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Abstract

In the present study, the crack initiation fracture toughness of various nanoparticles filled polyamide 66 was investigated in a broad temperature

range (23–120 8C) by using an essential work of fracture (EWF) approach. Four types of spherical nanoparticles, i.e. two types of TiO2 (21 nm,

with/without surface modification), SiO2 (13 nm) and Al2O3 (13 nm), were selected with a constant volume content of 1% in nanocomposites,

which were compounded using a twin-screw-extruder. The addition of nanoparticles led to an enhanced specific EWF item at most test

temperatures at the cost of the reduction of the non-EWF item. The value of the specific EWF was also estimated by a crack opening displacement

method. Associated with SEM fractograph analysis, it was clear that two basic factors, i.e. crack tip blunting and net section stress, finally

determined the EWF value. With the addition of nanoparticles, the item of crack tip blunting was increased at most temperature range, which may

be incidental with the formation of numerous dimples and sub-dimples induced by nanoparticles; while the item of net section stress was

correlated with the particle distribution, especially at room temperature, which was notably decreased in case of poor nanoparticle distribution.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It was reported [1–3] that rigid inorganic particles are able

to enhance both the toughness and stiffness of some

semicrystalline thermoplastics simultaneously. The fracture

toughness of thermoplastics could be dramatically increased

by introducing the rigid particles with typical volume content

of 10–35%. Many possible toughening mechanisms were

proposed. Generally speaking, two categories can be mainly

considered, i.e. the crack front bowing and the cavitation

mechanisms [4]. It is worth to note that the size of

aforementioned rigid particles varies usually from sub- to

several microns. However, if the particle size reduces to a

nanometre scale, the toughening mechanisms would be

obviously different, which is likely due to the huge

particle–matrix interface introduced by the nanofillers.

Toughness of rigid nanoparticle filled polymers deserves a

separate treatise due to some contradictory findings in
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literatures. Corresponding toughening mechanisms induced

by nanoparticles have not yet been well understood. Lots of

factors (particle size, shape, distribution, type, aspect ratio,

interface, particle concentration, and dispersion, etc.) may

strongly affect the toughening efficiency of nanoparticles. To

our knowledge, nanoparticles with a high aspect ratio, e.g.

clay, often bring negative toughening effects. It is because

under external load the large aspect ratio will generate

significantly high stress concentrations at the end of the

particles, which lead to earlier crack initiation and

propagation, and finally are adverse to material toughness

[5]. Chen et al. reported that the J-integral value of

polypropylene (PP) decreased significantly with an increase

of clay filler content [6]. Bureau et al. [7] found that the

addition of clay (with/without coupling agents) into PP

matrix reduced the specific essential fracture work, we, but

increased the specific non-essential fracture work item, (bwp.

The quasi-spherical nanoparticles were recognized to be more

promising for polymer toughening. Chan et al. [8] conducted

very tough PP/CaCO3 nanocomposites by melt mixing, and

the J-integral tests showed a dramatic 500% increase in

fracture toughness. Our previous work [9] indicated also that

only 1–3 vol% nano-TiO2 can notably enhance the fracture

work of resistance to crack initiation at room temperature.
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PA66 is a semicrystalline thermoplastic polymer used for

numerous engineering applications due to its combination of

high thermal and mechanical properties with easy processing

and moderate cost. However, neat PA66 is notch sensitive and

sometimes tends to be broken in a brittle fashion. The

deficiency has somewhat limited its broad utilities [10].

Besides, many automotive parts made of PA-based composites

are required to be operated at elevated temperatures [11].

Therefore, their high-temperature mechanical performances,

especially fracture toughness, should be taken into consider-

ation. In this study, temperature dependent fracture properties

of PA66 and its nanocomposites filled with different types of

nanoparticles will be carried out. An essential work of fracture

(EWF) approach with deeply double edge notched tensile

(DDENT) specimens was applied. The EWF parameters were

also estimated and analyzed via a crack opening displacement

(COD) method, and the fracture surfaces were observed by a

scanning electron microscope (SEM). In light of the

experimental results and COD method, the related fracture

mechanisms were further discussed.
2. Methodology of the essential work of fracture

The essential work of fracture (EWF) approach, firstly

proposed by Broberg [12–14], has been used to characterize the

plane-stress-state fracture toughness of ductile materials,

including metals, papers, polymers, fibre composites and

even foods [15]. The EWF method has gained popularity
Fig. 1. Schematic diagram of the essential work of fracture (EWF) approach: (a) a ty

ligament length; and (c) the dimensions of the deeply double edge notched tensile
owing to its experimental simplicity, especially compared to

J-integral technique. Many reports have indicated that the

EWF parameters are affected by a number of factors, such as

sample geometry [16–20], test conditions [21–25], notching

method [26,27], polymer composition [28,29], filler fraction

[30–32] and so on [33–36]. Recently, this method has been

introduced to investigate the toughening effects of polymer

nanocomposites as well [7,9,37]. A brief review of the EWF

method was given in our previous paper [9], where we divided

total dissipated energy (Wf) into two items, i.e. crack initiation

(Wini) and subsequent crack propagation (Wprop), respectively,

according to the energy-partitioned method proposed by

Karger-Kocsis [38] and Hashemi [23]. As schematically

depicted in Fig. 1(a), Wf can be expressed as:

Wf Z Wini CWprop (1)

As the continuation of our previous work, the present work

still concentrated on the parameter Wini, since it represents the

fracture energy consumed at crack initiation stage and is a

crucial parameter for material design in engineering appli-

cations. Based on the EWF concept, Wini is considered as a sum

of essential and non-essential work of facture. The specific item

(wini) can be described as:

wini Z
Wini

lt
Z we;ini Cbiniwp;inil (2)

where we,ini and wp,ini are the specific essential and non-

essential work of fracture related to crack initiation,
pical load–displacement curve; (b) a curve of specific total work of fracture vs.

(DDENT) specimens.
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respectively. bini is the shape factor. l and t symbolize the

ligament length and thickness of specimen, respectively.

According to Eq. (2), the specific essential and non-essential

work of fracture (we,ini and biniwp,ini) can be obtained from

linear regression of a set of values represented in a diagram of

wini vs. l (Fig. 1(b)).

Furthermore, the specific essential work of fracture can be

straightforwardly estimated via crack opening displacement

(COD) approach proposed by Hashemi et al. [23]. Assuming

that load–displacement curve of DDENT specimen (Fig. 1(a))

is parabolic in shape, the following equation can be easily

deduced:

we;ini Z
2

3
snetd0;ini (3)

where snet(ZFmax/lt) is the net section stress of a DDENT

specimen; d0,ini is the COD related to crack initiation, which is

the extrapolated value of dini at lZ0 according to Eq. (4):

dini Z d0;ini Cainil (4)

where dini is the displacement related to crack initiation

(Fig. 1(a)), and aini is the corresponding proportional constant.
3. Experimental

3.1. Material preparation

Commercial PA66 (DuPont Zytel 101) was used as matrix,

and four types of nanoparticles were applied as fillers in this

study. These particles were TiO2 (with/without surface

modification), SiO2 and Al2O3 nanoparticles, which were all

supplied by Degussa. Detailed characteristics of the nanopar-

ticles are listed in Table 1. Prior to compounding, PA66 and

nanoparticles were dried in an oven at 70 8C for about 72 h.

Compounding of the matrix and nanoparticles was carried out

in a co-rotating twin-screw extruder (Berstoff ZE 25A!44D-

UTS) with well-designed screw elements. The barrel tempera-

tures were set as 55/260/270/280/285/285/285/285/285 8C, and

the screw speed was 150 rpm. During melt extrusion,

ventilation was kept on to remove trapped air in blends.

After extrusion, the blend granules were injection-moulded

into 2 mm-thick plates for EWF tests using an injection-

moulding machine (Alburg Allrounder 320S). For all samples,

the parameters of injection moulding were maintained

constantly. The barrel temperature ranged from 280 to

295 8C and the mould temperature was kept at 70 8C. The
Table 1

Detailed information on nanoparticles and PA-based nanocomposites

Sample desig-

nation

Nanoparticle

type

Volume fraction

(%)

Nanoparticle

designation

P

(

Neat PA – – – –

1TPA TiO2 1 P25 2

1T805PA TiO2 1 T805 2

1R7200PA SiO2 1 R7200 1

1APA Al2O3 1 Aluminiumoxide

C

1

injection pressure and speed were 500 bar and 80 cm3/s,

respectively. The nanoparticle content was set constant as

1 vol%. A detailed description of PA-based nanocomposites is

given in Table 1 additionally.
3.2. Property investigation

The thermo-grams of all samples were carried out on a

DSC821 apparatus (METTLER TOLEDO). All tests were

performed in nitrogen atmosphere with a sample mass of about

17–18 mg. The scanning rate was 10 8C/min. To completely

eliminate thermal history, the sample was held at 300 8C for

3 min, and then cooled down to 50 8C at the same scanning

rate. The crystallinity of sample (Xc) was calculated according

to Eq. (5):

Xc Z
DHm

DH0
mð1KwtÞ

(5)

where DHm is the specific melting heat, DH0
m is the theoretical

specific melting heat of 100% crystalline PA66, which is taken

to be 195 J/g, and wt is the weight fraction of nanoparticles.

Note that the surface modifier of nanoparticles can be

negligible due to its minute weight fraction in the composites.

DMTA was performed by using a Gabo Qualimetrer

Explexor 25N under tension mode. The dynamic complex

modulus and loss factor of specimen (55!10!2 mm3) were

determined at a constant frequency of 10 Hz in a temperature

range of 0–180 8C at a heating rate of 2 8C/min.

EWF tests were carried out on DDENT specimens with

dimensions shown in Fig. 1(c). The pre-crack was made by

slowly pushing a fresh razor blade into the bottom of saw slot.

In order to satisfy the state of plane stress, the ligament length

of the specimen ranged from 6 to 13 mm. Quasi-static tensile

tests were performed on a universal testing machine (Zwick

1485) at a constant crosshead speed of 1 mm/min. The

displacement of each specimen during tension was accurately

measured by an extensometer. After tests a light microscope

was used to measure the ligament length and the average value

was used for each specimen. The specific essential and non-

essential work of fracture were obtained from linear regression

equation as mentioned earlier. The data were processed

according to the ESIS protocol [39]. At least 20 specimens

were tested for each composition. The fracture surfaces

sputtered with gold films were examined by a scanning

electron microscope (SEM, JEOL 5400).
article diameter

nm)

Particle density

(g/cm3)

Specific surface

area (BET)

Surface modifi-

cation

– – –

1 4.0 50G15 None

1 4.0 45G10 Ostylsilane

3 2.2 150G25 Methacrysilane

3 2.9 100G15 None



Table 2

DSC and DMTA results of PA-based nanocomposites

Sample designation DSC DMTA

Xc (%) Tm (8C) Tc (8C) Tg (8C) tan dmax

Neat PA 38.67 266.34 232.31 59.7 0.123

1TPA 34.53 266.45 232.70 71.6 0.133

1T805PA 38.56 266.26 232.51 67.5 0.127

1R7200PA 37.94 266.60 233.84 69.8 0.127

1APA 35.68 265.35 233.53 69.8 0.141

1.0
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2.0

2.5
(a)
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N

]

1T805PA @23oC
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4. Results and discussion

4.1. Thermal properties

DSC results are summarised in Table 2. It can be seen that

the small amount of nanoparticles did not affect the crystal-

linity degree (Xc), the melting point (Tm) as well as the

crystallization temperature (Tc) of the host matrix. Therefore,

the influence of crystallinity on the matrix toughness by

introducing the nanoparticles was negligible.

Fig. 2 presents the DMTA results. The glass transition

temperature (Tg) and the peak value of loss factor (tan dmax)

listed in Table 2 are the average values calculated from two

measurements of each sample. It is observed that, by

introducing only 1 vol% nanoparticles, Tg was shifted to

higher temperature by about 10 8C, while the tan dmax was

slightly changed with respect to neat PA. The results confirmed

that small amount of nanoparticles can effectively restrain the

movements of polymeric chain segments, which in turn

affected the matrix toughness, especially in the regions near

the glass transition temperature. And this will be discussed in

the following sections.
0.0 0.5 1.0 1.5 2.0
0.0

0.5

(b)

Displacement [mm]

1.0

1.2
1T805PA
4.2. Essential work of fracture (EWF)

Load–displacement (F–d) curves of DDENT specimens

were obtained at various test temperatures. Most specimens

exhibited full ductile fracture in the whole temperature range.

Large plastic deformation zone surrounding crack tip and

evident necking after yielding were clearly observed when the
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Fig. 2. Dynamic mechanical thermal analysis curves of loss factor and dynamic

complex modulus against temperature.
specimens were loaded. The typical F–d curves are shown in

Fig. 3(a) for PA66 with 1 vol% TiO2 (1T805PA) measured at

room temperature. These F–d curves were geometrical

similarity, which indicated that fracture mechanism was

probably independent on the ligament length. Actually, the

self-similarity of F–d curves is a basic precondition of the EWF

methodology to be applied. Fig. 3(b) illustrates the typical F–d

curves at various temperatures of 1T805PA at a constant

ligament length (lz10 mm). It can be found that for a given

ligament length, with increasing temperature, the maximum
0 654321
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23oC 50oC 80oC

120oC
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Fig. 3. Typical load–displacement curves of the nanocomposites studied: (a)

1T805PA at 23 8C with different ligament length; and (b) 1T805PA at various

temperatures with a constant ligament length (z10 mm).
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Fig. 4. Curves of the specific work of fracture related to crack initiation against the ligament length of DDENT specimens: (a) 23 8C; (b) 50 8C; (c) 80 8C; (d) 100 8C;

and (e) 120 8C.
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load decreased, but the displacement at break extended. Fig. 4

presents the wini vs. l curves for all samples measured at various

temperatures. It can be seen that for the great majority of

samples, positive slopes and good linear correlation coeffi-

cients (RO0.9) can be obtained. The corresponding EWF

parameters, i.e. we,ini and biniwp,ini, which represent respect-

ively the resistance to crack initiation and the contribution of

plastic zone to the crack resistance, can be acquired from

intercepts and slopes of linear regression equations. However,

it is also noticed that two groups of samples (1R7200PA and

1APA) exhibited semi-ductile fracture at room temperature,

i.e. unstable fracture occurred after yielding. And the specific

work of fracture was nearly constant to the ligament length on

the wini vs. l curve (Fig. 4(a)). In other words, the specific non-

essential work item for fracture initiation (biniwp,ini) can be set

to zero for these two samples. And hence the we,ini values can

be straightforwardly obtained from the intercepts of the

horizontal dash lines in Fig. 4(a). A similar approach was

applied by Mai and Cotterell [15] on polymer materials when

using the work of fracture methodology. All these results are

summarised in Table 3 additionally.

4.3. Temperature dependence of EWF parameters

Temperature dependence of EWF parameters of ductile

materials was studied by many researchers. Previous work

done by Wu et al. [28] indicated that both static and impact

fracture toughness of PBT/PC/IM (impact modifier) blends had

respectively the maximum values at certain temperatures.

Hashemi et al. [23–25] studied a series of polymer films at

various temperatures and found both we,ini and biniwp,ini

decreased more or less with increasing temperature. However,
it should be noted that the test temperatures used in their

studies were always below the glass transition temperatures of

the corresponding materials.

The temperature dependence of the EWF parameters (we,ini

and biniwp,ini) of PA66 and its nanocomposites are given in

Fig. 5. Generally speaking, both we,ini and biniwp,ini increased at

elevated temperature for all materials in the present work. It

can be seen that we,ini of the neat PA66 exhibited a peak value

in the range between 50 and 80 8C; however, this trend was

different for the nanocomposites, which showed the peak

values at around 80 and 100 8C. Regarding the toughening

effects, the addition of nanoparticles, on the one hand,

improved the we,ini value of the host matrix at most test

temperatures. The only exception at 50 8C was likely due to the

influence of glass transition on polymer toughness, which will

be further discussed in the next paragraph. On the other hand,

various nanoparticles reduced the biniwp,ini value of the host

matrix in the whole temperature range, which indicated that the

ability to plastic deformation of matrix was decreased after

adding the nanoparticles. In other words, the incorporation of

rigid nanoparticles improved the resistance to crack initiation

at the cost of the reduced resistance to crack propagation in the

measured temperature range. This finding is also in agreement

with the previous claim [38] that these two EWF parameters

cannot be improved simultaneously.

As shown in Fig. 5(a), the peak values of crack resistance

existed near glass transition temperature (Tg) of the studied

samples, which implied some relationship between crack

initiation toughness and polymeric segment relaxation. It is

known that in the vicinity of Tg, parts of polymeric segments

absorbed enough energy and started to move, however, the

very tight moving space between the macromolecules caused



Table 3

EWF parameters of PA-based nanocomposites at various temperatures

Sample designation Temperature (8C) snet(MPa) d0,ini (mm) we,ini (kJ/m2)

(estimated)

we,ini (kJ/m2)

(experimental)

biniwp,ini (MJ/m3)

(experimental)

Neat PA 23 57.6 0.18 6.95 4.78 1.28

50 57.9 0.38 14.7 14.8 1.98

80 36.1 0.53 12.8 15.6 3.99

100 31.6 0.70 14.6 12.6 3.68

120 30.2 0.72 14.4 11.6 3.04

1TPA 23 46.1 0.16 4.94 5.40 0.37

50 56.7 0.29 11.0 11.9 1.50

80 37.1 0.72 17.9 19.6 3.70

100 32.5 0.95 20.7 17.6 3.04

120 29.9 0.99 19.5 15.7 2.95

1T805PA 23 57.9 0.23 8.92 7.38 1.17

50 58.3 0.40 15.6 13.6 1.78

80 37.8 0.71 18.0 18.8 3.60

100 32.6 1.03 22.5 21.9 2.46

120 29.2 1.03 19.9 17.0 2.81

1R7200PA 23 29.8 0.19 3.80 4.31 0

50 49.8 0.26 8.68 6.73 1.69

80 38.5 0.79 20.4 17.8 3.67

100 34.0 0.92 20.9 16.2 3.33

120 31.3 0.95 19.6 15.8 2.79

1APA 23 38.5 0.24 6.19 6.28 0

50 53.7 0.31 11.2 10.2 1.60

80 37.4 0.62 15.5 17.9 3.42

100 32.8 0.90 19.8 18.6 2.74

120 30.9 1.01 20.6 18.0 2.90
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the high internal friction, thus an additional energy was

required for molecule movements [40]. That was the reason

why all samples exhibited peak values of loss factor near Tg, as

shown in Fig. 2. Such additional energy consumption near Tg

was believed to be of benefit to the fracture toughness as well.

Comparing the DMTA curve in Fig. 2 with the crack initiation

toughness curve in Fig. 5(a), one can find that the two curves

displayed approximately similar tendency, even though the

latter was not continuous. Therefore, it can be inferred from

above discussion that the shift of the peak values of we,ini of the

nanocomposites to higher temperatures was probably due to

the increased Tg by nanoparticles.
4.4. COD analysis

In order to understand the toughening mechanisms of the

nanocomposites, a crack opening displacement (COD)

approach was introduced. In Eq. (3), we,ini can be considered

as a product of two basic items, i.e. d0,ini and snet. Here d0,ini

represents the degree of crack tip blunting during crack

initiation process, and snet correlates with material yielding

stress (according to plasticity theory, snetZ1.15sy for DDENT

specimen under pure plane stress condition [25]). Both d0,ini

and snet were calculated and summarised in Table 3. There-

after, the we,ini values were estimated by Eq. (3) and plotted in

Fig. 6. To compare Fig. 6 with Fig. 5(a), it can be recognized

that the estimated we,ini values with the COD method roughly

corresponded with the experimental results.

Temperature dependence of both d0,ini and snet of the

various nanocomposites are given in Fig. 7. The general
tendency in Fig. 7(a) shows that the addition of nanoparticles

can more or less reduce snet values of the host matrix. The

difference of the snet item between the matrix and

nanocomposites was much more obvious at room temperature,

while it was gradually diminished with increasing temperature.

However, the situation was different for the crack tip blunting,

d0,ini, as shown in Fig. 7(b). The addition of nanoparticles

increased the d0,ini value at most test temperatures. The

abnormally high d0,ini of the neat matrix at 50 8C was again due

to the influence of polymeric segment relaxation near Tgs, as

discussed in earlier section.

In addition, it is easy to understand from Eq. (3) that after

introducing the nanoparticles, once the increase in d0,ini

outweighs the decrease in snet, the we,ini value will increase,

and vice versa. Therefore, the variation of d0,ini and snet with

temperature is important to the understanding of the

toughening mechanisms of nanocomposites. It was also

found from Fig. 7 that at room temperature both d0,ini and

snet dominated the final we,ini value. However, at elevated

temperatures, the influence of snet turned into much minor.

Thus the gradually increased d0,ini became the dominating item

to we,ini.
4.5. SEM fractograph

SEM fractographs of the specimens studied offered much

information on the toughening mechanisms and may partially

explain the variations of the d0,ini and snet values after addition

of nanoparticles. The fractographs of the neat PA66 and

various nanocomposites measured at room temperature are
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illustrated in Fig. 8. Numerous dimples can be found near crack

tips for all specimens. However, the size, ranged approximately

from 20 to 100 mm, and density of these dimples strongly

depend on the types of nanoparticles. Our previous work [9]

indicated that under load, nuclei of spherulites, matrix defects,

nanoparticles and their aggregates could serve as stress

concentrators in matrix, promoting formation of these dimples.

A higher resolution fractograph in Fig. 9(b) further shows that

tiny structures in hyperbolic shapes existed on the walls of

these dimples of the nanocomposites (termed as ‘sub-dimple’,

marked by black arrows in Fig. 9(b)). The structure is certainly

correlated with stress concentrations of single nanoparticle or

smaller aggregates. By contrast, no such sights can be found for

the neat matrix, the walls of its dimples were much smooth, as

given in Fig. 9(a). It is believed that formation of these dimples

and sub-dimples of nanocomposites is accompanied by a series

of energy dissipative events, such as localized micro-

deformation of matrix, particle debonding, and cavitations.

All these events may reduce the stress intensity or modify the

stress state around the crack tip, which contribute to an

increased blunting of the crack tip, d0,ini. Therefore, high-

density dimples might directly correspond to high degree of

crack tip blunting. The crack tip blunting effect of the
nanocomposites was generally higher than that of the neat

matrix at the most test temperature range (Table 3). And such

speculation was further evidenced by the fractographs at

elevated temperatures, as shown in Figs. 10 and 11. Again,

high-density dimples were always accompanied by the higher

values of d0,ini. It should be noticed that at 120 8C the

composites became relatively soft, thus the dimples were



Fig. 8. Typical SEM fractographs of DDENT samples at 23 8C: (a) neat PA; (b) 1T805PA; and (c) 1R7200PA. The arrows indicate the pre-crack tips.
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extremely stretched and oriented along the crack propagation

direction (Fig. 11).

On the other hand, as discussed in Section 4.4, the addition

of nanoparticles could reduce the snet item, especially at room

temperature. It was found that normally this reduction was

associated with the relatively poor nanoparticle dispersion. For
Fig. 9. Close-up of a dimple of DDENT sample
example, Fig. 9(b) presents a better dispersion of nano-TiO2 on

the fracture surface of 1T805PA. The reason was likely due to

the lowest specific surface area of the nano-TiO2 among all the

nanoparticles as well as the appropriate surface modifier used

(Table 1). Correspondingly, the snet value of 1T805PA

changed slightly compared to the neat matrix. By contrast,
s at 23 8C: (a) neat PA; and (b) 1T805PA.



Fig. 10. Typical SEM fractographs of DDENT samples at 50 8C: (a) neat PA; (b) 1T805PA; and (c) 1R7200PA. The arrows indicate the pre-crack tips.
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some large aggregates can be observed on the fracture surfaces

of 1R7200PA composite (as shown in Fig. 8(c)). These large

aggregates may act as defects, triggering the premature cracks,

and finally decreasing the snet value. As a result, 1R7200PA

presented a very low snet at room temperature in comparison

with the neat matrix. However, at elevated temperatures, the

premature fracture cannot be formed as easily as at room

temperature, and the influence of snet turned into much minor

for all materials.
5. Conclusions

In this study, temperature dependence of the crack initiation

fracture toughness of various nanoparticles filled PA66

composites was investigated based on an essential work of

fracture approach. The following conclusions can be drawn:

(1) The addition of a very small amount of nanoparticles

(1 vol%) did not obviously alter the melting temperature,

the crystallizing temperature and the crystallinity of the

host matrix, while it effectively increased the glass

transition temperature of matrix by about 10 8C, which
suggested the strong interactions between nanoparticles

and the matrix.

(2) EWF parameters (we,ini and biniwp,ini) strongly depended

on test temperatures, and exhibited peak values at certain

temperature range. In general, at most test temperatures the

addition of nanoparticles resulted in positive toughening

effects (i.e. increased we,ini item) with the cost of the

reduction in plastic deformation of matrix (i.e. decreased

biniwp,ini item). The influence on fracture toughness of the

additional energy consumption around Tg should be also

taken into account for the materials studied.

(3) Based on COD analysis and SEM fractographs, two

factors, i.e. crack tip blunting (d0,ini) and net section stress

(snet), were found to be related to the crack initiation

fracture toughness (we,ini) of the nanocomposites. d0,ini can

be enhanced at most temperature range after the addition of

various nanoparticles, probably due to the induced

numerous dimples and sub-dimples. While, snet highly

reflected to nanoparticle dispersion. Large aggregates of

nanoparticles can significantly reduce the snet value,

especially at room temperature; however, this trend was

diminished at increased temperature.



Fig. 11. Typical SEM fractographs of DDENT samples at 120 8C: (a) neat PA; (b) 1T805PA; and (c) 1R7200PA. The arrows indicate the pre-crack tips.
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