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ABSTRACT: Polymers are known to exhibit strong rate-dependent mechanical behavior. In different temperature
and/or frequency regimes, the rate sensitivities of polymers change as various pricharyd(secondaryf)
molecular mobility mechanisms are accessed. The incorporation of nanoparticles into the polymer matrix can
potentially alter the local molecular level structure and thus offers an opportunity to tailor the rate-dependent
mechanical deformation and failure behavior of the polymer. In this study, methacryl-POSS is incorporated into
poly(vinyl chloride), producing a range in weight fraction of well-dispersed POSS. Dioctyl phthalate (DOP)
plasticized PVC is also prepared with a range in DOP content using the same method. Both methacryl-POSS and
DOP plasticize the PVC. Dynamic mechanical analysis (DMA) revealed that the incorporation of POSS in PVC

introduced reductions in both the primarg)(and secondaryf) transition temperatures. DOP reduced the
o-transition temperature in the blends, whereas a pronounced suppressiop-oétaration peak was observed
at higher DOP content. The rate-dependent yield and postyield behavior are characterized in compression testing

over a wide range of strain rates (16-3000/s). A cleal
rate-dependent relaxation fmotions was observed in
a transition was much milder in the case of PVC/DOP

r rate-dependent transition associated with the strain-
the compression yield data of PVC/POSS blends. Such
due to the suppression/frdmgsition in these blends.

1. Background Py e

Polymers are known to exhibit strong time-dependent me- 60— G 2 2 0 _
chanical behavior, as evidenced by rate-dependent moduli, yield 710, Kg.mm. K 30 ¢
strength, postyield behavior, and failure mechanisms. Generally, 55 <
the yield stress required for plastic deformation increases with
decreasing temperature or increasing strain rate. A transition in 50 ) “38%C
the rate dependence of the yield behavior over a wide range of PPN X . o
temperature{50 to 150°C) and strain rate (16—10-Ys) has ’ o~
been observed in various glassy polymers including poly(methyl 40— N g
methacrylate) (PMMAY,? polycarbonate (PG)?and poly(vinyl ) .
chloride) (PVC): These studies revealed that two rate processes 35— o 0C
are involved in activating inelastic deformation. As the tem-
perature is reduced and/or the strain rate is increased, an g o 3
additional stress is required to activate the secongjrgrocess O i
in order for the material to yield. 25— e > 23°C

Figure 1 shows the rate-dependent yield behavior of PVC — S S 30C
from —50 to 70°C over a range in strain rate of 180-10"1/s3 20— P St al? L
Below the indicated linead, the molecular motions governing T T o B—"55q"C
yield mainly correspond to the main-chairrelaxation motions, 15 DI e Y. 60°%C
commonly associated with the glass transition. Over the small ) 0
range in temperature of thetransition, the polymer behavior 0 A /M |
transitions from glassy to rubbery with increasing temperature.
Above lined, the f-motions associated with local relaxation 054
movements of small groups along the chain become important,
and a nonnegligible stress is required to actiyatmotions to _'5 - -3 -2 -1 Log &

enable yield. The intersection of eagy{T curve withd reveals
the character of the frequency or rate dependence g¢i-then-
sition temperature. Recently, the rate-dependent elasléstic
deformation of PC and PMMA was investigated by Mulliken
and Boycé&® over the strain rate range of 18-3000/s; both
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Figure 1. Yield data of poly(vinyl chloride) presented by Bauwens-
Crowet et al.. The set of parallel curves was calculated from—Ree
Eyring theory?

materials exhibited increased rate sensitivity of yield under the
same strain rate/temperature conditions asptheansition.

As nanoparticles are incorporated into a polymer, the mo-
lecular level modifications offer opportunities to tailor the rate-
dependent mechanical deformation and failure behavior of the
polymer. Polymer nanocomposites have drawn much attention
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due to the potential for improvement in properties including OYU\

modulus, strength, toughness, thermal stability, and gas perme- o

ability. Research regarding- and -relaxation processes of H \ﬁ °

polymer nanocomposites has been conducted to understand the . }///0

influence of nanoparticles on polymeric molecular motiérfs. o S0 TS ?JQ o

Bohning et al’® showed that incorporating a low content of M"x,\]’/o/ §o o/\s7°/\/\0 o

however, thgs-transition is broadened and the activation energy o 00" i
of the g-transition is reduced with increasing nanoparticle o~ No__ 7/0/ V\/DM
concentratiori.Kuila et al. showed that the- and-transition }\( '

SiC nanoparticles in PC has no effect on tidransition; ° S:”"\ozfs\i b ]J::/O\V\
L o |

temperatures and the melting point of poly(3-hexylthiophene) ° -
were increased when montmorillonite clay particles are incor- ; ~1.3 nm
porated into the polymer system and the 1% clay content 7//<o

polymer nanocomposite exhibits the maximum thermal stabil-
ity.® ~2.5 nm

havior of polymer compounds comprised of polyhedral oligo- molecule and a DOP molecule.
meric silsesquioxanes (POSS) blended with PVC. POSS has

received mu_ch mter_est due to Its hyb”d. organiorganic analysis (DMA) was performed on a TA Instruments Q800 DMA
structure which consists of a silica cage with functional groups | (bcerve and investigate the andg-transitions of the materials

attached at the cage corners. When POSS is covalently attacheg, ing study. Cylindrical polymer samples with a diameter of 2.5

to the polymer backbones, POSS has been shown to improvemm and a length of 15 mm were tested in the cantilever mode in
physical and mechanical properties, such as increased glaspMA with a fixed displacement of 26m. The testing temperature
transition temperaturelg),'>improved thermoxidative stabil-  ranged from—100 to 140°C with a 2 °C/min heating rate at
ity,12 and higher storage modulus at low temperatdi@e to frequencies of 1, 10, and 100 Hz. The particular frequencies of
the reinforcement at the molecular le¥elPOSS can also be  these tests were converted to corresponding average strain rates,

incorporated into homopolymers through direct blending. In- 9iving a range in strain rate of  10-°~5.8 x 10*/s° Since the
crease in free volume and initial plasticization of the polymer Storage and loss modulus are frequency-dependent, converting the

matrix have been observed when untethered POSS is We”_frequenues to corresponding strain rates allows us to relate the

. e L DMA data to the compression testing results. The same tests were
dispersed within the polyméf.POSS tends to aggregate within repeated three times for each blend composition using three different

a polymer matrix (e.g., refs 15 and 14) with increasing weight gpecimens. Storage modulus and loss modulus were measured as a
fraction, and the aggregates can act like stiff fillers. Mulliken  function of temperature, and the correspondingtavas calculated.

and Boyce showed that trisilanophenyl-POSS (5 wt %) has little 2.3, Compression and Tensile TestindJniaxial compression
effect on the PGu-transition region, but the POSS enhances tests were performed over a wide range of strain rates?/4@o

the mobility of thes-motions significantly and therefore reduces nearly 3000/s. Extruded polymer strands were pelletized, compres-
the resistance in high rate deformatirtere, the effects of sion-molded into disks, and then machined into specimens for
various weight fractions of POSS on the elastic and plastic cCOmpression testing. Low to moderate rate compression testing
deformation behavior of PVC at different rates are studied and (10 *~107/s) was accomplished on a Zwick mechanical tester

: : . ; (2wick Roell Group). All specimens were machined to right circular
compared to that O.btamEd when blending different weight cylinders with diameter of 9 mm and height of 4.5 mm. To reduce
fraction of the DOP into PVC.

friction, thin Teflon films were placed between specimen and
. compression platens, and WD-40 lubricant was sprayed between
2. Experiments Teflon films and platens. During low to moderate rate compression
tests, a constant engineering strain rate was applied to a final true
compressive strain 0f-0.7031

High strain rate compression testing was conducted on a split
Hopkinson pressure bar apparatus designed in cooperation with and
built by Physics Applications, Inc. (Dayton, OH). This particular
instrument is described in Mulliken and Boye&Specimens for
high rate testing were machined to smaller right circular cylinders
with diameter 5.05 mm and height 2.7 mm to meet the particular
requirements of this test. Specimens were lubricated with a thin
layer of petroleum jelly on each surface prior to testing. In the case
of high rate testing, samples were tested under true strain rates at
yield from 700/s to 3000/s.

Uniaxial tensile tests were also performed on the Zwick
mechanical tester. All specimens were tested at a strain rate &f 10
s until final failure. Extensometers were employed to determine

2.2. Dynamic Mechanical Analysis. Dynamic mechanical

2.1. Materials. The poly(vinyl chloride) used in this study was
custom-made by Scientific Polymer Products, Inc. (Ontario, NY)
with an approximate molecular weight of 90 000 g/mol. Methacryl-
POSS was obtained from Hybrid Plastics (Fountain Valley, CA).
It is a noncrystallizable mixture of 8-, 10-, 12-, and 14-corner POSS
cages, with 10-corner cages having the highest weight fractidi (
wt % as measured by NMRB. Methacryl-POSS appears in the form
of a light brown heavy oil at room temperature. Figure 2 shows
the chemical structure of a 10-corner methacryl-POSS molecule.
Kopesky et al* showed that cyclohexyl-POSS or isobutyl-POSS
can be blended into PMMA, producing nanocomposites with
excellent dispersion up to a volume fraction of 1%. At higher
volume fraction, the POSS was found to aggregate and crystallize
into larger particles. Since the methacryl-POSS cage mixture does

not form crystallites at room temperature, a higher loading limit is X h . . ;
y P ' 9 9 the tensile strains. Pelletized materials were compression-molded

7
expected: ) into dog-bone-shaped specimens with gauge length of 25.4 mm,
Neat PVC; 10, 15, and 20 wt % of methacryl-POSS in PVC; tnickness of 1.6 mm. and width of 4.2 mm.

and 10, 15, and 20 wt % of dioctyl phthalate (DOP, Sigma-Aldrich)
in PVC were prepared for this study. After a targeted percentage 3, Results and Analysis

of methacryl-POSS or DOP was mixed into PVC powders, the o .
mixture was then melt-blended for 2 min in a lab scale extruder ~ 3-1. Miscibility. All PVC/POSS blends with POSS content

(DACA Instruments). The PVC used in all of the polymer blends below 15 wt % were transparent, while the 20 wt % POSS
contained 3 wt % of thermal stabilizer (Thermolite 890S, Atofina) sample is opaque. Miscibility of the PVC/POSS blends was
to minimize degradation. further examined using transmission electron microscopy (T%\QV
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Figure 5. Storage modulus (a) and loss modulus (b) of PVC/POSS
blends as a function of temperature at 1 Hz (0.005/s). A vertical dashed
line is provided at room temperature for reference purposes.
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The locations of thex-transition and thegs-transition peaks
shift to higher temperatures with increasing strain rate. By testing
the material at higher frequencies in the DMA, the strain rate
experienced by the sample is increased. Figure 4 shows the
shifting of thea-peak and thg-peak of tand for PVC. Since
the-transition has a much lower activation energyié.4 kcal/
mol) when compared to the-transition (~66 kcal/mol) in PVC,

1 | = . . P the ﬂ-trans_ition peak shifts faster than thetransition. The
40 80 40 0 40 80 120 p-peak shifted from—50 °C at 1 Hz to—11 °C at 100 Hz,
Temperature (°C) whereas ther-peak shifted from 83C at 1 Hz to 93°C at 100
Figure 4. PVC storage modulus, loss modulus, anddasurves as a Hz. Widera- andg-transition peaks are also observed at higher
function of temperature at 1 Hz (0.005/s). The tais also shown at strain rates.
10 and 100 Hz. PVC—POSS Figure 5 shows the storage and loss modulus
curves for 10, 15, and 20 wt % methacryl-POSS in PVC. The
Figure 3a shows a micrograph of 15 wt % POSS in PVC, and o-transition temperature decreases monotonically for 10 and 15
it appears to be a miscible system. Figure 3b shows a micrographwt % blends, suggesting that free volume increases in the PVC
of 20 wt % POSS in PVC, revealing a second phase of upon addition of POSS molecules. Thus, the POSS is acting as
submicron-sized aggregates throughout the sample. The POS& plasticizer. A small inflection in the storage modulus and a
aggregates were squeezed and deformed during microtomingpump in loss modulus were observed nedR °C in the 20 wt
resulting in the long elliptic morphology. Additional evidence % blend. Differential scanning calorimetry measurements (DSC,
of POSS aggregation in the 20 wt % blend is seen in DMA TA Instruments) give-42 °C as the glass transition temperature
results as discussed later. All of the PVC/DOP blends in this of methacryl-POSS itself; thus, the observation of a bump at
study are transparent and homogeneous. —42°C in the DMA is attributed to the aggregated POSS pools

3.2. Dynamic Mechanical Analysis. PVCStorage modulus,  in the 20 wt % blend. The maximum amount of this methacryl-
loss modulus, and tahcurves of neat PVC at a converted strain  POSS that could be incorporated into PVC homogeneously
rate of 0.005/s (1 Hz) are shown in Figure 4. As temperature is through melt-blending is somewhere between 15 and 20 wt %.
increased and PVC goes through ffwransition, the storage  Therefore, ther-transition temperature no longer decreases with
modulus gradually decreases from 4.2 to 3.0 GPa, and a broadncreasing POSS concentration at concentration greater than 15
transition peak appears in the loss modulus andjtait the wt % POSS.
o-transition, the storage modulus drops sharply from 2.5 GPa The g-transition temperature shifts to a lower temperature,
to 5.0 MPa, and a narrower and more intense peak can be seemand thes-peak lowers and broadens when methacryl-POSS was
in the loss modulus and tah On the basis of the peak values added. Therefore, the POSS has a plasticizing effect on the
of tand at 0.005/s strain rate, PVC hagdransition temperature  S-transition as well as the-transition due to the liberating effect
of —50 °C and ana-transition temperature of 8%C. of free volume on the local motions. cDV

+ Storage Modulus-1Hz
« Loss Modulus-1Hz

« Tan Delta-1Hz

= Tan Dalta-10Hz

* Tan Delta-100Hz

Storage Modulus (MPa)
8
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Figure 6. Storage modulus (a) and loss modulus (b) of PVC/DOP Figure 7. o-transition temperature (a) amftransition temperature
blends as a function of temperature at 1 Hz (0.005/s). A vertical dashed (b) of PVC/POSS and PVC/DOP blends as a function of applied strain
line is provided at room temperature for reference purposes. rate (tand peak value in DMA).

PVC—DOP. Figure 6 shows the storage and loss modulus the case of PVC/DOP, the interaction that hindersstmeotions
curves of 10, 15, and 20 wt % DOP in PVC. Thdransition is the strong hydrogen-bonding between the carbonyl group
temperature decreases monotonically with the addition of DOP ([C=0) of DOP and the PVC repeat unifHCI).2°
up to 20 wt %, and the-transition peak also broadens. In the POSS vs DOP Unlike DOP, the methacryl-POSS does not
case of the 20 wt % DOP compound, the storage modulus drop-restrict the3-motions in PVC and therefore does not “antiplas-
off begins at approximately-20 °C and reaches fully rubbery ticize” the PVC. The methacryl-POSS molecule is larger than
behavior at around 4%C. Theg-transition is heavily suppressed the DOP molecule, and its bulky, quasi-spherical structure
with increasing DOP content, as evidenced by the dramatic restricts the molecule from such close affiliation with the PVC
reduction in the magnitude of tifetransition loss modulus peak.  backbone. The3-motions of the PVC/POSS blends are not
Only a very small hump was seen near0 °C in the loss hindered as in the case of PVC/DOP. It is seen in Figure 5b
modulus of the 10 wt % blend, and the peak becomes that the loss modulug-peak is reduced in the case of PVC/
unrecognizable when DOP concentration is at or above 15 wt POSS blends, partially due to the decreasing PVC weight
%. Furthermore, the storage modulus of the 10 wt % DOP blend fraction and partially due to the POSS plasticizing the local
(Figure 6a) was slightly higher than the pure PVC in the f-process.
temperature range between tlfie and a-transitions. Such The a- andj-transition temperatures were identified by the
unexpected mechanical behavior has been observed in slightlya- andS-peak values of the tah curves. The methacryl-POSS
plasticized PVC in the glassy state below the glass transition is able to reduce both the- and -transition temperatures in
temperature. An increase in modulus, a decrease in creepthe PVC while the DOP reduces tletransition temperature
compliance, and a decrease in impact strength have beerbut restricts theS-motions. Figure 7a summarizes the rate
documented in PVC containing relatively low concentrations dependency oti-transition of all blends. Incorporating either
of plasticizers (typically less than 15 wt %),?1 and this methacryl-POSS or DOP lowers tletransition temperature.

mechanical behavior is termed “antiplasticization”. Thea-transition temperature shifts to higher temperatures with
The decreasing intensity of thepeak has been observed in increasing strain rate. The-transition of PVC shifts ap-
many PVC-plasticizer systems since the late 196024 As proximately 3.8°C per decade increase in strain rate. Table 1

the plasticizer content increases, thpeak gradually decreases shows that within the DMA testing range the shifting rate of
and ultimately vanishes. The suppression /Hfnotions is the a-transition temperature in all blends ranges from 3.8 to
explained by localized interactions between the plasticizer 5.1 °C per decade increase in strain rate.

molecules and the PVC repeat units. Vilics et®aproposed The rate dependence of tiidransition of PVC/POSS blends
that a strong affiliation is established between the aromatic rings is shown in Figure 7b. Thg-transition temperature is lowered

of the plasticizer and the PVC backbones, thereby hindering ~7 °C when 10 or 15 wt % methacryl-POSS is added. The
the local short segmental motion® (Such interaction continues  -peak shifting rate of the two blends remains approximately
to hinder these local motions even when the temperature exceedshe same as neat PVC. Tifiepeak values in ta® suggests

the f-transition temperature and therefore results in a higher that s-transition shifts nearly 17.4C per decade increase in
modulus at temperatures between fhieand a-transitions. In strain rate, which indicates thAttransition is more sensitiv&DV
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Table 1. Shifting of a- and f-Transition Temperatures (tan  Peak

Value in DMA)
o
[°Cl/decade strain rate] [°C/decade strain rate]

PVC 3.8 17.4

10 wt % POSS 3.8 17.0

15 wt % POSS 4.0 16.8

20 wt % POSS 3.8

10 wt % DOP 4.8

15 wt % DOP 5.0

20 wt % DOP 5.1

to strain rate than ther-transition. TheS-process becomes
significant in the mechanical behavior when its rapid shifting
with strain rate causes thg-transition to move into the

True Stress (MPa)
o3 58838388
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Figure 10. True stresstrue strain curves of 20 wt % DOP in PVC

experimental window of deformation rate at the testing tem- under different strain rates in compression testing.

perature. PVC/DOP data are not included in Figure 7b since
the S-motions are suppressed.

3.3. Compression Testing. Rate Dependence of Stress
Strain Behavior. Compression testing was conducted using the
Zwick machine and the split Hopkinson bar for low and high
strain rate testing, respectively. All specimens were tested to
large strains, capturing the elastic, initial yield, and postyield
behavior. Deformation was homogeneous in all compression
tests; no cracks or other fracture events were observed. Figures
8—10 show the compression stresdrain curves for PVC, 15
wt % POSS, and 20 wt % DOP, respectively, at tested strain
rates. The rate-dependent behavior is clearly seen in these
figures, where the initial yield stress increases with an increase

in strain rate.
Similar glassy polymer stresstrain behavior was observed

in compression testing for all blends with the exception of 20

wt % DOP in PVC (Figure 10). DMA revealed the PVC/20 wt
% DOP material to have am-transition at 45C at a converted
strain rate of 0.005/s based on the t&murve. Therefore, a
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Figure 8. True stresstrue strain curves of PVC under different strain
rates in compression testing.
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Figure 9. True stresstrue strain curves of 15 wt % methacryl-POSS
in PVC under different strain rates in compression testing.
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Figure 11. Yield stress as a function of strain rate: PVC/POSS (a)
and PVC/DOP (b). Insets show the yield stress as a function of POSS
(a) and DOP (b) concentrations at a strain rate of 0.03/s.

rubberlike deformation behavior was expected and found in low
rate compression testing (Figure 10). In the case of high rate
compression tests, tletransitions shift to higher temperatures
(a linear extrapolation of Figure 7a estimatescatransition
temperature of 76C at 2000/s), and glassy polymer deformation
behavior was observed again.

Yield stress as a function of strain rate is shown in Figure 11
for all of the materials studied. The neat PVC yield stress
increases linearly with the logarithm of strain rate in the low
strain rate regime. As strain rate increases into the high rate
regime, the yield stress again increases approximately linearly
with the logarithm of strain rate. However, the rate dependence
is much greater in this high rate regime. At strain rates beyond
the transition point, an additional stress is necessary to activate
the g-process in order to yield the material.

Figure 11a shows the effect of methacryl-POSS on yield stress
in PVC. The yield strength decreases with an increase in P8I§§



Macromolecules, Vol. 39, No. 8, 2006 POSS-Filled and Plasticized PVCQ905

a a
80 80
70 4 o 70 -
..o c".. — .:.o et
@ 60 by ", et G 60, i
. e N.“"m.nu“.". nu"_‘“‘ - % & “.‘%.“..“..t"".“.
2 504 M SR
% lx -'-::“‘f?_‘::‘-‘--"-.:"'- XX $ - s, _.u“"
401 * xx”"*‘x 40 " “““l"““uu
% & m““u““““u“ % R TTIR .
g ¥ v e Xl T e
24 + 10wt% POSS S04 oexx o 10wt% DOP
s - 15wt% POSS i X o oop
10 * 20wt% POSS 109, oo™ « 20Wt% DOP
0+ ——— - T T —r— 0 T T ———— —
1] 0.2 0.4 06 0.8 a 02 04 06 08
True Strain True Strain
b b
180
it
160 - .A‘. %,
,a., E 140 4 = _ﬁ_-la“ ‘..,c."."“".".““
% s 120 4 * _-,_“-“{.l“ ,
2 — 100 | - — - O VT T T
g % 80 i xx%mx,‘xm“m““xx“
w -_x Xl)ﬁx“
o o 60 +PYC
=1 = L3
E F o40d « 10wt% DOP
% - 15wt% DOP
207 « 20wt% DOP
j
0 02 04 086 08 0 02 04 08 08
True Strain True Strain
Figure 12. Effect of POSS on true stresgrue strain behavior in Figure 13. Effect of DOP on true stresdrue strain behavior in
compression testingé = 0.0003/s (a) and ~ 2000/s (b). compression testingé = 0.0003/s (a) and ~ 2000/s (b).

content due to the plasticizing effect of the POSS and the reduces the yield strength and the flow stress of PVC in both
corresponding increased chain mobility. Rate-sensitivity transi- the low strain rate (0.0003/s) and the high strain rate (2000/s)
tions were also observed in the POSS-filled PVC material and compression tests.

again correlates with the rate dependence ofAHeansition More substantial reductions in the true stregsie strain
observed in the DMA. The yield stress as a function of the POSS curves were observed in the case of PVC/DOP blends, and the
concentration at 0.03/s strain rate is shown in the inset plot of influence of DOP appears to be different in the low and high
Figure 1la. The yield stress deceased monotonically with strain rates. The yield strength of the 10 wt % DOP blend is
increasing POSS concentration up to 15 wt %. A larger reduction nearly identical to the neat PVC in both the low and high strain
in the yield stress was observed due to the existence of POSSates for the reasons discussed earlier; however, the 10 wt %
aggregates in the 20 wt % POSS blend. DOP compound exhibits a dramatic postyield strain softening,

The rate dependence of yield stress on DOP addition is shownand hence its flow stress is reduced significantly at all strain
in Figure 11b. The addition of 10 wt % DOP does not appear rates. Previous publications have shown that a polymer under-
to alter the yield stress when compared to the neat PVC. Thisgoing active plastic deformation at temperature well belgw
results from the compensating effects of plasticizing the islocally in a state that is equivalent to an elevated temperature
a-motions, acting to decrease the resistance, and antiplasticizingclose toTy without deformatior?® This explains the postyield
the g-motions, which tends to increase the resistance. Two stress-strain behavior of the 10 wt % DOP compound. First
distinct yield stress rate sensitivities are observed in the 20 wt we recognize that the 10 wt % DOP blend at room temperature
% DOP-modified materials; however, it is the rate dependence is nearly atTgy. Prior to plastic deformation, the yield stress
of the a-regime that governs this behavior. The yield strength reflects the combined effect of plasticizegtmotions and
of the 20 wt % DOP compound is less sensitive to the strain antiplasticizegt-motions, which approximately equals the yield
rate in the low rate regime because the material is rubbery; in stress of neat PVC. During active plastic deformation, the
the high rate regime, this blend behaves like a glassy polymer material is brought to a state that is effectively in Tgwhere
again; hence, the transition in overall magnitude with the yield the originally restrictegb-motions are liberated in addition to
stress in the PVC/DOP is a transition from rubbery to leathery the liberation of the main-chain motions. Therefore, the large
to glassy behavior as we go from low rates to very high rates. reduction between the yield stress and the flow stress in the
The yield stress as a function of the DOP concentration at 0.03/s10 wt % DOP compound is not only due to the conven-
strain rate is shown in the inset plot of Figure 11b. The yield tional strain softening but also due to effectively entering the
stress of the 10 wt % DOP blend is identical to that of the neat Ty regime during active plastic deformation. This increased
PVC, and at some strain rate it is even higher than the postyyield strain softening during plastic strain of materials very
unmodified polymer. Both observations are explained by the near theifTg has been observed in other polymers (see, e.g., ref
absence of @-transition in the PVC/DOP blends. 27).

Stress-Strain Dependence on Additive Concentration In the low strain rate compression tests, the material behavior
The effect of POSS and DOP on the entire true strése changes from glassy to rubbery with increasing DOP content.
strain behavior of PVC at both low and high strain rates is shown However, in the high strain rate compression tests, PVC/DOP
in Figures 12 and 13, respectively. The addition of POSS blends all behave like glassy polymers. CDV
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15+ é;i . 7b; is the preexponential factoAG; is the activation energyk
10 N is the Boltzmann constan, is the absolute temperatunejs
5%  or ey the pressurey,; is the pressure coefficient, asds an internal
0 T variable which captures the material’'s shear resist&hEel-
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True Strain lowing Argon?® s is given to be
Figure 14. True stresstrue strain curves in tensile testing: PVC/ .
POSS (a) and PVC/DOP (b). o 0.077,(0, €)
S.(0,¢6) = 1=, (4)
3.4. Tensile TestingTensile tests were performed to evaluate *
the tensile toughness and modulus (Figure 14) of the materials. 0.077u4(0, ¢)
Figure 14a shows the true stresgeue strain curves of PVC/ S4(0, €) = 1=, (5)
POSS compounds in tensile testing. PVC shows brittle behavior, B

and all specimens fail before reaching the yield point. Although h is the sh dul is th . .

adding methacryl-POSS softens PVC and reduces the modulusVN€rei is the shear modulus and is the Poisson ratio. In

all samples are still brittle and none are able to reach the yield practice, since the material is considered under h'gh stress at
point. the yield point and the backward progress of the plastic transition

In the case of DOP-filled PVC, specimens are brittle when 1S Negligible compared to the forward progress, the approxima-

10 wt % DOP is added. However, 15 wt % DOP samples exhibit 0N SINT'(X) = In(2x) is made for both thet-process and the

a dramatic increase in tensile toughness, and the strain at breal@'processs is both temperaturg- and rate-_d_epende_nt, which
is increased to 65% true strain. 20 wt % DOP samples again allows us to capture the change in rate sensitivity of yield when

are rubbery in the tensile tests and fail at 60% true strain. the 'material transitions from rubbe.ry' to leathery tp glassy. .
3.5. Model vs Experiment.The constitutive model for the Figure 1_5 shows the model pred|ct|0p of PVC yield stress in
rate-dependent elastiplastic behavior of amorphous polymer compression as a funqnon of the strain rate compared to the

proposed by Mulliken and Boyeéwas used to predict the strain exper imental compression data. ‘!Zh@rocess and thé—process .
rate dependence of the yield stress of the PVC/POSS and pvcjndividual contributions to the yield stress at different strain
DOP blends in uniaxial compression tests. The rate-dependent@S aré shown in the figure, and the total model prediction is
yield model follows the essence of the multiple process-Ree the sum of theo- and ﬂ-_c_omponents. Th‘?."?Ode' IS seen to
Eyring model as utilized by Bauwens-Crovidoth the primary capture the strong transition in rate sensitivity of the PVC as

(o) and secondaryp) processes are considered in the model ON€ transitions from low rates to very high rates00/s). Note
from low to high strain rates. The total yield stress of the that thea-contribution alone exhibits a gradual, small change

material is the sum of the-process (eq 2) and th&process iq slope Wi_th strain rate, put this does not capture the dramatic
P (eq 2) hep difference in rate sensitivity observed at high rates. The models

eq 3
(eq 3) show that as the strain rate is increased,Aeotion requires
Oytotal = Oye T Oy (1) stress-assisted activation, particularly as the strain rate ap-
Y Y ¥ proaches and exceeds 100/s. The need for stress activation of
.~ . the f-motions at high rate is responsible for the increased rate
o, = M sinh ! & eXF(AG“) 2) sensitivity of yield seen at high rates.
e AG, 7. ko Figure 16 shows the total model predictions as well as the
" ’ isolatedf-contributions plotted together with the compression
3K0 (s, + r AG\ yield datz?l for the PVC/POSS and the PVC/DOP compounds.
Oyp = V3 (S5 + o) sinh &e F(—ﬁ) A3) Table 2 includes the model parameters of both ¢heand
’ AGy 772’/3 ko pB-processes calculated from the experimental data.oFpeo-

cess activation energAG,,) is ~4 times that of thgg-process
whereoy; (i = a, ) is the yield stress: is the axial strain rate, ~ (AGg), which is consistent with the values obtained from &]ISV
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200 , , ' In particular, for the 20 wt % DOP blend, the rate sensitivity of
o PVC yield as one moves from the low to the high strain rate regime
180f| A 10wt% POSS 1 : : S A
o 15wt% POSS - is because the material transitions from being in a rubbery
160} PVC-model Thsi - regime of response at the low rate to a glassy regime of response
"""" 10wt% POSS-model A at the high rate. Hence, the transition in rate sensitivity of yield
< Morlz 15wt% POSS-model 7 1 is fully predictable as a single lumped stress-activated event
L o0l 7 | for PVC/DOP compounds, in stark contrast to the PVC and
= PVC/POSS compounds.
8 100F 1
& 4. Conclusions
S 80 Methacryl-POSS and DOP were incorporated into PVC
F 6ol 1 through a melt-blending process, and the rate-dependent me-
chanical behavior of these materials was studied using DMA
401 il and large strain compression tests. The PVC/POSS blends are
o0l i homogeneous and transparent with up to 15 wt % POSS; above
15 wt %, methacryl-POSS forms submicron-sized aggregates
0, . in the blend. Within the homogeneous regiffig(o-transition)
10 - 'OR 10 decreases monotonically with increasing POSS content. The
rue Strain Rate (1/5) p-transition temperature shifts to a lower temperature, and the
200 e ' ' peak becomes broader with the addition of methacryl-POSS.
ok| o 15wt% DoP ] PVC a- and p-transitions shift to higher temperatures with
v 20wt% DOP increasing strain rate, shifting 3.8 and 17@ per decade
160 | — PVC-model | increase in strain rate for the- and thes-transitions, respec-
------- 15wt% DOP-model . L . e
— — — 20Wt% DOP-model tively. No significant change in the shifting rate of thepeak
3 140r CE or the 8-peak was found in the PVC/POSS blends.
S 120f ~ In the case of DOP, the same trends in the decreasing and
@ shifting of the a-transition temperature with increasing DOP
o 10of ] content were observed, and thgeak broadens with increasing
P sl ,/Vw | DOP concentration. However, for thgtransition, the peak
E - vanishes and becomes barely recognizable when the DOP
60 1 concentration is above 10 wt %. The significant suppression of
a0l | the g-transition peak is attributed to the molecular interaction
between the carbonyl group of DOP and the PVC repeat unit.
20t 1 This interaction attracts the DOP molecules along the PVC main
chain and hinders the locAlmotions, resulting in an antiplas-
0 107 10° 162 10° ticization of thes-transition when DOP is added. The difference
True Strain Rate (1/s) between incorporating methacryl-POSS and DOP into PVC in
Figure 16. PVC/POSS (a) and PVC/DOP (b) yield strength as a the g-transition is explained by the dlﬁergnces in molecglar size
function of strain rate: model prediction and experimental data. and shape of POSS and DOP. The bulkiness and quasi-spherical
shape restrict POSS molecules from approaching the PVC
Table 2. Model Parameters for the PVC/POSS and the PVC/DOP backbone.
AG, [J] AGs[J] Yoo 7hsls7Y Both POSS and DOP plasticize the PVC. The compression
PVC 310x 10°° 919x 1020 9.97x 108 8.21x 10° yield stress of PVC decreases monotonically with increasing
10wt% POSS 2.7k 1071® 3.81x 1020 1.12x 10 7.55x 10° POSS concentration. In the case of PVC/DOP, the antiplasti-
15wt% POSS  2.4% 10719 2.54x 10720 1.89x 101 2.97x 10° cization of f-motions compensated for the plasticization of
15wt% DOP  1.3% 10719 6.92x 108

a-motions in 10 wt % DOP blend leading to no real change in
yield stress when compared to neat PVC. The yield stress

DMA data. The model is seen to capture the transition in rate decreases beyond 10 wt % DOP added.
sensitivity of the yield stress. In the PVC/POSS blends (Figure A clear rate-sensitivity transition is observed in the compres-
16a), the model finds thg-process to require stress-assisted sion yield data of pure PVC and PVC/POSS blends between
activation at a slightly higher strain rate with increasing POSS the low rate 1/s) and the high rate>(500/s) regimes. This
content. Such prediction is consistent with the DMA data, in transition is attributed to the need for stress-assisted activation
which the g-transition temperature was found to decrease of f-motions at high strain rates, which provides a significant
slightly when the methacryl-POSS is added. In the PVC/POSS increase in the barrier to plastic flow and hence the increased
blends, theg-contribution results in the change in rate sensitivity rate-sensitivity of yield. A transition in rate sensitivity is also
of yield at high strain rates giving as much as a 40 MPa increaseobserved in the DOP blends; this transition is due to the rubbery-
in yield stress over that of the-contribution alone. to-leathery-to-glassy transition as one goes from the low-to-
In the 15 and 20 wt % DOP/PVC compounds (Figure 16b), moderate-to-high strain rates. A constitutive model was used
the s-contribution is fully restricted below the glass transition to predict the yield behavior of the PVC compounds. The two-
and thus does not manifest itself as a distinct additional process model captures the stress activation ofitineotions
contribution at specific temperatures or strain rates. Therefore, to govern the rate sensitivity at low strain rates; at higher strain
yield is modeled as a single lumped activated process. Therates, thes-motions also require stress activation to enable
model shows that the rate sensitivity of yield is fully captured plastic flow and hence provide the observed increase in rate

using a single activation approach for the PVC/DOP compounds. sensitivity of yield at high rates. In contrast, thenotions areCDV

20wt % DOP  1.26x 10°1° 9.27x 10°
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suppressed over the entire glassy regime of the material, and(11) gﬂzatffs;hP' T.; Jeon, H. G.; Romo-Uribe, Kacromoleculesl999
the. rate-dependent yielding is captured b.y a single '.“.m.ped (12) Zﬁeng, L Farris, R. J.; Coughlin, E. Blacromolecule2001, 34,
activated process. The apparent increase in rate sensitivity of ™ gg34.

the PVC/DOP blends is then naturally captured by the model (13) Phillips, S. H.; Haddad, T. S.; Tomczak, SCiurr. Opin. Solid State

as a result of transitioning through the rubbery-leathery-glassy Mater. Sci.2004 8, 21. . . _

regimes at different strain rates. (14) ,\K/Iggfjmle%h |Z'§'o%idg7adéggz_s” Cohen, R. E.; McKinley, G. H.
Adding DOP also increases the tensile toughness of PVC. (15) capaldi, F. M.; Rutledge, G. C.; Boyce, M. acromolecule®005
While the modulus decreases from 3000 to 1000 MPa with 15 38, 6700.

wt % DOP added, the strain at break increased from 1% to 65% (16) Mulliken, A. D.; Boyce, M. CJ. Eng. Mater. Technolsubmitted for

. . . . . . lication.
true strain. Unlike DOP, the POSS-filled materials remain brittle 17) ?(%l:)g::klan. T.: McKinley, G. H.; Cohen, R. Polymer2005 46
in tensile tests. 4743,

(18) Kinjo, N.; Nakagawa, TPolym. J.1973 4, 143.
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