MA) at about 40 mm
from the edge of bonding, and loading was applied as shown in
Fig. 1(b). A specimen, once installed in place, remained in
a slack status before the test started. Once the test started, the
specimen became tauter (Fig. 1(c)) by moving the grip at 10 mm
min~" until breaking up (or breaking apart) the specimen. All
the tests were conducted under the ambient conditions. In each
test, the load-displacement curve, maximum slope of the curve,
and maximum load were recorded.

3. Results and discussion

A typical result obtained from the Instron machine for a T-peel
test is shown in Fig. 2, which shows that the three tests took
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Fig.2 Typicalresults of peel test recorded by Instron (these curves are
associated with the treatment condition 200 mTorr, 40 seconds, and
RF power 18 W.) Triangles mark the maximum loads. Each test ends at
break-up of a specimen.

about 3 minutes to complete (as estimated by dividing the
extension by the constant extension rate 10 mm min~'). The
maximum slope and maximum load are automatically marked
by the software for each load vs. extension curve. These curves
show that the loading starts at zero and gradually increases to
a maximum value at which marks the onset of de-bonding. Note
that the T-peel test in this work was conducted under
a constant-displacement-rate loading condition, which is
different from the traditional peel test which applies a constant
load for measuring the adhesive fracture toughness.?® The load-
displacement in Fig. 2 shows that the load remains zero until
the specimen reached an extension of about 1 cm.

Fig. 3(a) shows the mean and the 95% confidence level of the
measured maximum tensile loads for each combination of the
plasma treatment parameters (the magnitude is scaled to the
width of each specimen). Among the 69 specimens tested,
except one outlier which was not included in the discussion
hereafter, 40 (59%) experienced a maximum peeling force in the
range of 0.1-0.2 N mm™ ", as shown in Fig. 3(b).
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Fig. 3 Maximum load (per unit width of specimen) applied in peel test.
(a) Average of the load per the air plasma treatment parameters. (b)
Population of the measured loads.
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Fig. 4 Failure modes of specimens in peel test. (a) Cohesive failure
(torn apart at the front of bonding surface). Mixing with cohesive and
adhesive failure in (b) jagged tearing from a nucleation point, and (c) (d)
adhesive failure (delamination at the interface) followed by cohesive
failure. (e) Mostly adhesive failure. (f) Adhesive failure. (g)—(i): SEM
images of the areas indexed in (a), (b) and (f).

In the peel test, the experiment was terminated when a spec-
imen was broken by pulling. We observed the patterns of failure
(aka failure mode herein) at the broken site for each specimen
and summarized the failure modes in Fig. 4(a) cohesive failure,
(b)—~(d) mixing with cohesive and adhesive failure, and (e) and (f)
adhesive failure. Specimens with strong bonding were broken in
the bulky PDMS material, resulting in a cohesive failure. In the
mixed failure mode, a portion of the bonding interface was
delaminated while the remaining remained intact. The adhesive
failure mode reveals a smooth de-bonding interface, indicating
a weak bonding. Fig. 4(g)-(i) show the SEM imaging of the
selected areas in Fig. 4(a), (b) and (f), individually.

The failure mechanism for the adhesive and cohesive modes
can be explained as follow. In plasma oxidization, the chain -O-
Si(CHj3), in PDMS reacts with oxygen to form the silanol groups
SiOH on a treated surface. The silanol groups are ready for
covalent bonding to other treated surface having the same -OH
groups.” The bonding strength is essentially determined by the
amount of the covalent bonding, which in turn is a function of
the density of the silanol groups on a treated surface. The
plasma treatment parameters, in combination, account for the
energy of the radicles formed at the PDMS surface.”” When
under-treated, the density of the silanol groups on the PDMS
surface would result in insufficient covalent bonding. When
over-treated, the treated PDMS surface will appear undesired
surface microcracks, which are attributed to the formation of
the brittle silica layer.”® The onset of microscracking is depen-
dent of the plasma power level, the pressure in the treatment
chamber and the time of treatment.® Although in this study we
are unable to precisely quantify such an onset, in the following
discussion we suggest an optimal condition of the plasma
treatment for strong bonding.

Among the 68 specimens analyzed, 52 specimens (76%)
failed at the cohesive mode. In Fig. 5, each data point of the
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Fig.5 Dependence of failure modes, maximum load (per unit width of
specimen), and air plasma treatment parameters.

measured maximum load is associated with its corresponding
failure mode, and arranged against each plasma treatment
parameter: pressure, treatment time, and power. It is clear that
the data points with maximum loads of 0.1 N mm™~ " or larger
are of the cohesive failure mode, while smaller loads are asso-
ciated with the adhesive failure mode. Furthermore, specimens
with bonding strength 0.1 N mm ™" or larger can be achieved
more probably with a higher power for 50-60 seconds of treat-
ment in air plasma. There is more probability of failing at the
adhesive mode at a lower power setting with a treatment time of
40 seconds or less in air plasma, which implies a weaker
bonding.

The maximum load (per unit width) applied in the peel test
can be an index to the adhesive energy density in the bonding
interface. Per the Kendall energy balance equation,* the adhe-
sive energy is the “experimental energy required to fracture unit
area of interface” in the community of adhesion, which is also
known as the fracture toughness in solid mechanics. Kendall's
equation was originally formulated for predicting the adhesive
energy of an elastic thin film peeling from a solid (undeform-
able) substrate. The adhesive energy between two elastic thin
films can be similarly derived (see the ESIf). We show that the
adhesive energy density (for density, according to Kendall's
definition, is the energy per unit width of the thin film) is 2(#/
b)(1 — cos ), where (F/b) is the maximum load per unit width.
Note that Kendall's equation is only applicable to the specimens
with the adhesive failure mode. As our experimental data are
insufficient to determine the angle ¢ for the specimens failed at
the adhesive mode, we can only conclude that the adhesive
energy is lower bounded by 2(F/b).

For simplicity, 2(F/b) can serve as an index to the adhesion
energy density. It should be noted that our data were obtained
under a displacement rate at 10 mm min ™" in the T-peel test.
Whether the displacement rate will affect the adhesion energy is
an open question for future work on peel testing.

Lu et al. used the blister test'*° to determine the bonding
strength of PDMS with oxygen plasma. They suggested using the
critical line force at which a thin PDMS film is delaminated
from a bonded PDMS substrate as an index to the bonding
strength. For the treatment by oxygen plasma at 150 mTorr and
75 W for 10 seconds, they showed that the critical line force,
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independent of the blister size, is about 0.11 N mm ™. Their
calculation of the critical line force in the blister test was based
on the mechanics of thin shell theory,” which is essentially
a two-dimensional version of the one-dimensional Euler-Ber-
noulli beam theory* on which the peel testing was based. Albeit
such a first-principle approximate comparison, it is evidence
that air-plasma oxidization can achieve a comparable bonding
strength to oxygen plasma.

4. Conclusions

In this paper we used the peel test to characterize the bonding
strength of PDMS-PDMS film treated by air plasma for bonding.
The results show that the PDMS surface treated by air plasma
for bonding can be strong enough that bonded PDMS strips fail
by tearing (cohesive failure) rather than delaminating (adhesive
failure). By a combinatorial test of various air plasma treatment
conditions, our results suggest that (1) a stronger bonding can
be achieved with a higher plasma power for 50-60 seconds of
treatment in air plasma, and (2) weaker bonding is more
probably associated with a treatment time of 40 seconds or less
at a lower pressure in air plasma. This paper also contributes
a finding that, based on the Kendall equation, the higher the
maximum load per unit width applied in the peel test, the larger
the adhesion energy in the bonding interface.
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