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Abstract The influence of annealing duration on the

erosive wear behavior of short glass fiber (40% w/w) and

CaCO3 mineral particulate (25% w/w)–short glass fiber

(40% w/w) (total: 65% w/w) reinforced PPS composites has

been characterized under various experimental conditions

by differential scanning calorimetry (DSC) and erosion

measurements. The erosive wear of the composites have

been evaluated at different impingement angles (30, 45, 60,

and 90�) and at four different annealing periods (30, 60, 90,

and 120 min). Increase in the total crystallization causes an

improvement in the erosive wear properties of the samples.

Annealing time controls the morphology by influencing the

degree of crystallinity in the matrix and in the fiber–matrix

interface. This formation restricts fiber–matrix debonding.

There is no linear proportionality between annealing time

and relative degree of crystallization. The results indicate

that PPS composites show maximum in wear versus impact

angle relation at 60� confirming their semi-ductile failure

behavior. The morphologies of eroded surface are examined

by the scanning electron microscope.

Introduction

Semicrystalline engineering thermoplastics are usually

reinforced with various types of organic or inorganic

reinforcements like fibers or particles to form composites

with improved mechanical, thermal, electrical, and chem-

ical properties. Polyphenylenesulphide (PPS) represents a

high temperature resistant, semicrystalline thermoplastic

polymer with improved mechanical properties that has

been mainly used as matrix material for fiber and particle

reinforced composites in recent years [1].

Polyphenylenesulphide (PPS) is well studied for high

temperature applications and extended periods of time. The

PPS thermoplastic matrix undergoes phase transitions, such

as melting and glass transition, upon heating. Such transi-

tions affect not only the properties of polymer structure but

also the features of the corresponding composites as well.

Fiber-reinforced composite’s performance is affected by

processing conditions and subsequent thermal treatments.

This performance is also affected by changing the crys-

tallization degree and crystal orientation of the composite

structure [2]. In fiber reinforced polymer composites,

crystallization focused at fiber surface plays a more

important role than the crystallization initiated in the

matrix. During crystallization, fibers act as nucleating

agents and form a transcrystalline layer, resulting in the

formation of a fairly strong bonding between the fiber and

the matrix [3–5]. Due to its anisotropy, the formation of

transcrystallinity has a significant influence on the perfor-

mance of fiber/polymer interfaces, and hence affects the

mechanical and tribological properties of composites [1, 6].

Jenckel et al. [7] described transcrystallinity for the first

time in 1952. Thenceforth, many researchers have joined in

the investigation of transcrystallinity. Many efforts have

been made to study transcrystallinity in the composites

containing various matrix types and fibers under different

crystallization conditions [2, 8–12]. Some researchers

investigated the effect of cooling rate and methods. Huson

and McGill [13] reported that rapid cooling from 215 �C to
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the crystallization temperature of 138 �C facilitated the

growth of transcrystallinity. Fast cooling to 170 �C fol-

lowed by slow cooling to 135 �C over a period of 20 min

retarded the transcrystallinity growth. Yue and Cheung

[14] investigated GF with and without silane coat rein-

forced iPP composites and found that transcrystallinity

only developed in the water quenched specimens, but

specimens quenched with air-cooled and cooled in an oven

preheated to 50 �C had no transcrystallinity. Avella et al.

[15] investigated the effect of the crystallization tempera-

ture on the formation of transcrystallinity. Increasing

crystallization temperature resulted in a change of mor-

phology from transcrystallinity to spherulitic. The influ-

ence of annealing temperature in the melt also affected

interphase properties. Auer et al. [16], Desio and Rebenfeld

[17] have reported their studies of the crystallization of CF,

GF, and aramid fiber reinforced PPS composites.

Tribological and structural applications of short fiber

reinforced PPS composites have been increasing in engi-

neering and aerospace applications. The fibers and the

transcrystalline layer formation are very important

parameters on the erosive wear behavior of PPS composite

materials. PPS and its composites find increased applica-

tions in the areas where the surfaces are subjected to solid

particle erosion. Solid particle erosion is a serious problem

that is responsible for many failures in engineering appli-

cations. The influence of experimental related parameters

(impingement angle, impact velocity, erodent type, size,

shape, and hardness) and target related properties (strength,

ductility, crystallinity, cross link density, reinforcement

content, and arrangement) on solid particle erosion of

polymers and their composites have been reviewed

recently by Barkoula and Karger-Kocsis [18, 19].

In the erosion process of polymer composites that have

been investigated by various researchers [20–22], factors

like type of matrix, type and amount of fiber, and the

interfacial bonding between fiber and matrix have impor-

tant effects on the erosion behavior [23]. Investigations on

the erosive wear resistance of glass fiber reinforced poly-

mer composites showed that mechanical and tribological

properties of these systems could be optimized by con-

trolling processing conditions and cooling rate. Cooling

rate controls the morphology by influencing the degree of

crystallinity in the matrix and in the fiber–matrix interface.

The fiber–matrix interface strength could be tailored by

selecting appropriate annealing temperature–time periods

[1, 5].

The detailed investigation on solid particle erosion

behavior of neat PPS and its short glass fiber and mineral

particulate reinforced composites has not been reported in

the literature. Therefore, exhaustive and systematic study

of solid particle erosion behavior of PPS and its compos-

ites is required. The main objective of this study is to

investigate the influence of annealing duration on the ero-

sive wear behavior of short glass fiber (40% w/w) and

CaCO3 mineral particulate (25% w/w)–short glass fiber

(40% w/w) (total: 65% w/w) reinforced PPS composites

under various experimental conditions.

Materials and methods

Materials

Randomly oriented short glass fiber (40% w/w) and

CaCO3 mineral particulate (25% w/w)–short glass fiber

(40% w/w) (total: 65% w/w) reinforced PPS composites

were kindly supplied by Ticona-GERMANY in form of

injection molded 80 9 80 9 2 mm samples. Short glass

fibers are E glass fibers having an average fiber length of

230 lm, a diameter of 10 lm. CaCO3 particles used as

filler, namely with the average diameter of 1.4 lm. The

commercial codes of the composite plaques were 1140L6

and 6165A6, respectively. The details of PPS composites

selected for the present study and their properties are

listed in Table 1.

In order to promote fiber surface originated crystallinity,

to form a transcrystalline layer in the in the fiber–matrix

interface, the material structure should be converted to

amorphous. To obtain a highly amorphous structure,

samples were first heated in an oven up to 280 �C with

10 �C/min heating rate for 10 min, and then quenched (Q)

in an ice-water bath. With additional heat treatment pro-

cesses, it is aimed to obtain nuclei on fiber surface, and

transcrystalline layer in the structure. After that the sam-

ples were annealed at 180 �C for time intervals ranging

between 15 and 120 min. The samples were cooled in

furnace atmosphere with 10 �C/min cooling rate down to

room temperature.

Table 1 Details of the composition and properties of PPS composites

Composites Test method 6165A6 1140L6

Density (g/cm3) ISO 1183 1.98 1.65

Tensile strength (MPa) ISO 527-1,2 130 195

Tensile modulus (MPa) ISO 527-1,2 19000 14700

Tensile elongation (%) ISO 527-1,2 1.2 1.9

Flexural strength (MPa) ISO 178 190 285

Flexural modulus (MPa) ISO 178 18300 14500

Charpy impact strength (kJ/m2) ISO 179/1eU 20 53

Rockwell hardness (M-scale) ISO 2039-2 100 100

Glass transition temperature (�C) ISO 11357 110 110

Melting temperature (�C) ISO 11357 280 280

Data on PPS composites—provided by supplier
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Methods

A Mettler Toledo DSC1 (differential scanning calorimetry)

was used to measure the heat of fusion of the PPS com-

posites under nitrogen atmosphere. The analysis was

carried out between 30 and 350 �C at a heating rate of

10 �C/min. 10–12 mg specimens were cut from each heat

treated plaque for DSC analysis. Three specimens were

tested for each type of treated samples.

The relative degree of crystallinity (percent improve-

ment in crystallinity compared to as received sample) (g%)

was determined by DSC analysis and equations given

below. In these equations, Xc, DHf, and DH0
f are the crys-

talline mass fraction, the heat of fusion of a partially

crystalline sample, and the heat of fusion of 100% crys-

talline sample, respectively, both in units of energy/mass

(J/g). The value of DH0
f as reported in the literature [2, 5]

for the PPS composite sample ranges from 50 to 150.4 J/g.

As seen from the values, there is a large disparity. The

difficulty of obtaining an accurate value of DH0
f stems from

the lack of obtaining a 100% crystalline sample. Therefore,

we can determine the g in proportion to that of the ‘‘as

received’’ composites, given by Eqs. 1, 2.

Xc ¼ DHf=DH0
f ð1Þ

g ¼ ðXc;i � Xc;0Þ=Xc;0 � 100%
¼ ðDHf;i � DHf;0Þ=DHf;0 � 100% ð2Þ

where Xc,i and Xc,0 indicate the degree of crystallinity of

annealed sample and degree of crystallinity of as received

sample respectively. DHf,0 and DHf,i are the heat of fusion

of as received sample and the heat of fusion of sample after

the annealing, respectively [2].

Samples prepared for erosive wear test with approxi-

mately 80 9 40 9 2 mm dimensions were cut by diamond

cutter from injection molded plaques. The conditions under

which erosion tests were carried out are listed in Table 2.

A standard test procedure was employed for each erosion

test. The samples were cleaned in acetone, dried, and

weighed to an accuracy of 1 9 10-4 g using an electronic

balance, eroded in the test rig for 15 s and then weighed

again to determine weight loss. The ratio of this weight loss

to the weight of the eroding particles causing the loss is then

computed as the dimensionless incremental erosion rate.

A schematic diagram of erosion test facility used in the

present investigation is illustrated in Fig. 1. The particles

are driven by a static pressure ‘‘P’’ of 4.5 bar and are

accelerated along a 50 mm long tungsten carbide (WC)

nozzle of 5 mm diameter. These accelerated particles

impact the specimen, which can be held at various angles

with respect to the impacting particles using an adjustable

sample holder. The average velocity (v) of the silica sand at

these pressures at the nozzle tip was 60 m/s. The velocity

of the eroding particles is determined using a rotating disc

method [24]. Erodent mass flow was measured as 9 g/s for

60 m/s impact velocity. A scanning electron micrograph of

silica sand particles is shown in Fig. 2.

Results and discussion

Figure 3 shows the influence of annealing time on the

crystallization of 1140L6-Q-180-30, and 1140L6-Q-180-90

coded samples between 50 and 350 �C. For example,

1140L6-Q-180-30 coded sample refers to randomly ori-

ented short glass fiber (40% w/w) reinforced PPS sample

which is quenched and annealed at 180 �C for 30 min.

Both curves give a distinct primary melting endotherm

(Tm) in the 285–300 �C range with a peak at 289 �C. It can

be seen from Fig. 3 that the DSC scans indicate small,

secondary endotherms described as Ta1 and Ta2. Ta1 is

obtained approximately at 150 �C. It is seen that the

position of the peak is independent of annealing conditions.

Jurga et al. [25] investigated the annealing conditions of

Ryton PPS R4 and indicated that these small endotherms

occurred owing to melting of oligomers found in the matrix

resin. These types of crystalline structures are usually

obtained during the quenching process because of the

kinetics of crystallization. Furthermore, Arici et al. [5]

studied the influence of annealing on the performance of

short glass fiber reinforced PPS composites and reported

that there was not a considerable difference in the crys-

tallinity of the samples and there was not any systematic

relation between annealing conditions and total crystallin-

ity. Despite, increase in the total crystallization caused

improvement in the mechanical and tribological properties

of the samples [1, 26]. On the other hand, Ta2 was observed

approximately at 20 �C above the annealing temperature

similar to the studies reported in the literature [5, 27]. The

Ta2 values for 1140L6-Q-180-30 and 1140L6-Q-180-90

samples are obtained as 197 and 201 �C, respectively. As

seen in Fig. 3, the crystallinity of 1140L6-Q-180-90 sam-

ple is higher than 1140L6-Q-180-30 sample. Increase in

annealing time causes an increase in total crystallinity

Table 2 Erosion test parameters

Erodent Silica sand

Erodent size (lm) 150–250

Impingement angle (�) 30, 45, 60, 90

Impact velocity (m s-1) 60

Erodent feed rate (g s-1) 9

Test temperature RT

Nozzle to sample distance (mm) 50

Nozzle diameter (mm) 5
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degree of the composite structure. Furthermore, when the

annealing time intervals are longer, it is seen that the

secondary melting endotherm energy values (Ha1 and Ha2)

get their maximum. Primary melting endotherm energy,

Hm, gets its maximum value after 90 min annealing

periods.

Figure 4 illustrates the influence of annealing time on

the crystallization of 6165A6-Q-180-30 and 6165A6-Q-

180-90 samples. DSC scans indicate the formation of small

secondary endotherms about 20 �C over the annealing

temperature [1, 5, 27, 28]. As seen from Fig. 4, each DSC

curve shows one secondary melting endotherm (Ta2). There

is no formation of secondary melting endotherm (Ta1) that

belongs to the crystals occuring at the recrystallization

temperature. It has already been known that those crystals

are formed during the annealing of quenched structures at

above the glass transition temperature of the material. The

area of the secondary endotherms increases with annealing

time, indicating an increase in the total crystallinity of the

composite sample.

Table 3 shows the relative crystallinity indicators as

implied from heat of melting. It is seen clearly that relative

crystallinity and heat of melting are increased with

annealing time, but this increment continues up to 90 min

annealing period. There is no liner proportionality between

increasing annealing time and relative degree of crystalli-

zation. After 90-min annealing period, the maximum g%

value is obtained.

Figure 5a, b shows the influence of annealing time,

relative degree of crystallization (g%) on erosive wear of

Fig. 1 Schematic diagram of

erosion test rig

Fig. 2 Scanning electron micrograph of silica sand particles (150–

250 lm)

Fig. 3 Influence of annealing time on the crystallization of 1140L6

composite
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1140L6 composites with impact angles of 30� and 90� in

(a) and 45� and 60� in (b), respectively. It can be seen that

the weight loss was maximum at 60� impingement angle

for all annealing periods. This is a semi-ductile erosion

behavior. Reinforced polymeric composites have been

shown to exhibit a semi-ductile behavior with maximum

erosion occurring in the range of 45�–60� [29]. Annealed

samples showed lower weight loss values indicating

improvement in the g%. As expected, increase in the

crystallization degree resulted in the improvement of

mechanical and erosive wear properties. Annealing time of

90 min showed the best erosive wear performance due to

maximum g%. This was owing to the improved fiber–

matrix interface strength to the arrest of the erosive wear

mechanisms like fiber/particle–matrix debonding, fiber/

particle-pullout, and fiber protrusion [22].

At different impact angles (30�, 45�, and 60�) erosive

wear performance is observed at different annealing peri-

ods for 6165A6 composites (Fig. 6). Also the influence of

g% is seen. It is clear from Fig. 6 that the maximum weight

loss values were obtained at impingement angle of 60� for

all annealing conditions. Semi-ductile erosive wear

behavior was observed. The most important parameters

changing the erosive wear behavior of polymers and its

composites are the impact velocity, impingement angle, the

shape, size, and the hardness of selected erodent [29]. In

the present study, crystallization seemed to be another

important factor that influences the erosion performance.

When Figs. 5 and 6 are compared, it can be seen that

weight loss values of 6165A6 composites are higher than

1140L6 composite samples. It is common for many com-

posite manufacturers to add fillers such as powders of

CaCO3, carbon black, titanium white, mica flakes, glass

fibers, etc. into various polymers to increase stiffness and

modulus, and to reduce thermal expansion coefficients and

product costs [30]. However, the above mentioned fillers

are all fine and low in hardness and, thus, may not improve

the wear performance [31].

Figures 7 and 8 show the influence of impingement

angle and annealing period on the erosion rate of glass–

fiber, glass–fiber and CaCO3 particle reinforced PPS. It

can be seen that the erosion rate was maximum at 60�
impingement angle and minimum at 90� for both com-

posites. This is semi-ductile erosion behavior because

cutting mechanism is dominant in erosion. The erosion

behavior of materials is broadly classified in the literature

as ductile and brittle depending on the variation of ero-

sion rate with impact angle. Ductile behavior is charac-

terized by maximum erosion at low impact angles in the

range of 10�–30�. On the other hand, if maximum erosion

occurs at 90�, then the behavior is brittle. However,

reinforced composites have been found to exhibit semi-

ductile behavior with maximum erosion rate at interme-

diate angles typically in the range of 45�–60� [29, 32]. It

can be said that a probable reason for semi-ductile

behavior is the usage of the brittle short glass fibers, so

that erosion is mainly caused by damage mechanisms as

micro-cracking or plastic deformation due to the impact

of silica sand particles.

The shapes of the curves are similar in both cases. The

erosion rate was almost doubled for 6165A6 composites

compared with 1140L6. Therefore, observed difference in

erosion behavior of these composites should be attributed

to different reinforcement or interface properties. The main

reason for this formation is the influence of CaCO3 parti-

cles because they are fine and low in hardness. In addition

to this, mechanically weak interface between CaCO3 and

PPS matrix can be expressed as another reason.

As seen from Figs. 7 and 8, minimum erosion rate values

are obtained at annealing period of 90 min. Annealing

increases the wear performance of PPS composites because

there is an increase in the total crystallinity of the system.

Crystallization formed at the fiber–matrix interface plays a

Fig. 4 Influence of annealing time on the crystallization of 6165A6

composite

Table 3 Relative crystallinity (percent improvement in crystallinity

compared to as received sample) indicators as implied from heat of

melting

1140L6 6165A6

Sample

code

DH (J g-1) g% Sample

code

DH (J g-1) g%

As

received

21.88 ± 0.52 0 As

received

15.12 ± 0.45 0

Q-180-30 23.46 ± 1.78 7.22 Q-180-30 16.09 ± 0.61 6.41

Q-180-60 24.41 ± 1.07 11.56 Q-180-60 16.73 ± 1.25 10.65

Q-180-90 25.05 ± 1.13 14.49 Q-180-90 17.25 ± 1.55 14.01

Q-180-120 23.92 ± 1.59 9.32 Q-180-120 16.37 ± 0.18 8.27
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more important role than the crystallization formed in the

matrix. Transcrystalline layer formation results in adequate

bonding at the fiber–matrix interface [1].

The transcrystalline layer formation or strong interfacial

bond strength prevents the pull-out and debonding of fibers

and keep them to stay at polymer body. This ensures the

long term stiff and rigid bodies. Transcrystallinity will

almost certainly influence the mechanical properties of the

interface. The presence of transcrystallinity influences the

mechanical performance through its effect on fiber/matrix

bonding and on the stress transfer mechanism. The trans-

crystalline layer formation is an additional source for

stiffness and restriction of polymer chain mobility to the

common factors of crystallinity and reinforcement [33].

Figure 9a, c and b, d shows micrographs of eroded

surface of randomly oriented short glass fiber (40% w/w)

reinforced PPS composite with annealing period of 90 min

Fig. 5 Influence of annealing time, g% on erosive wear of 1140L6 composites with different impingement angles: a 30� and 90�; b 45� and 60�

Fig. 6 Influence of annealing time, g% on erosive wear of 1140L6

composites with different impingement angles

Fig. 7 Normalized erosion rate as a function of impingement angle

for 6165A6 composite with different annealing periods

Fig. 8 Normalized erosion rate as a function of impingement angle

for 1140L6 composite with different annealing periods

2386 J Mater Sci (2010) 45:2381–2389

123



at impingement angle of 60� and 90�, respectively. Repe-

ated impact of silica sand particles caused roughening of

the surface of the material. In Fig. 9a, c removal of the

matrix and erosion of the fibers are clearly seen. Charac-

teristic features of more cutting with chip formation are

reflected. The matrix shows multiple fractures and material

removal. The exposed fibers are broken into fragments and

thus can be easily removed from the worn surfaces.

Localized pit formation was also apparent on the worn

surface. The observed erosion damage is characterized by

Fig. 9 Scanning electron

micrographs eroded at

impingement angles of 60� (a, c,

e, g) and 90� (b, d, f, h) with

annealing period of 90 min

J Mater Sci (2010) 45:2381–2389 2387
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exposure of glass fibers, fiber–matrix debonding, multiple

fiber cracking, and material removal. Figure 9b, d shows

matrix is plastically deformed and amount of deformation

is proportional to impact angle of silica sand particles.

Impingement angle at 90� do not cause a higher wear loss

as in the case of brittle materials due to compressive

pressure at the surface. This type of pressure leads to crater

formation on the worn surface; however, no material loss

occurs in this mechanism.

Figure 9e, g and f, h shows SEM micrographs of eroded

surface of CaCO3 mineral particulate (25% w/w)–short

glass fiber (40% w/w) (total: 65% w/w) reinforced PPS

composite with annealing period of 90 min at impingement

angle of 60� and 90�, respectively. The erosion caused by

silica sand particle impacts resulted in damage to the

interface between the fibers and the resin matrix. This

damage was characterized by the separation and detach-

ment of broken fibers from the resin matrix as shown in

Fig. 9e, g. The observed behavior of these materials can be

attributed to the following mechanism. It is well known

that the fibers in composites subjected to particle flow

break in bending. There is a local removal of resin material

from impacted surface, which results in the exposure of the

fibers. This causes intensive debonding and breakage of the

fibers, which are not supported by the matrix [34]. 60�
impingement angle causes not only in material removal but

also in an increase in fiber/matrix debonding leading to

enhanced wear. In addition to this, fiber breakage and

removal of fiber debris can be seen clearly (Fig. 9e, g).

Figure 9f, h shows SEM micrograph of eroded surface at

impingement angle of 90�. During the normal impact, the

effect of intensity of particles on target surface is less;

however, exposure of fibers, fiber cracking, and breakage

of the fiber can be seen from the micrograph (Fig. 9h). It is

clear that during normal erosion all the available energy is

dissipated by impact. There are no micro-ploughing and

micro-cutting mechanisms that occurred in this process.

Therefore, silica sand particles penetrate easily into the soft

polymer body or cause plastic deformation and numerous

crater formations in the polymer matrix.

Conclusion

Based on the experimental results, the following conclu-

sions can be pulled out:

1. Increase in the total crystallization caused improve-

ment in the tribological properties of the samples. The

increase of annealing time causes an increase in total

crystallinity degree of the composite structure.

Annealed samples showed lower weight loss values

indicating improvement in the g%.

2. The weight loss values are maximum at 60� impinge-

ment angle for all annealing periods. Annealing time

of 90 min shows the best erosive wear performance

due to maximum g%. In the present study, crystalli-

zation seemed to be another important factor that

influences the erosion performance.

3. Weight loss values of 6165A6 composites are higher

than 1140L6 composite samples. CaCO3 fillers are all

fine and low in hardness and, thus, may not improve

the wear performance.

4. Erosion rate is maximum at 60� impingement angle

and minimum at 90� for both composites. This is semi-

ductile erosion behavior because cutting mechanism is

dominant in erosion. That erosion is mainly caused by

damage mechanisms as micro-cracking or plastic

deformation due to the impact of silica sand particles.

5. The morphologies of eroded surfaces observed by

SEM reveal that material removal takes place by

plastic deformation, micro-cutting, and micro-crack-

ing, exposure of fibers and removal of the fiber.
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