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Strain-induced changes of the X-ray diffraction patterns of cross-linked Poly

(dimethylsiloxane): The texture hypothesis

Xiang Shi, Pierre-Antoine Albouy ', Pascale Launois

Laboasire de Pheysigue des Salides, LIMR CNRS 8502, Universid Paris-Saclay, 91405, Oriay, France

ARTICLE INFO ABETRACT

Keywards: Foly(dimethylsiloane) is a widely used silicone polymer that undergoes partial crystallization both as free oil
Coystal stucture: and rubber when sufficiently cooled. However, a description of its crystalline structure surprisingly remains a
Delamtat i eotally open question. In particular Xeray diffraction fiber patterns of streiched silicane rubbers display
Xy dilfraciion Empressive changes with strain and a recently proposed ion inwolves a rich p s The present
study develops the different idea that the Xeray pattern evolution merely reflects changes in the crystalline
texture: a single I:ryltallln:phasen present with a structure virhaally unaffected by strain while the axis of
changes. This enables a quantitative descriptian of the

Yery fiber patterns, Im the remaining fundamental structural issues are underlined.
1. Introduction contains a single polymer chain that adopts a rather relaxed twofold

Polyldimethylsiloxane) (PDMS) is the most widely used silicon-
based organic polymer and n is an astonishing fact that the structure
afits ill remains It
forms oils of high ﬂ-u—ma.l stability and adjustable viscosity when con-
taining free chains with linear or branched structures, and it can be
cross-linked 1o yield so-called silicone rubbers. These last are most
frequently reinforced by the addition of divided silica as filler. PDMS
readily erystallizes when cooled within a brosd range of molecular
weight, cross-link density and filler content [1-5]. The erystallizati

helical conformation with six monomers per tum. This implies the ex-
istence of three independent monomeric units which was contradicted
by & subsequent NME study by Schilling et al., in 1991 [7]. Indeed, they
abserved a single resonance for the “Si and "IC nucled that means that
all monomers are equivalent within the unit cell. In 2000, one of us
i d a new X-ray diffraction study based on | ded POMS
rubber samples (draw ratio €a2) [E]. The fiber parterns wese Found
isingly different from hun's report, although the reparted

d-: s-paungs for |he first three most intense reflections were similar. A

kinetics is usually maximuom around 210K and the erystallinity ean reach
walues above 50%. The melting temperature in the quiescent state s ca.
236K and the Ty is ca. 150K

A first erystalline structure was proposed in 1962 by Damaschun,
based on the analysic of X-ray diffraction fiber patterns of a highly-
stretched piece of silicon rubber (extension ratio: 4, 35% Aerosil silica
filler) [5]. Only sketches deseribing the experimental position of the
intensity reinforcements for the three most intende inner diffraction
rings are provided, probably due 1o experimental limitations. Diffraction
layers perpendicular 1o m draw axis are tentatively drawn and the
observation of a meridi located on the d-order layer
was interpreted as evidence for a two-fold serew axis (2) ) aligned along
the stretching direction. Such a symmetry element points 10 a mono-
elinie structure and the author proposed a model where the undr cell

* Correspanding author.
Email address pierre-antoine.albouy fu-psad fr (oA Albauy).
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in dional position was oaly observed on the fourth-crdes
layer that pointed to four-fold 4; symmetry and hence 1o & tetragonal
structire. Thu h_-,-polhans was mnl‘nrlad by (i) the nice agreement be-

the ten first di
rings using a body-centered mu-qgnna] unit cell {ii) the posibility 1o
precisely account for the texiure pattern with this assignment. The
density for the crystalli phasems ‘byx.ray 1t i
1. 'lﬁytm that d: h

unit cell. The space group 14 was proposed wbamwudmnsammlamd
by the centering condition and are running parallel o the caxis: all
monomers within the unit cell are equivalent in agreement with NMR
data. This structure implies a highly extended four-fold helical chain
mm‘nnnaunn with four monomers per turn deemed possible by the high
i he sil link. The atomic positi Id not be refined
with |}ussu—uc|nral maodel and this impassibility was attributed 1o some

structural disorder. Based on the d-spacings similarities, the differences
in the fiber patterns obtained at low and high draw ratios were explicitly
attributed to a change in the erystallives orientation (texture) and not in
their structure.

This problematic was recently :evmlad by M Tosah at al. and rhur

ped with beryllium windows was used for all measurement; the cooling
rate is lmited 1o ca. 1.5 K/min by the apparatus cooling power, The
nnnlerwasmmmdarbamamysdmcmrfm-m:mm

results are exposed in two publi They fizst led iled of
the mqm:t of |l|e apphad draw ratio on the fiber pangms [=. They

ical for bow

{up to ca. 2) and high extension (above ca. 15}and they evidenced for
the first time the intermediate steps. Low-stretch patterns were attrib-
uted 1o a tetragonal erystalline modification (“f-form™) and high stresch
patterns o & monoclinic erystalline modification (a-form). As under-
lined above the two different erystal structures are associated 1o similar
deepacings and the authors were aware of this anomaly. In a second
publication mainly based on the direct observation by low-lemperature
electron microscopy of tiny PDMS single-crystals directly grown on the
TEM grid [10], the authors pmpmed a richer palymorphism with four
possible erystalline modi i state. Th lution of
the filer patterns was explained by changes in the respective pro-
portions of crystalline phases whose detailed structural description is
out of the scope of the present work, One posible objection to this
model is that the structural d&cnpum pmpusad for esch phase is
derived from a ieted ser of el ion data. Zhao et al.
wery recently used this four phases model to analyze diffraction patlems
abtained during hanical eyeling at bow

surements (redating anode Larget,

Dn?ll nm; multi-layer parallel 0pu:J of on a hnmemade pau«la
it for the crystall

{rotati d pper target, wavelength: 0.1542 aeyg; multi-

layer parallel opticl; the experimental resolution of this last set-up is
a2 = 0.049 s~ and it is equipped with & position sensitive detector
that offers the passibility to reconstruct complete powder patterns from
a few acquisitions performed at fixed angular positions. Rubber samples
used for fiber pattern acquisition are cut in bands ca. 2 mm wide and 10
mum long that are pre-stretched o a given draw-ratio a0 room tempera.
wre and clamped onto a copper substrate for proper thermalization.
Cooling i thus performed ar constant applied deformation similar o
Tosaka's procedure. This must be distinguished from the dynamical
experiments led by Zhao et al. [11=13].

3. Results and discussion
3.1, Unit cell parameters

DEC thermograms of PDMS quite oJlgn exhibit two melting peaks
usually lained by melting i that generate

(—75 *C to —35 °C) and for various eirain rates [11-13].

We decided 1o revisit this question in the frame of a broader study on
the influence of pre-extendion on the erystallization process in PDMS
rubber [14]. In what {nllnmms]mmate mdeluwnpmedbasedoma

ive change in i fon axie with i
extension while keeping a virually unchanged unigue crystalline
structure. We show how this may quantitatively account for both the
diffraction line positions in the gquiescent state and for the progressive
fiber pattern evolution.

2. Experimental section

21 Muterials

A precise d ination of 1% 1 requires the
growth of as large as possible erystallites and we used a PDMS oil w0
avoid size limitations by chemical eross-links (Geless: DMS-V31: vinyl-
terminated PDMS, My = 28000 g). PDMS rubbers necessary for the
streiching  experiments were prepared by crosslinking & vinyl-
terminated oil (Gelest: DMS-VEZ; My = 43000 g) with tetrakis(dime-
thylsiloxyilane as cross-linker (Gelest: SIT727B.0); the reaction was
conducted at B0 °C in presence of the Speier catalyss. The silica filler was
grown in sits closely following a sol-gel process described in the lites-
ature and known to be very efficient for reinforcement [15=17). This
efficiency could be related o the higher than expected value for the
strain-amplification  factor  demonstrated by Shi [14])  (the
strain-amplification factor in filled elastomers is defined as the ratio of
the actual strain experienced by the polymer matrix o the applisd
strain). The samples presently used contain 24phr silica and the strain
amplification factor is estimated 1o ea. 1.9; they are obtained as ca. 0.7
enm thick foils with typical lateral dimensions 10 « 10cm?. This peculiar
filling method presents two specific advantages for the present study.
First, draw-ratios necessary to follow the fiber pattern evolution are
significantly diminished and sampls a:e much easier o fix into the
eryostal. A second and i is b clefi -‘l‘iber
pattemns at lower draw ratios d tis th
by addition of silica powder.

22 X-ray diffracion se-ups
A helium elode-eyele eryocooler operated under vacuum and equip-

wo lations of erystallites with different sizes [1,18). In thar case
the lower temperature peak is attributed 1o the melting of less stable
gmaLIgr and possibly parual]y dmdeed :rysm]l:lﬂ That might be

i I o & precise 1k
requires a b Kati nl‘ L1z yatalli Twi
eoaling schemes have been thus tested: the sample is directly cooled
down to 164K during process #1. For process #2 the sample is first
eoaled till some erystallization is detected, then progressively warmed
up close but below complete mdung, The remaining crystallites are
assumed to act a% seeds during th coaling e d o
164K. The two d by ding the evoluti f the
intensity of four intense diffraction lines during the final warming
sequence [data acquisition with a position-sensitive detector at a fixed
position; acquisition tme: 107).

The evelution of the scattered intensity for the crystalline phase is
plotted in Fig. 1-A: it elearly shows a first drop at ca. 224K after cooling
process #1 that can be associated 1o the melting of a less-stable crys-
tallite population. Final melting starts at ca. 240K and is achieved a1
243K, No such well-defined pre-melting is observed after cooling pro-
ces #2 and complete melting is observed at 245K, A sharp decrease ea.
107% in relative value in the line positions is similarly detected at 224K
after cooling process #1 (see Fig. 1-B). It can be related 1o the melting of
the less stable crystallite population, assuming they possess a dightly
larger unit cell probably due w surface energy effects. A continuous
increase is simply observed for cooling process #2 that reflects pro-
gressive thermal expansion. 1t suggests that one population of crystal-
lites is essentially present after cooling process #2, and all dama
presented in what follows have been collected in these conditions.

Powder pattems were recorded at 153K and 223K up 1o a seattering
vector ca. 43 am s see ['i;, . The different lines display qume simillar
half-widths ar half-i Y B after ion for i
51072 mm™; it indicates wdl-pmm and rather isotropic cqmau
with a size L about 55 nm according to the Scherrer formula L —0.92/
Bayy e [19]-

The diff

present doublets that are not all easy 1o
resolve precisely. Experimental d-spacings collected in 1 only
refer to diffraction lines whese position i$ non- aml:nguuus. The very
closs between i 1 and d values with only
rwio adjustabl W i i a strong in favor
of a unigue erystalline structure in the quieseent state. The corre.
sponding tetragonal parameters are given in Table 2 and i to notice that
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Fig. 1. ~A- Integral scattered intemsity associated to the crystallization pesks during warming. —- despacings for the first four more intense diffraction lines during
warming (filled symibcls: after conling process #1; open symbals: after cocling process#2).

organization: symmetry elements generate two chains with four-fold

=™ helical confoemation lisked by the centsring eandition and running
3 o along the Teaxis. As mentioned in introduction no solution could be
i x 40 found that led 1o a satisfyi between d and exper-
fw imental line intensities [5,14]. One possible explanation to this funda-
] mental isSue is an error in the choice of the space group. A tetragonal
= space group with more symmetry elements is for instance possible but
150 requires some substitutional disorder to maintain a realistic crystal
ﬂ dendgity [14]. Micro-twinning between [4; and I4; eryatallites can be also
= idered. A second disturbing faet is that the ratio ¢/a appears rathes
o i . t N ’: [,"“.'.'}| unchanged with temperature while the thermal expansion of the
in-chain parameter ¢ is normally expected sgmﬂ.canlly smmaller than {nc

Fig. 2. Powder atierns for a vimyl linear FDMS il the lateral.packing a An evaluati 1
measured at 223K (Xeray wavelength: 01542 am. parameters hased on the four peak positions amamed dunngcmmmmng

warming (Fig 1-E) confirms quite simil o

Table 1

Compariscn between abserved and calculsted dspacings.

hil-  Experimental Caleulated Expesimental Caleulated
indices  d TN () s 2K iy 164 K (mm)  chs 164

) (o)
1m e 06898 0.686T 06864
200 Q40T 04207 04182 0.4182
103 03647 0.3657 0.3605 03611
11 [k 0.3591 0.3572 0.3572
004 0303 0.3013 0.3003 0.3003
123 02746 0.2746 0.2733 0.2733
a3l 02730 0.z73Il 02716 02716
132 02450 0.2450 0.2438 0.2439
024 02434 0.2435 0.2425 0.2807
400 o103 0.2103 0.209%4 0.2091
Table 2
Crystallographic parameters for the tetragonal unit eell
poe—— a (i & (st} o
34K 0.B414 12050 1432
164K 0.8366 12009 1.435

the ratio ¢fa is quite similar for both temperatures and remaing very
close o Z; this fact explains the high number of observed doublets.
Only hikl reflections with the selection rule b + k + | = Zn are observed
that indicates body-centering mndmm as puwmaly pmpmed [8).

i the 14 assi

Fig. 3).

3.2. Crystalline rexture

3.2.1. Lower draw ratio regime

In agreement with Tesaka et al. findings, no qualitative evolution of
the fiber patterns is olserved for elongations lower than ca.2 that cor-
responds Lo the lowes draw ratio regime they asigned 1o the so-called
“Prphase” [9]. A representative example is given in Fig. 4 where the
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from the d-spacing of the four first diffraction lines.

Fig. 4. Experimental fiber pattern abtained in the low draw mtio rgime
(150K; applied draw ratio: 1.4; effective draw ratio: 1.9); the gray amow is
painting to some parasitic scattering.

d.raw a.m is al.mg rhe vmmL D|rhcnm Iaya—s are clearly identified
hyp d by the gray doted
Imﬁ. It illustrates the mdmm- ! = 4 for possible 00 reflection
mentioned in introduction and st the arigin of the tetragonal asignment
{4y serew axis) [E]. The tetragonal c-axis is parallel to the fiber axis and
the tetragonal symmetry is thus compatible with the applied uniaxial
symmetry.
The azimuthal location for the intensity maxima is readily computed
a shetehed in Fig. 5 for an assembly of erystallites thar displays eyline
drical symmetry and whose given [HKL] axis is assumed to perfecily
align abong the gu—euﬂnng dmscunn_ Cylindrical symmetry is ssumed in
d with the ry of the applied strain. The section
of reciprocal space associated o mwummwmmm
et b the eirele Oy that i ih points A and B
The corresponding diffracted beams hit the detector at points A' and B
and their angular deviation defines the seimuthal angle g, This angle
is experimentally obtained from the angular scans undedined by the
black dorted circular arcs numbered 1 |n 8 in Fig. 4. chlculamns pm-
sented in 3 have been d assuming the il

Table 3
Compari Jeulated and arimuthal locations of the
fibber pattern intensity reinforcements: lower draw ratio regime.
(i [-isadices Clrcle number ¢ calcalated e experimental
101 1 55.0¢ B3
200 2 L BT
108 3 24.9% 38
13 3 726" 7
004 4 [ o
13 5 A6.4" 461*
03 5 TEE BOL1*
132 & B5.9° BB
024 & 34.8° 333
033 7 54.58° 55.1*
an 7 TR TR
00 8 L BT

orientation of the c-axis with respect 1o the sretching direction so that
reflections very close o or in meridional pogition become visible.

3.2.2 Intermedinte end higher drow ratio regimes

When the draw ratio starts d ca. 2, the angular distribution of
intensities changes as reported by Tosaka et al. [9). This is clearly seen in
I|g = where the new l«:mm!mlhewmﬂ.emmumdmmdasm

Same reflecti d o stronger ones o
dm were very weak are now well visible: an example is given by the line
indexed as 112, This similarly holds for 1=10 reflection (black arrow in
Fig. 6=A, B) that cannot be detected in the quiescent state. It is insisted
that all these now visible reflections are at the expected d-spacing and
allowed by the My space group. According to Tosaka et al., no more
significant evalution in the fiber pattem is observed for draw-ratios
exceeding 35=4 [9): this is the higher draw ratio regime they
asgigned to the so-called “a-phase”. A representative example is given in
Fig. 6-B.

A stated above we let aside the hypothesis of polymorphism and we
aggime that & unigque crystalline strocture is present while anly the axis
af pm&senusl nnmumhas changed. In fact any deviation of the axis
of pr ion from the | axie results in the
hmxkas; of |he tetragonal symmetry. However, the radial scans ob.
ained for low, intermediate and high draw ratios and displayed in Fig 7
are quite similar in terms of both line locations and intensities &5 pre-
viously noticed by Tosaka et al. [9). It implies that the structural mod.
ifications induced by the applied strain should remain limited, and the

tetragonal unit cell with the mragcmnl axis along the gr.mn:hms diree-
tion: [HEL] = [001]. between I and

| erystalline structure is thus sssumed unaffected in first
approgimation.

computed azimuthal anng is quite satisfying as previously reported by
Albouy [8]. Indeed. it is necessary to introduce some fluctuation for the

stratching direction

anis of preferential
orientation: [HKL]

ald sphere

Incoming baam

Fig. 5. Schematic represeatation of the diffractian geometry far a perfectly
aligned fiber.

e mow arises of which changes in 1
direction could account for the obsesved evolution of the fiber patterns.
Fm— rhu pwpcur_ a Immemade ml‘:wmm used 1o generale patlesn
is d for by a Gaussian
orientation I\mcunn and mare computational details can be found
elsewhere [20]. The average direction of preferential orentation is
defined by the spherical angles given in Fig. B-A, and a systematic
mapping for the diffrsction patterns is per&n—med Tbm agam qrhn
drieal ry with respect to the directi
is assumed. Among the different patterns dnsplaj-ed in Fig. 9, those
corresponding 1o ¢ = 45° are closer to the experimental diagrams. It
implies that the direction of preferential orientation remains located in
the (110) plane, see F) B-B. This finding can be rationalized as &:lluws
the [100] and [010]) are equivalent in the | sym-
metry which is preserved in the regime of low draw ratios. Entering the
intermediate regime, this equivalence is maintained if the axis of pref.
erential orientation remaing located in the (110) diagonal plane.

It is mow shown that the present hypothesis of a direction of pref-
erential orentation becated in the (110) plane is able o sccount quan-
titatively for the angular location of the intensity maxima of the patterns
displayed in Fig. &-A and B. Actually, a rapidly growing complexity of
the diagrams arises from the fact that the differemt reflections of a given
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Fig. 7. Radial scans of fiber patterns displayed in Fig, 4 and 6-AB for low, \ 7\ (77D
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(110_).plnne Fig. 9. Simulated fiber patterns for q-values up to 0.2 am™ for different di«
b rections of preferential orientation (spherical angles as defined in Fig %A)L
~ Diffraction lines are given arbitrary intensity for illustration purpose. The full.
— 0 width at half maximum of the Gaussian ceientation function is fixed to 10°. For
@ =T/4 N3 8 = ° patterns are similar independent of g.
[110]
{hkl} family now separate depending upon the sign of the h, k-indices.
For the sake of ! only maxima to the first diffracti
-A- -B- lhmaelhusrepmd.\ﬂem in Tables 4 art 5 that & niee agreement
Fig. 8. A: definition of the spherical angles the direction of ~ between |y angles is reached
preferential orientation. B actual location of the axis of for directions of ! ion tilted ly by & = 25°

orientation.

and 38° with respect to the T-axis.
The question now arises to know if the tilt angle 8 may reach values

Table 4
o e vt i o G
fibber pattern intensity in draw rati
angle 8§ = 25°.
(b )-indices Gircle numbes v calcalated v: experimental
10 1 40a* 40.0*
—101 1 740 T4
200 2 725 2r
12 2 198 167
103 3 18 172
-l03" 3 462 %9
m 3 @ “%o
-121 3 665 66.6°
-1-21 3 835° LEk
004 4 241 23

Table 5
P RSO LN i Sl DY h
fiber pattern intensity reinforcement: higher draw ratio; tilt angle 8 = 38,
hl)-indices Gircle numbes : calcalated v: experimental
100 1 58" 358
-101 1 85.4 85.60
200 2 635 633
12 2 .z o
103 3 261* 26.1°
121 3 e %8
—121" 3 649 6.8
aa 3 702 6640
111 3 876" 9"
004 4 385 385

3.3. Discussion

The above-detailed “texture model” presents two attractive features.
First it is possible to account precisely for the d-spacing of all diffraction
lines as well in the quiescent state as under stretching with only one
crystalline phase. Second it allows a quantitative and simple description
of the evolution of the fiber patterns with strain. If the polymer chains
are assumed to run parallel to the tetragonal axis in crystallites, the
reported changes in direction of preferential orientation imply a pro-
gressive shift of the chain axis for polymers embedded into crystallites
from parallel to the stretching direction at low draw ratios to tilted by ca.
45° at high draw ratio. It is to notice that Tosaka et al. similarly proposed
a tilted orientation of polymer chains at higher strains for one of the
crystal forms in the frame of the polymorphic model [10). A FT-NIR
spectroscopic study by Klimov et al. on d-e waln-mdm:ed aimnlsm
of polymer chains in silica-filled
aspedﬂclsn-etbounhlspow[’}l In lhalmsed:emplesweu

h |l cycling at room temperature,
-2o'c=nd-4o°c They report a specific orientation mechanism for
samples cooled at —40 °C that they attribute to changes in the orienta.
tion of erystalline lamellae. More precisely the long axis of lamellse is
first assumed to orient parallel to the stretching direction; lamellae
break into small fibrillar fragments at higher draw ratio and reorient.
Care must be taken that the present experiments are static and not dy-
namic, but changes in the orientation of crystalline lamellae are a
possible explanation for the presently reported texture changes. Poten-
tially linked to this question is the surprising fact that the thermal
contraction is apparently similar parallel and perpendicular to the
tetragonal axis. This suggests some equivalence between the [110] and

* Positions cannot be distinguished.

higher than 38° for higher draw ratios. It is known that sol-gel filled
PDMS rubbers present a rather low elongation at break [15-17] and our
samples could not be extended to an elongation above 2.5, corre-
sponding to an effective draw ratio ca. 3.9. Tosaka et al. were able to
reach significantly higher draw ratios with silica powder filled samples:
Flg. 10-A is reproduced from the publication [9]; the term “Latitude™
used in ordinate refers to the complementary angles for the angular
maxima w01 and y.j01 associated to the first most intense diffraction
line. Latitudes with our model are plotted as a function of the
tilt angle & in Fig. 10-B. It readily shows that experimental angular
latitudes reached at the higher strain ratios correspond to a tilt angle 8 =
45°, very close to the angle between the c-axis and the [111] direction
(44.6°, always keeping the tetragonal unit cell as reference). The long
diagonal of the unit cell represents thus the ultimate direction of pref-
erential orientation at higher draw ratics in the frame of the texture
model.

[001] di inforced by the fact that ‘a‘+i’|~z.nimmu¢
that the direction of preferential orientation at higher strain, [111), is
actually half-way both directions. The question of the chain orientation
can also be raised at the light of another observation made by Tosaka
et al.: they report the apparition of a well-defined intensity reinforce.
mmqumﬂpdmalmummmlwdnwnumhighﬂ
than ca. 2.8 [9). It is localized slight] of thy

rlngmdmewnherandbmadedmmmmalsnvmbkm
meridional position. These authors unambiguously demonstrated this
so-called “mesomarphic phase™ to be different from the 3D long-range
ordered crystalline phase. However, both phases must be structurally
related in some way as the most intense equatorial reflection for the
crystalline phace in the high-strain regime (indexed as -101 in Fig 6-B)
and the equatorial spot for the “mesomorphic™ phase are similarly
located [9]. If the “mesomorphic” phase is assumed to consist in do-
mains of well-packed parallel chains, this structural relation between
both phases could imply that these bundles are oriented at 45° from the
stretching axis that appears counter-intuitive.

end-linked

3

3
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Fig. 10. +A- Values for the katitude angles 904;0; and 90 y0, 2 a function of the applied strain ratio according to Re€. [4] -8 Computed latitude angles as 2
function of the tilt angle & of the axis of preferential orientation with respect to the [001] direction.



4. Conclusion
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