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W e p e el a hi g hl y st r et c h a bl e sili c o n e ( E c ofl e x), t hi c k n e s s H a n d wi dt h B , s a n d wi c h e d b et w e e n t w o
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pl at e a u F s s , a n d t h e r ati o 2F s s /B i s c o m m o nl y r e p o rt e d a s t h e t o u g h n e s s of t h e el a st o m e r. O u r d at a

s h o w t h at t hi s ‘‘ p e el t o u g h n e s s’’ i s n ot al w a y s a m at e ri al c o n st a nt, b ut c a n d e p e n d o n t h e t hi c k n e s s

H a n d wi dt h B . W e i nt e r p r et t h e d at a i n t e r m s of t w o f u n d a m e nt al i d e a s i n f r a ct u r e m e c h a ni c s. Fi r st,

a s t h e r ati o B/ H i n c r e a s e s, t h e d ef o r m ati o n i n t h e el a st o m e r c h a n g e s f r o m t h e pl a n e st r e s s t o t h e
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t e n si o n. W e s h o w t h at t h e el a st o m e r u n d e r t ri a xi al t e n si o n r e a c h e s hi g h e r st r e s s a n d d a m a g e s m o r e

t h a n t h e el a st o m e r u n d e r bi a xi al t e n si o n. S e c o n d, w h e n t h e i n el a sti c z o n e a r o u n d a p e el f r o nt i s n ot

m u c h s m all e r t h a n H , p e el i s u n d e r l a r g e - s c al e i n el a sti cit y c o n diti o n s, a n d t h e m at e ri al a h e a d t h e p e el

f r o nt d ef o r m s i n n e a rl y a h o m o g e n e o u s st at e. W e s h o w o u r d at a m e a s u r e d u si n g v a ri o u s t hi c k n e s s e s

c oll a p s e i nt o a si n gl e c u r v e o n t h e pl a n e wit h a x e s Γ / H a n d B/ H .
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1. I n t r o d u c ti o n

St r et c h a bl e m at e ri al s, s u c h a s g el s a n d el a st o m e r s, a r e oft e n

s e d a s t hi n l a y e r s. E x a m pl e s i n cl u d e a d h e si v e s [ 1 ,2 ], c o ati n g s [3 ,

4 ], i o n ot r o ni c s [5 – 8 ], r o b ot s [9 ,1 0 ], c ell c ult u r e s c aff ol d s [1 1 ],

a n d di s pl a y s [ 1 2 ]. A c o n v e ni e nt t e st i s t o p e el a m at e ri al s a n d -

wi c h e d b et w e e n t w o i n e xt e n si bl e fil m s [ 1 3 – 1 6 ]. H e r e w e p e el

a hi g hl y st r et c h a bl e sili c o n e ( E c ofl e x), t hi c k n e s s H a n d wi dt h

, s a n d wi c h e d b et w e e n t w o pl a sti c fil m s ( S e cti o n 2 ). W h e n t h e

e el f r o nt a d v a n c e s st e a dil y i n t h e el a st o m e r, t h e p e el f o r c e

e a c h e s a pl at e a u F s s , a n d t h e r ati o 2F s s /B i s c o m m o nl y r e p o rt e d

s t h e t o u g h n e s s of t h e el a st o m e r ( Fi g. 1 ). O u r d at a s h o w t h at

hi s ‘‘ p e el t o u g h n e s s’’ i s n ot al w a y s a m at e ri al c o n st a nt, b ut c a n

e p e n d o n H a n d B ( S e cti o n 3 ). W h e n t h e r ati o B/ H i n c r e a s e s,

h e d ef o r m ati o n i n t h e el a st o m e r c h a n g e s f r o m t h e pl a n e st r e s s

o t h e pl a n e st r ai n c o n diti o n s, s o t h at t h e st r e s s st at e a h e a d t h e

e el f r o nt c h a n g e s f r o m bi a xi al t o t ri a xi al t e n si o n. T h e t w o t y p e s

f st r e s s st at e c a u s e diff e r e nt d e g r e e s of d a m a g e, a s c o r r o b o r at e d

y t h e m a r k e dl y diff e r e nt l o a d – u nl o a d c u r v e s of a t hi n fil m a n d a

i s k - s h a p e d s a m pl e. W h e n t h e i n el a sti c z o n e a r o u n d a p e el f r o nt

s n ot m u c h s m all e r t h a n H , p e el i s u n d e r t h e l a r g e - s c al e i n el a sti c -

t y c o n diti o n s, a n d o u r d at a m e a s u r e d u si n g v a ri o u s t hi c k n e s s e s

oll a p s e t o a si n gl e c u r v e o n t h e pl a n e wit h a x e s Γ / H a n d B/ H .

∗ C o r r e s p o n di n g a ut h o r.

E - m ail a d d r e s s: s u o @ s e a s. h a r v a r d. e d u ( Z. S u o).
 D

tt p s:// d oi. o r g/ 1 0. 1 0 1 6/j. e ml. 2 0 2 1. 1 0 1 3 2 5

3 5 2 - 4 3 1 6/ © 2 0 2 1 P u bli s h e d b y El s e vi e r Lt d.
2. M a t e ri al s a n d e x p e ri m e n t al m e t h o d s

W e c h o o s e sili c o n e r u b b e r ( E c ofl e x T M 0 0 – 2 0, S m o ot h O n) a s a

m o d el m at e ri al. T h e p r e c u r s o r c o m e s a s t w o li q ui d s, A a n d B. W e

mi x t h e m b y 1: 1 w ei g ht r ati o u si n g a mi x e r ( A R E - 2 5 0; T hi n k y)

at 2 0 0 0 r/ mi n f o r 1 mi n, a n d d e g a s t h e mi xt u r e at 2 0 0 0 r/ mi n

f o r a n ot h e r 1 mi n. T h e mi xt u r e i s f u rt h e r d e g a s s e d f o r 8 mi n i n a

d e si c c at o r d ri v e n b y a v a c u u m p u m p. W e p o u r t h e mi xt u r e i nt o

a r e ct a n g ul a r a c r yli c m ol d, c u r e t h e mi xt u r e i n a n o v e n at 6 5 ◦ C

f o r 4 h, a n d t a k e t h e el a st o m e r o ut of t h e m ol d.

W e fi r st c o n d u ct p u r e s h e a r t e st s o n a t hi n sili c o n e fil m. T h e

d ef o r m a bl e p a rt of t h e s a m pl e h a s a di m e n si o n of wi dt h 1 0 0 m m

× h ei g ht 2 0 m m × t hi c k n e s s 1 m m i n t h e r ef e r e n c e st at e a n d

i s l o a d e d al o n g t h e h ei g ht di r e cti o n. W e o bt ai n t h e i niti al s h e a r

m o d ul u s, µ = 9. 1 1 k P a, of t h e sili c o n e el a st o m e r s.

F oll o wi n g Ri vli n a n d T h o m a s [ 1 7 ], w e c o n d u ct 1 8 0 - d e g r e e

p e el. T o i nt r o d u c e a c ut, w e i n s e rt a t hi n p a r affi n fil m ( B e mi s,

P a r afil m M) i nt o t h e mi xt u r e b ef o r e c u r e a n d r e m o v e t h e p a r affi n

fil m aft e r c u r e. I n t h e u n d ef o r m e d st at e, a l a y e r of a n el a st o m e r,

l e n gt h L , t hi c k n e s s H , wi dt h B , h a s a p r e c ut of l e n gt h C = 2 0

m ( Fi g. 1 a). W e s p r a y a d h e si o n p r o m ot e r ( 7 7 0 1 T M , L o ctit e)

o n t h e s a m pl e s u rf a c e s, w ait f o r t h e e v a p o r ati o n of p r o m ot e r

s ol v e nt, a n d gl u e t h e b a c ki n g l a y e r s o n s a m pl e s u rf a c e s u si n g a n

a d h e si v e ( 4 0 6 T M , H e n k el L o ctit e). T h e b a c ki n g l a y e r i s fl e xi bl e b ut

n e xt e n si bl e fil m ( 3 M A F 4 3 0 0 W rit e - o n t r a n s p a r e n c y fil m s a n d
u p o nt K a pt o n Fil m). T h e s a m pl e i s p e el e d b y a t e n sil e m a c hi n e
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Fig. 1. 180-degree peel. (a) In the undeformed state, a layer of an elastomer has length L, thickness H, and width B. A precut crack of length C is introduced in
he elastomer by inserting a low-adhesion film when the elastomer is cured. (b) In the deformed state, the elastomer is sandwiched between two plastic layers.
s a machine pulls the plastic layers at a constant velocity v, the force F is recorded. (c) A schematic force–displacement curve. When the cut blunts but does not

advance, the force increases with the displacement. When the peel front advances in a steady state, the force reaches a plateau as the displacement increases. (d) A
wide sample (B = 15.24 mm) deforms under the plane strain conditions, so that the elastomer ahead the peel front is under triaxial tension. (e) A narrow sample
(B = 1.91 mm) deforms under the plane stress conditions, so that the elastomer ahead the peel front is under biaxial tension. The thickness of the elastomer is
H = 6.35 mm in (d) and (e).
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(Instron 5966) at velocity v, with the rate of peel set at H/v = 0.3
(Fig. 1b). During peel, the two arms are aligned vertically and
he load cell records the peel force F. The peel force is plotted
s a function of the loading displacement (Fig. 1c). When the
ut blunts but does not advance, the force increases with the
isplacement. When the peel front advances in a steady state,
he force reaches a plateau as the displacement increases. When
/H is large, the elastomer peels approximately under the plane
train conditions (Fig. 1d). When B/H is small, the elastomer peels
pproximately under the plane stress conditions (Fig. 1e).

. Peel toughness varies with width and thickness

Fig. 2 shows the force–displacement curves for samples of
ixed thickness H = 6.35 mm and various widths B. For each
idth, three samples are tested. For samples of small widths,
hen the peel front advances, the force goes up and down sub-
tantially. This change in the peel force corresponds to up–down
umps of the peel front (Fig. 3). Even when peel front is close to a
acking layer, cohesive failure is observed. A similar phenomenon
as been studied in an epoxy sandwiched between two layers of
etal [18,19]. The crack path selection in such a brittle adhesive

ayer is considered to be associated with the applied stress in-
ensity factors and the mismatch of elastic moduli between the
dhesive layer and the substrate. Here we will not study this
2

henomenon. For samples of large widths, the fluctuation of the
eel force is small, and the peel advances smoothly.
The energy release rate for the peel test is determined as

ollows [17]. The energy release rate G is defined by FdD = dU
+ GBdC, where F is the peel force, D is the loading displacement,
B is the width of the sample, C is the length of the cut, and U
is the elastic energy in the sample. Specifically, this definition of
G is applicable when the peel advances in steady state. In the
steady state, the elastic energy in the sample is invariant, dU = 0.
Because the backing layers are inextensible, the loading displace-
ment is the twice the advance of the peel, dD=2dC. Consequently,
the energy release rate in steady state peel is given by G = 2F /B.
In the steady state, the peel force reaches a plateau, Fss, and the
nergy release rate is called the toughness, Γ = 2Fss/B.
When the peel front advances, we use the average force to

alculate the toughness. The toughness Γ is plotted as a function
of the width B (Fig. 4). The toughness increases with the width
when B is small, and becomes a constant independent of the
width when B is large. The toughness of a sample of large width
can be one order of magnitude higher than the toughness of a
sample of small width.

The increase of toughness with the width B is interpreted as
ollows. The elastomer is a three-dimensional network of polymer
hains. Consider a material particle ahead the peel front. The
tress in the loading direction is nonzero. The deformation in
he direction of peel is constrained by the backing layers, so
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Fig. 2. Force–displacement curves for samples with various widths B, and a fixed thickness H = 6.35 mm. For each width, three samples are tested.
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hat the stress in the direction of peel is also nonzero. When
he width B is large, the material particle deforms under the
lane strain conditions (Fig. 1d), so that the stress in the width
irection is nonzero. When the width B is small, the material
article deforms under the plane stress conditions (Fig. 1e), so
hat the stress in the width direction is zero. Consequently, ma-
erial ahead the peel front is under triaxial tension in a wide
ample, but is under biaxial tension in a narrow sample. The
olymer network can sustain higher stress in triaxial tension
han in biaxial tension. It is likely that the former causes more
amage than the latter. To corroborate this finding, we load and
nload a film with dimensions 20 mm × 20 mm × 1.5 mm
nd a disk-shaped sample with a diameter 40 mm and thickness
.175 mm. Both samples are stretched to 4 and then unloaded
Fig. 5). The hysteresis of the disk-shaped sample is ∼46%, and
hat of the film is ∼22%. The stress in the disk-shaped sample
s higher than that in the film. In the disk-shaped sample, we
o not observe cavitation. A similar effect is known in metals.
hen a sheet of metal with a precut crack is pulled in tension, the

oughness is a function of the thickness of the sheet. For metals,
his effect is called the ‘thickness effect of toughness’. A typical
oughness–thickness curve for a metal has the following trend. As
he thickness increases, the toughness increases, reaches a peak,
rops, and reaches a plateau. When the thickness is small, the
aterial ahead the crack tip is in biaxial tension, rupture is caused
y necking, and the toughness increases with the thickness [20].
hen the thickness further increases, triaxial tension at the crack

ip dominates the fracture process. The triaxial tension causes
he nucleation [21], growth [22] and coalescence [23] of voids,
iving a lower toughness. The thickness-dependent toughness in
etals has been analyzed [24–26]. Note that, for an elastomer
tudied in this paper, the toughness does not reach a peak; rather,
he toughness increases with the width of the peel sample, and
3

symptotes to a plateau as the width increases. At this writ-
ng, this difference between the elastomer and a metal is not
nderstood.
We further peel the elastomer with various thicknesses H

Fig. 6). For every thickness H, the toughness–width curve takes
similar form. When B >> H, the toughness plateaus, and the
lateau increases with the thickness H. This effect has been dis-
ussed before [14]. When a sample with a crack is loaded, the
tress concentrates around the crack tip. In a region around the
rack, the material is inelastic. Outside this region, the material
s considered elastic. The sample is said to be under the small-
cale inelasticity conditions when all the sample dimensions are
uch larger than the size of the inelastic region. Under the small-
cale inelasticity conditions, the toughness is a material property
ndependent of the sample size. The size of this region scales
ith Γ /Wf , where Γ is the toughness measured using a sample
ith a precut crack, and Wf is work of fracture measured using a

sample without a precut crack. When both Γ and Wf are material
constants, the ratio Γ /Wf is also a material constant, called the
fractocohesive length [27,28]. For a tough material, this length is
large. For example, Γ /Wf ∼10 mm for a tough hydrogel, which
s on the same order of that for ductile steels and natural rubbers.
or a brittle material, this length is small. For example, Γ /Wf

∼1 nm for a silica glass. When one of the sample dimensions
is not much larger than the inelastic zone size, the measured
toughness does depend on the sample size, and the material
is said to be under the large-scale inelasticity conditions. From
our previous study, when the thickness H is smaller than the
fractocohesive length, Γ = WfH+Γ0, where Γ0 is called the peel
threshold [14]. The peel threshold is the toughness with vanishing
thickness. We identify Γ0 as the energy needed to break one layer
of chains in the Lake–Thomas model [29].
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Fig. 3. Photos for samples after peel test. For samples of small widths, the peel
front often goes up and down. The thickness is H = 6.35 mm.

Fig. 4. Toughness varies with the width B. The thickness is H = 6.35 mm. The
dashed line is drawn to guide the eye.

Under the large-scale inelasticity conditions, the material ahead
the peel front is nearly in a homogeneous state. Consequently, the
peel test is analogous to a tensile test of a homogeneous sample.
In equation Γ = WfH + Γ0, we drop the small quantity Γ0, and
write Γ /H = 2Fss/BH = Wf . We plot Γ /H as a function of B/H for
all the curves (Fig. 7). The curves for three thicknesses, H = 3.675
4

Fig. 5. Load–unload test of a film with dimensions 20 mm × 20 mm × 1.5 mm
and a disk-shaped sample of diameter 40 mm and thickness 3.175 mm.

Fig. 6. Toughness varies with the width B. The thickness is H = 3.675 mm,
4.675 mm, 6.35 mm, and 12.7 mm. The dashed lines are drawn to guide the
eye. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

mm, 4.675 mm, and 6.35 mm, collapse into one curve. The vertical
axis is interpreted as Wf , and the horizontal axis B/H affects the
stress state. That is, the work of fracture is affected by the stress
state. When B << H, the material is under biaxial tension, and the
work of fracture is low. When B >> H, the material is under triaxial
tension, and the work of fracture is high.

Also note that the curve for H = 12.7 mm does not collapse
with the other three curves. This exception is interpreted as that
samples of H = 12.7 mm are under the small-scale inelasticity
conditions. For a wide sample, B >> H, the elastomer is peeled
under the plane strain conditions. The toughness is Γ = 14.64
kJ/m2 (plateau of blue curve in Fig. 6), and the work of fracture
is Wf = 1.9 MJ/m3 (plateau in Fig. 7), so that the fractocohesive
length is Γ /W = 7.7 mm.
f
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Fig. 7. Γ /H as a function of B/H. In this normalization, the curves for samples
under large-scale inelasticity conditions collapse into a single curve.

4. Conclusion

We have peeled a stretchable silicone of various thicknesses H
nd widths B, and find that the peel toughness varies with both

thickness and width. When B/H is large, the material peels under
he plane strain conditions, and the stress state is triaxial. When
/H is small, the material peels under the plane stress conditions,
nd the stress state is biaxial. We show that the elastomer under
riaxial tension reaches higher stress and damages more than the
lastomer under biaxial tension. Under the large-scale inelasticity
onditions, the material ahead the peel front deforms in nearly
homogeneous state, and the toughness–width curves collapse

nto a single curve in the plane with axes Γ /H and B/H. Our work
llustrates effects of geometry on toughness.
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