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ABSTRACT: Poly(propylene oxide) (PPO)-grafted nanosilica (NS)/polyurethane foam (PUF) composites were synthesized by a ring-

opening polymerization catalytic process and reaction-molding technology. The raw NS and PPO–NS were characterized by Fourier

transform infrared spectroscopy, thermogravimetric analysis, and transmission electron microscopy. Scanning electron microscopy,

dynamic mechanical analysis, and compressive strength tests were used to compare the morphology and thermal and mechanical

properties of the PPO–NS/PUF and raw NS/PUF composites with a series of filler contents. The PPO–NS/PUF composites generally

exhibited better morphology, thermal and mechanical properties than raw NS/PUF composites. Moreover, the PPO–NS/PUF compo-

sites with lower contents (0.5, 1 php) of filler showed even higher mechanical reinforcement than that with higher contents (1.5, 2

php) of filler, which was caused by the interaction between additives and PUF matrix. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2015, 132, 42400.
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INTRODUCTION

Polyurethane foam (PUF) has many advantages, including its

easy processing, low density, high strength, high recoverable

strain, and low manufacturing cost.1 In the past several years,

PUF has received increasing attention because of its excellent

mechanical properties and heat resistance; these depend on the

nature and amounts of polyether polyol, isocyanate, and chain

extender.2 However, it still has some limits in its shock resist-

ance and heat-insulation performance compared with the poly-

mer matrix.3,4

The reinforcement of PUF is usually achieved in PUF compo-

sites through the addition of reinforcing particles5 into the

polyurethane matrix, and many amazing results have recently

been reported with nanofillers such as silica/PUF nanocompo-

sites.6–9 Ting et al.10 reported that the addition of 1.4% fumed

silica made the cell distribution more uniform in PUF, and the

temperature of degradation occurring with the maximum

weight loss rate was about 78C higher than that of pure PUF.

Javni et al.11 studied the effect of nanosilica and microsilica fill-

ers on the properties of PUF; they found that the nanofiller, as

an additional physical crosslinker, increased the modulus of the

flexible segment in the polyurethane matrix. This resulted in

increased hardness and compressive strength. The microfiller in

flexible foams lowered the hardness and compression strength

but increased rebound resilience. Nunes et al.12 found that the

Young’s modulus and hardness increased as the silica concentra-

tion increased, and although composites with silica bearing a
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high occurrence of silanol groups presented quite large changes

in the modulus and hardness, the final deformation was almost

the same as that of the pure polymer. It has also been reported

that shape memory of polyurethane–silica hybrids obtained

from a thermomechanical test exhibited good shape retention

and a shape recovery of more than 80% with the addition of 10

wt % tetraethoxysilane.13

However, nanosilica (NS) particles tend to be aggregates in

common solvents and have a weak interfacial interaction with

the polymer matrix,5,11,13,14 so chemical modification of NS

particles is greatly needed to improve the performance of PUFs.

Several approaches, including a coupling agent process,15 esteri-

fication,16 and polymer grafting,17 have been introduced to

overcome these problems. Among these approaches, polymer

grafting is very effective because of its controllable molecular

weight, ordered molecular structure, and strong chemical bond-

ing between the polymer matrix and NS. Another significant

advantage of this process is that the polymer chains are cova-

lently attached to the surface. In addition, a large variety of ini-

tiating mechanisms, including free-radical polymerization,18

living anionic polymerization,19 atom transfer radical

polymerization,20 reversible addition fragmentation chain-

transfer polymerization,21 click polymerization,20 ring-opening

polymerization (ROP),22,23 and direct attachment with a func-

tional polymer,24 can be used. Generally, polymerization starts

from the functional groups, such as AOH on the surface of NS,

which are derived from some of the siloxane groups

(SiAOASi). Joubert et al.22 synthesized poly(ethylene oxide)-

grafted silica nanoparticles with a silica core and a hairy poly

(ethylene oxide) layer with a controlled heterogeneous ROP cat-

alytic process. Khan and Huck19 demonstrated a procedure to

synthesize covalently linked hyperbranched polyglycidol brushes

on Si/SiO2 surfaces via the anionic ring-opening multibranching

polymerization of glycidol at 1108C. On the basis of the previ-

ous results, the grafting polymer generally had some groups,

such as CAOAC groups; this was the same with polyether pol-

yol, which is the key ingredient in the preparation of PUF.

Moreover, the same groups in the grafting polymer and polymer

matrix would result in a better dispersion and mechanical rein-

forcement, as confirmed by rheological analysis.16,21 Therefore,

PUF with poly(propylene oxide) (PPO)-grafted NS is worth

studying because there are the same groups between the PPO

and polyether polyol, and the mechanical reinforcement has so

far been shown with the addition of bare NS.6–8,25

In this study, PPO–NS was prepared successfully with an ROP

catalytic process, and NS/PUF composites were synthesized. The

different effects of NS and PPO–NS on the morphology and

thermal and mechanical properties of PUF, respectively, were

investigated.

EXPERIMENTAL

Materials

Tetraethyl silicate was supplied by Sinopharm Chemical Reagent

Co., Ltd., and was used as received. 3-Glycidoxypropyl trime-

thoxysilane (GPS; >99.7%, Aladdin) was used as received.

Aluminum isopropoxide [Al(OiPr)3; >99.99%, Aladdin] was

dissolved in toluene (0.025M) and stored over molecular sieves

(4 Å, Kermel). Sodium [analytical reagent (AR)] was purchased

from Tianjin Kermel Chemical Reagent Co., Ltd. Propylene

oxide (AR) was purchased from Chengdu Kelong Chemical Rea-

gent Factory and was used as received. Absolute ethanol

(>99.7%), ammonia solution (AR) and toluene (>99.5%) were

supplied by Chengdu Institute of Chemical Reagents Joint.

Moreover, toluene was distilled from sodium.

Polyether polyol (model N303, OH value 5 458.2 mg of KOH/

g) was obtained from Jiangsu Jinqi Polyurethane Co., Ltd. Poly-

aryl polymethylene isocyanate (PAPI; NCO content 5 31.2 wt

%) was purchased from WANNATE Chemical Group Co., Ltd.

Silicone glycol copolymer (AK8807, Jiangsu Maysta Chemie

AG) was used as a surfactant, and triethanolamine [AR,

Chongqing Chuandong Chemical (Group) Co., Ltd.] was used

as the catalyst. Distilled water was used as a blowing agent in

this study.

Preparation of the PPO-Grafted NS

Synthesis of NS Particles.26 Tetraethyl orthosilicate (124.88 g)

and anhydrous ethanol (100 mL) were introduced into a reac-

tion flask containing a solution of absolute ethanol (900 mL),

distilled water (72.00 g), and ammonia water (25.97 g), which

had been stirred for 20 min at room temperature. The mixture

was stirred continuously for 3 h, centrifuged repeatedly

(10,000 rpm for 10 min), and then dispersed into water to

remove the unnecessary solvent. The products were then dried

in vacuo at 1008C for 2 days. The resulting NS particles were

defined as raw NS.

Covalent Attachment of GPS onto the NS Surface.23 About

25 mL of GPS was dissolved in 250 mL of a pH 2.0 sulfuric

acid solution. The prehydrolyzed GPS solution was heated to

1008C in an oil bath for 1 h and introduced into a flask con-

taining 7.5 g of silica. The mixture was stirred magnetically at

1008C for 4 h. The grafted silica beads were centrifuged repeat-

edly (10,000 rpm for 20 min) and dispersed into water to

remove the nonreacted silane. The products were then dried in

vacuo at 1408C for 3 h, and the resulting NS particles were

defined as GPS–NS.

Graft Polymerizations. All of the polymerizations were per-

formed in an autoclave. After the addition of Al(OiPr)3 to the

GPS–NS dispersion in toluene, the solution was protected under

dry nitrogen. Then, the mixture was heated to 808C after the

addition of the PO monomers.22

After 1 day, a mixture of ethanol and distilled water was added

to remove the free nongrafted polymer chains from the suspen-

sion medium by successive centrifugation (10,000 rpm for 20

min)–redispersion cycles. The products were further extracted

in a Soxhlet extractor with ethanol for 4 h to remove the

ungrafted polymer. The polymer-grafted NS particles were then

dried in vacuo at 508C for 10 h, and the resulting particle was

defined as PPO–NS.

The preparation process of PPO–NS is schematically illustrated

in Figure 1. Two main steps were taken to obtain PPO–NS.

First, NS particles were modified with GPS to produce GPS–NS.

Then, the grafting of PPO onto GPS–NS was performed
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through a ROP process. During the process, the polymerization

of propylene oxide was initiated from the surface of GPS–NS

with Al(OiPr)3 as the initiator and catalyst. Additionally, the

GPS–NS played the role of co-initiator and chain-transfer agent

in the polymerization; this enabled the formation of irreversibly

bonded polymer chains. The obtained products were washed by

successive centrifugation (10,000 rpm for 20 min)–redispersion

cycles in a water–ethanol mixed solvent and extracted in a

Soxhlet extractor with ethanol as the medium to remove

ungrafted polymer. The products were analyzed by Fourier

transform infrared (FTIR), thermogravimetric analysis (TGA),

and transmission electron microscopy (TEM).

Preparation of the Rigid PUF

The rigid PUF sample was prepared by the mixture of both pol-

yether polyol N303 and PAPI at 258C with a mechanical stirrer.

First of all, distilled water, the catalysts, and the surfactant were

added to the polyol solution. Then, stirring was begun from a

speed of 100 rpm, and the speed was gradually increased to

2000 rpm within 5 min after the NS particles were added to the

polyol solution. The amounts of NS added were 0.5, 1.0, 1.5,

and 2.0 php, respectively. After that, PAPI was added to the pol-

yol mixture prepared by the process mentioned previously at a

rotation speed of 2000 rpm for 2 min at room temperature.

Finally, the mixture was immediately poured into an aluminum

mold for the molded foaming process; it was kept at room tem-

perature for 3 h. The foam was then cured with the mold at

1008C in an oven for 3–4 h before characterization.

Characterization

FTIR Spectroscopy. The FTIR spectra of NS were recorded

between 400 and 4000 cm21 on a Nicolet 6700 FTIR spectrome-

ter with KBr pellets before analysis.

TGA. The amount of the grafted polymer was studied by TGA

with an SDT 2050 apparatus from TA Instruments under a

stream of nitrogen with the temperature increasing at 208C/min

from 50 to 8008C. Moreover, a constant temperature of 1008C

for 5 min was applied before each measurement to remove the

water absorbed on the surface of the samples.

TEM. TEM was used to investigate the microstructure on the

surface of NS. For the TEM experiments, one drop of the

diluted dispersion of ethanol was spread onto a carbon film

supported by a calibrated copper grid and allowed to dry in air

before analysis. The TEM instrument used was a Zeiss Libra

200 FE (Germany); an acceleration voltage of 200 kV was

applied.

Scanning Electron Microscopy (SEM). The morphology of the

PUF was observed on a CamScan Apollo 300 field emission

scanning electron microscope with an accelerating voltage of 10

kV. For the SEM experiments, the samples were fixed on an alu-

minum disc with a conductive adhesive, and the surfaces were

coated with Au–Pd under argon with an electric current of 25

mA for 2 min to ensure a good conductivity of the samples.

Image-Pro Plus software was used here to calculate the size dis-

tribution of the cellular structure.

Dynamic Mechanical Analysis (DMA). DMA was carried out

with an RSA-III solid rheometer from TA Instruments at a heat-

ing rate of 38C/min from room temperature to 1808C. The

dimensions of the samples were 45 3 12 3 2 mm3 at a fixed

frequency of 1 Hz with a strain of 0.1%.

Compressive Test. The compressive strength of the PUF sam-

ples with dimensions of 2 3 20 3 20 mm3 were measured with

an Instron 5500 universal testing machine according to GB/T

8813-2008. The crosshead speed of the compression was set at

5 mm/min. The value of the compressive strength was recorded

when the samples reached 10% deformation. Four groups of

data for each material were obtained, and an average value from

three of their close data values was used.

RESULTS AND DISCUSSION

Formation of PPO on the Surface of NS

FTIR Analysis of NS and PPO–NS. There were three kinds of

polymer chains formed at the end of the polymerization pro-

cess: free nongrafted PPO chains initiated by the alcohol groups

released during the grafting of Al(OiPr)3, weakly bonded hydro-

lyzable PPO chains attached to the silica surface by means of

aluminum alkoxide, and hydrolytically stable grafted PPO

Figure 1. Schematic illustration of the grafting process of PPO on the sur-

face of NS. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 2. FTIR spectra of (a) PPO–NS and (b) GPS–NS. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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chains initiated by the grafted alcohol molecules. After selective

separation of the free and hydrolyzable PPO by alcoholysis and

extensive washing by a series of centrifugation–redispersion

cycles in distilled water and extraction in a Soxhlet extractor

with ethanol as the medium, NS particles containing the grafted

PPO chains were isolated and characterized. The presence of

PPO–NS was qualitatively evidenced by FTIR spectroscopy, as

shown in Figure 2, which shows characteristic signals of both

silica (mSiAOASi at 1100 cm 21) and PPO (mCH2 at 2800 cm21

and dCH2 at 1460 cm21). These confirmed the grafting of PPO

on the surface of NS.

TGA of NS and PPO–NS. The results are reported in Table I

for the polymerization of PPO on the surface of NS. The weight

loss determined by TGA is shown in Figure 3. For GPS–NS,

there was only a very slight decomposition peak around 5008C

and a weak decomposition peak before 1108C; this was related

to the silane and absorbed water on the NS. After grafting, a

thermal decomposition peak appeared between 247 and 4038C;

this was attributed to the grafted polymer part. It was found

that the total weight loss was about 13.6%, and the weight loss

of silane and water was around 4%. Thus, about 10% PPO was

grafted on the surface of NS; this corresponded to the grafted

amount of 0.11 g/g of silica, with the assumption that the PPO

was grafted effectively on the surface of NS by means of the

ROP catalytic process. The conversion of 21.4% was rather low,

and the NS displayed a catalytic activity because they contained

a certain amount of active species. Moreover, the amount of

active species was a determinant of the fraction of covalently

bonded polymer chains, which corresponded to the grafting

efficiency of 6.4%.22

TEM Analysis of NS and PPO–NS. The morphology of the

grafted PPO on NS was observed by TEM. TEM images of the

bare NS and PPO–NS are shown in Figure 4. Figure 5 shows

the particle size distribution calculated from the TEM observa-

tion. As presented in Figure 5, the bare NS particle size varied

from 65 to 185 nm and presents a narrow size distribution. The

average diameter of the NS was about 128 nm. The PPO–NS

particle size ranged from 86 to 183 nm, and it also presented a

narrow size distribution with an average diameter of 135 nm.

Figure 4(a) shows spherical silica beads with a smooth edge and

a mean diameter of around 128 nm. What is more interesting

was the TEM picture after grafting [Figure 4(b)]; this clearly

shows gray zones of low-density filling the space between the

silica spheres and a rough edge around each silica particle; this

could be attributed to the PPO formed on the silica surface. A

certain thickness of the PPO layer around each silica particle

was observed directly from the TEM picture; this indicated that

there was a dense polymer shell formed on the surface of NS.

The diameter of the resulting core–shell particles (Dpcore–shell)

was calculated according to eq. (2):

Dpcore-shell5DpSio2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11Grafted amount3

qSio2

qPPO

� �
3

s
(2)

where DpSiO2 is the diameter of the silica particles before graft-

ing; qSiO2 and qPPO are the densities of the SiO2 and PPO,

respectively; and the grafted amount is the polymer content (g/

g of silica), as reported in Table I. According to data available

on the Internet, qSiO2 and qPPO are 2.2 g/cm3 and 1.01 g/mL,

respectively. Thus, DpSiO2 was determined by eq. (2) to be

around 135.68 nm; this corresponded to a shell thickness of

3.8 nm. These values were in close agreement with the TEM

observations. Consequently, it was clear that the PPO was

grafted effectively on the surface of NS. However, the grafted

polymer layer around the NS particles was thin and irregular

because of the irregular chain growth during the polymerization

process.

Morphology and Mechanical Properties of the NS/PUF

Composites

As shown in the results of recent investigations, nanoparticles

effectively reduce the cell size of PUF during the foaming pro-

cess.27–29 The dispersion of nanoparticles in the polymer matrix

is a well-known challenge and is due to the entangled agglomer-

ates that result from the intrinsically strong interactions of

nanoparticles adjoining with each other.30,31 Moreover, the

porous structure of polymer foams limits the distribution of

fillers in the cell walls and cell struts to form effective reinforc-

ing networks.32–34 In the literature, several processing techniques

have been introduced extensively to improve the thermal insula-

tion and mechanical properties of PUF by reducing cell size and

improving the uniformity of the morphology in the PUF.32,35–44

The ultrasonically assisted NS dispersion in polyether polyol

was optimized in this study. Figure 6 shows the typical cellular

structure of the NS/PUF and PPO–NS/PUF composites with

different contents (0, 0.5, 1, 1.5, and 2 php) of fillers. With

increasing filler contents (0, 0.5, and 1 php), the average cell

Table I. Graft Polymerization of PPO on the Surface of NS Particles

TGA
(wt %)a

Grafted amount
(g/g of silica)b

Grafting
efficiency (%)c

Conversion
(%)d

10 0.11 6.4 21.4

a Weight loss between 50 and 8008C.
b Calculated with eq. (1).
c Determined with the following equation:
Grafting efficiency (%) 5 (Surface polymer/Total polymer formed) 3 100
d Determined by pressure measurements after 1 day of reaction.

Figure 3. TGA images of GPS–NS and PPO–NS. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4240042400 (4 of 10)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


size decreased gradually; this indicated that NS could serve well

as a heterogeneous nucleating agent during the foaming process.

However, the average cell size of the composites with contents

of 1.5 and 2 php displayed a slight increase, and some ruptures

occurred in the bubbles because the redundant additives acted

as overfull heterogeneous nucleating agents; they crowded and

coalesced the bubbles to produce bigger or breaking ones. Cor-

respondingly, the average cell size of the PPO–NS/PUF compo-

sites with different filler contents changed in a similar regularity

with that of the NS/PUF composite.

As presented in Figure 7, compared to the cell size of NS/PUF,

the cell size with the addition of PPO–NS with the same content

decreased, and this generated an apparent reduction in the rup-

ture and inhomogeneity. These results indicate that PPO–NS had

a significant heterogeneous nucleation effect on the foaming pro-

cess compared to that of common NS particles for PUF.44 With

specific surface structure and strong interfacial interaction, PPO–

NS should be more valid than NS for reducing the nucleation

free energy and creating effective nucleation sites.31,44

DMA of the NS/PUF Composites

The damping performance of PUF, generally known as the

dynamic properties, which is of great significance in packaging

materials, can be characterized by DMA.

In the glass-transition region, the energy dissipation increases

greatly, and the loss factor (tan d) reaches a maximum. The

glass-transition temperature (Tg) is associated with the a

Figure 4. TEM images of the (a,c) raw NS and (b,d) PPO–NS.

Figure 5. Particle size distributions of the raw NS and PPO–NS. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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relaxation of the mobility and movement capacity of polymer

chain segments in PUF composites.39

As presented in Figure 8, the apparent Tg values of the PUFs

filled with 0, 0.5, 1, 1.5, and 2 php of NS were 125, 131, 133,

134, and 1368C, respectively. We found that the Tg values and

the temperature range for the damping effect of all of the filled

PUF composites were improved with increasing amount of NS;

this demonstrated the stiffening barrier effect of NS, which

impeded the polymer chain motion via strong interfacial inter-

actions and acted as a physical crosslink during the glass transi-

tion.45 It is noteworthy that the apparent Tg of PUF filled with

0.5, 1, 1.5, and 2 php of PPO–NS were 134, 136, 130, 1298C,

respectively. Undoubtedly, the PPO–NS loading induced a

greater increase in Tg with lower contents (0.5 and 1 php) of fil-

ler compared to NS. However, the PPO–NS/PUF composites

loaded with higher contents (1.5, 2 php) of filler exhibited a

lower Tg than those with lower contents (0.5 and 1 php) of fil-

ler. This was attributed to the strong interaction between the

grafted polymer and matrix, together with a steric stabilization

effect of the grafted polymer. The grafted polymer formed a

barrier and reduced the attractive forces between NS particles

through a well-known entropic stabilization mechanism.3 For

dispersion and mechanical reinforcement, the amount of graft-

ing polymer and polymer-grafted NS were key factors. A high

quantity of polymer-grafted NS led to particle coagulation

because of their numerous chain bridge effects because the same

groups also existed among themselves; this could change the

particle dispersion state and resulted in a nonuniform cell size

distribution and lower Tg. The polymer-grafted NS with a

medium quantity was easier to blend with free polymer chains

than a high quantity and provided a better dispersion and steric

stabilization effect in the polymer matrix.

Figure 6. SEM morphologies and bubble size distributions of PUFs with different NS contents [(a) pure PUF and (b) 0.5, (c) 1, (d) 1.5, and (e) 2 php]

and different PPO–NS contents [(f) 0.5, (g) 1, (h) 1.5, and (i) 2 php].
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As presented in Figure 9, the incorporation of increasing con-

tents (0, 0.5, 1, 1.5, and 2 php) of NS induced a general rise in

the storage modulus (E0; 29.3, 59.5, 70.1, 85.1, and 73.3 MPa)

of the NS/PUF composites at room temperature. The observed

enhancement in the mechanical response was attributed to the

effective load transfer from the PU matrix to the high-strength,

homogeneously dispersed NS, and strong interfacial friction.45

In contrast to NS/PUF, the different E0 values (85.1, 90.7, 79.4,

and 73.5 MPa) of the PPO–NS/PUF composites with rising

contents (0.5, 1, 1.5, and 2 php) are shown in Figure 9. We

observed that E0 of the PPO–NS/PUF composites increased

greatly compared to the NS/PUF composites at lower contents

(0.5 and 1 php) of filler. The remarkable improvement in E0

also suggested a more favorable interfacial interaction of the

PPO–NS/PUF composites compared to that of the NS/PUF

composites.

The loss modulus (E00) of the NS/PUF and PPO–NS/PUF com-

posites is shown in Figure 10. As presented in Figure 10, the E00

values of NS/PUF increased with increasing contents of NS (0,

0.5, 1, and 1.5 php) to 2 php of the NS content. The E00 value

of PPO–NS/PUF was much higher compared to that of the NS/

PUF composites at lower contents (0.5 and 1 php) of filler on

account of the polymer grafted on the surface of the NS par-

ticles but showed no superiority at higher contents (1.5 and 2

php) of filler. That is, the polymer grafted on the NS tangled

Figure 7. Bubble size distributions of PUFs with (a) different NS contents (0, 0.5, 1, 1.5, and 2 php) and (b) different PPO–NS contents (0.5, 1, 1.5,

and 2 php).

Figure 8. Tg values of the NS/PUF and PPO–NS/PUF composites with

different NS contents (0, 0.5, 1, 1.5, and 2 php). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. E0 values of the NS/PUF and PPO–NS/PUF composites with dif-

ferent NS contents (0, 0.5, 1, 1.5, and 2 php). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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with the free chains of the polymer matrix and then generated

greater friction when the molecular chain moved; this resulted

in a higher E00 value. However, the redundant PPO–NS particles

led to particle coagulation because of their numerous chain

bridge effects because the same groups also existed between the

PPO–NS particles and changed the particle dispersion state; this

generated less friction and led to a lower E00 value.42

The DMA study suggested that the PUF filled with PPO–NS

enjoyed favorable thermal and damping properties coupled with

a high stiffness and deformation resistance because of the

improved interfacial interaction between PPO–NS and the PUF

matrix at lower contents of filler. This illustrated the potential

applications of this material as a damping structural material.

Compression Performance of the NS/PUF Composites

As is well known, the compressive strength usually reflects the

external force required to damage materials, whereas the com-

pressive modulus reflects the ability of a material to resist defor-

mation. The compressive properties were measured, and the

specific properties (property/density) were calculated in this

study to investigate the mechanical properties of the PUF com-

posite. Generally, the mechanical reinforcement of nanocompo-

sites can be realized if the nanoparticles are well dispersed, so

the external load can be efficiently transferred via the strong

interfacial interaction between the nanoparticles and the matrix.

In addition, small cell size, low void fraction, and high filler

loading contribute to the enhancement of the compressive

properties.44

As revealed in Table II, the specific strength of the NS/PUF

composites increased gradually from 16.87 to 18.86 MPa cm3/g

with increasing NS contents (0, 0.5, 1, and 1.5 php). However,

there was a slight decrease in the specific strength of the NS/

PUF composite with 2 php of the NS filler. The compressive

modulus results of the NS/PUF composites were in good agree-

ment with the specific strength data. This was attributed to the

additional constraints of the nanoparticles to the segmental

movement of the polymer chains, and it favored the efficient

load transfer from the NS to the PUF matrix, which was pro-

vided by the interfacial interaction between NS and PU. In

addition, NS served well as a heterogeneous nucleating agent

during the foaming process, and this resulted in a decrease in

the cell size. Therefore, in the compression process, more energy

was required to destroy the composites, so the compressive

strength and modulus were improved with increasing NS load-

ings. However, the slight decrease in the specific strength of the

NS/PUF composite with 2 php of NS filler may have been

caused by the uneven dispersion of NS with such an excessive

loading, and this would have resulted in bigger or broken

bubbles.

For the PPO–NS/PUF composites, more effective reinforcement

was achieved with lower contents of filler (0.5 and 1 php) than

in the NS/PUF composites. The reasons may have been as fol-

lows. The wrinkled structure of the grafted polymer on the

PPO–NS surface was beneficial to its interfacial bonding with

the matrix. More functional groups of the grafted polymer on

the PPO–NS surface brought out stronger chemical and

hydrogen-bonding interactions between PPO–NS and the PUF

matrix. Thus, the interfacial interaction was more intense, and

the load transfer was easier. In addition, PPO–NS acted as a

more effective heterogeneous nucleating agent than NS, and this

led to a decrease in the cell size. However, the mechanical rein-

forcement of PPO–NS at higher contents (1.5, 2 php) decreased

slightly; this may have been due to the fact that the high quan-

tity of polymer-grafted NS led to numerous chain bridges and

particle coagulation.

Figure 10. E00 values of the NS/PUF and PPO–NS/PUF composites with

different NS contents (0, 0.5, 1, 1.5, and 2 php). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Compressive Properties of PUFs with Different NS Contents

NS content (php) Density (g/cm3) Strength (MPa) Modulus (MPa) Specific strength (MPa cm3/g)

0 0.294 6 0.004 4.96 6 0.23 224. 6 0.7 16.87 6 0.76

0.5 NS 0.295 6 0.002 5.17 6 0.11 243 6 1.1 17.52 6 0.37

1 NS 0.297 6 0.002 5.50 6 0.08 267 6 10.7 18.51 6 0.26

1.5 NS 0.327 6 0.003 6.17 6 0.01 294 6 4.1 18.86 6 0.03

2 NS 0.326 6 0.002 6.13 6 0.09 283 6 2.8 18.80 6 0.27

0.5 PPO–NS 0.320 6 0.002 6.21 6 0.11 292 6 6.1 19.41 6 0.34

1 PPO–NS 0.333 6 0.002 6.21 6 0.05 290 6 0.6 18.65 6 0.15

1.5 PPO–NS 0.316 6 0.001 5.90 6 0.04 275 6 2.3 18.67 6 0.13

2 PPO–NS 0.320 6 0.002 6.01 6 0.02 294 6 0.2 18.78 6 0.06
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The compressive test results illustrate that PPO–NS in the PUF

matrix with low contents played a vital role in the load transfer

and provided more effective mechanical reinforcement.

CONCLUSIONS

In this study, PPO–NS was synthesized by an ROP catalytic pro-

cess, and successful grafting was qualitatively confirmed by

FTIR analysis. The grafted polymer was quantitatively character-

ized to be 10% by TGA, and a certain thickness of the PPO

layer around each silica particle was observed directly from the

TEM pictures.

The NS/PUF and PPO–NS/PUF composites were prepared by

the reacting molding method to study the effect of NS and

PPO–NS on the morphology and performance of PUF. In com-

parison with common NS particles, PPO–NS had a more signif-

icant heterogeneous nucleation effect during the foaming

process of PUF; this resulted in a smaller cell size and less rup-

ture and inhomogeneity of pores. Greater increases in Tg, E0,
and E00 of the PPO–NS/PUF composites were induced by the

PPO–NS loading with lower filler contents (0.5 and 1 php)

compared to those of the NS/PUF composites, but Tg, E0, and

E00 all decreased when the filler contents were further increased

to 1.5 and 2 php. This was attributed to the strong interaction

between the grafted polymer and the matrix, together with a

steric stabilization effect of the grafted polymer. However, a

high quantity of PPO–NS led to particle coagulation because of

the chain bridge effect because the same groups also existed

among themselves.

In addition, more effective mechanical reinforcement was

achieved for the PPO–NS/PUF composites with lower contents

of filler (0.5 and 1 php) than for the NS/PUF composites; this

indicated that the grafted polymer on the PPO–NS surface

brought out stronger chemical and hydrogen-bonding interac-

tions between PPO–NS and the PUF matrix.
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