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Abstract In this study, flame-retardant poly(ethylene

terephthalate) (PET) fibres were produced using a high-

temperature bath method similar to dyeing fibres with

disperse dyes. A mixture of aqueous solutions of silicon

and phosphorus compounds was used as the flame retar-

dant. Samples of the modified fibres were examined by

thermogravimetric analysis. The residue left after limited

oxygen index test was analysed by scanning electron

microscopy. Effect of the flame retardant on changing the

supermolecular structure of PET fibres was evaluated using

wide-angle X-ray diffraction. Mechanical properties of the

modified PET fibres as compared with standard fibres were

also examined.

Keywords PET fibres � Flame-retardant modification �
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Introduction

Flame retardancy of PET fibres is of crucial importance

because they are largely used to produce a variety of

materials for finishing interiors of public buildings, means

of transport, etc. These materials must meet very high

standards of fire safety. Standard poly(ethylene terephtha-

late) fibres have good mechanical, chemical and dyeing

properties. However, they are flammable (LOI = 21 %)

and tend to drip when burning, which contributes to fire

spread. There are three main methods of improving the

resistance of PET fibres to ignition:

1. surface treatment in a bath with flame retardants [1–4];

2. incorporation of retardant particles into the main

chain of polymer macromolecule during polyconden-

sation [5];

3. melting a mixture of polymer and flame retardant in an

extruder during fibre formation [6–13].

The first method, although fast and easy, has one major

disadvantage in that it results in low durability and surface

changes (roughness, etc.) of such fibres. The second

method offers durable flame retardancy, but it is very

costly. The third method requires large amounts of flame

retardant, causing technological difficulties.

Flame-retardant compounds containing Cl and Br,

which have been applied so far, are very effective but, as

they release toxic gases (HCl, HBr) and corrosive fumes,

their use is being limited to polymers [14–18]. In recent

years, much research has been done to find flame retardants

free of halogen atoms. These include organophosphorus

compounds [1, 6, 7, 11, 19, 20] and silicon-containing

compounds [3, 6, 7, 21].

In this study, the first method of PET modification was

adopted, but it was substantially modified. Silicon and

phosphorus compounds were introduced into PET fibres

the same way as disperse dyes are introduced during HT

bath dyeing. Fakin et al. [22] used this method success-

fully, but their aim was to improve the hydrophilicity of

polyester fabrics.

Very good results are achieved by modifying polymers

with a mixture of flame retardants with different chemical

structures, which yields synergistic effects [10, 13, 18, 19,

23, 24, 29]. Interaction between the flame retardant and

polymer at high temperature changes the process of
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polymer decomposition. After burning it, a residue con-

taining phosphorus and silicon is obtained in the condensed

phase. This makes an effective barrier acting as the chief

flame inhibitor. As a result, the barrier forms a trap for

flammable gases, thereby reducing the amount of fuel

feeding the flame [8, 13, 18–20, 25, 29].

The unquestionable novelty of in this study is the use of

water glass as a silicon-containing compound for PET

fibres.

Experimental

In this study, the first method of PET modification was

adopted, i.e. surface treatment in a solution containing

flame retardant. Retardant molecules were introduced into

the fibre the same way as dye molecules are inserted during

exhaustion dyeing [28].

Materials

The materials used in this work were all commercially

available technical products. Two commercial flame-re-

tardant modifiers were applied: water glass (WG) (aqueous

sodium silicate—Na2O 9 nSiO2)—CAS 1344-09-8 sup-

plied by Rudniki SA (Poland), and Pekoflam PES (PES)

(cyclic organophosphates and phosphonates) supplied by

Clariant (Switzerland).

Standard PET fibres were used, which were supplied by

Elana SA Toruń (Poland). The finishing treatment was

carried out in a laboratory dyeing device (Ahiba Turbomat,

Switzerland) with liquid ratio of 1:50. The applied condi-

tions were as follows: temperature—130 �C, treatment

time—1 h, heating rate—2.5 �C min-1. Flame-retardant

modifiers, mixed in the amounts of 0 % WG ? 20 % PES,

4 % WG ? 16 % PES; 8 % WG ? 12 % PES,

12 %WG ? 8 % PES, 16 % WG ? 4 % PES and 20 %

WG ? 0 % PES, were added to the fibre mass.

Dispersing agent: non-ionic dispersing agent NNO,

which is an aqueous solution of sodium salts of naph-

thalenesulfonic acids of formaldehyde polycondensates,

supplied by Organika-Rokita (Poland), was added into the

modification bath in the amount of 1.5 g l-1.

In order to remove any flame retardant unbound with the

fibres, the samples were washed. The washing process was

carried out using the Ahiba Turbomat laboratory washing

machine, in accordance with PN-EN 20105-CO3. The

washing bath contained 5 g l-1 of Pretepon G soap (Or-

ganika-Rokita, Poland); initial temperature of the process:

20 �C; heating rate: 1.5 �C min-1; final temperature:

60 �C; time of washing: 30 min.

Methods of measurements

• TG investigations were performed using thermo-

gravimetric analyser TA Instruments Q500. Mea-

surements were taken in a temperature range from 30

to 800 �C with the heating rate of 10 min-1 in air and

nitrogen atmosphere (flow 40 mL min-1). At 800 �C,

the analyser was switched and the inert gas was

replaced with air (3 min) to burn the organic remains

of the sample.

• Wide-angle X-ray scattering (WAXS) investigations

were performed with a URD-65 Seifert diffractometer.

CuKa radiation was used at 40 kV and 30 mA.

Monochromatization of the beam was obtained by

means of a nickel filter and a pulse-height analyser. A

scintillation counter was used as a detector. Investiga-

tions were performed in the range of angles 4�–60� with

a 0.1� step. For the separation of an experimental

diffraction pattern into two components connected with

the scattering from crystalline and amorphous regions,

the curve-fitting computer package WaxsFit [27] was

used. Each peak was modelled using a Gaussian–

Cauchy peak shape. The content of crystalline form of

poly(ethylene terephthalate) was calculated as a ratio of

the area under crystalline peaks, corresponding to that

phase, to the total area of the scattering curve. To

evaluate the variations of crystallite sizes of PET, the

Scherrer equation was used. Crystallite sizes were

calculated in the direction perpendicular to the (010),

(100) and (101) planes.

For X-ray examination, fibre samples were powdered

using a microtome.

• The examinations of fibre flammability were carried out

with the limited oxygen index (LOI) method using the

equipment constructed originally by our team in

accordance with PN ISO 4589 Standard.

• Scanning electron microscopy (SEM) analyses were

performed in conventional SEM mode using

Joel JSM 5500LV instrument operating at 10 kV, after

coating the samples with a thin layer of gold by sputter

deposition. Surfaces of samples were observed up

to 9 1000 magnifications.

• Tensile strength parameters of PET fibres were defined

according to PN-EN ISO 5079 Standard by means of

the tensile testing machine INSTRON 5544 Single

Column [33, 34]. The samples were placed on the

tensile testing machine in frames. The measurements

were taken in normal climatic conditions for 20-mm-

long samples. The tensile speed was 40 mm min-1, and

50 tests were done for each sample. Based on the
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measurements taken, the following values were deter-

mined: average breaking force of the fibres, relative

elongation at break, and corresponding coefficients of

variation.

Results and discussion

Determining fibre flammability—criteria

for choosing the method

In order to determine flammability, limited oxygen index

was chosen as the primary method. As there are many

methods of determining flammability [12, 29–31],

selecting the most adequate one is very difficult. It is

the most difficult for items made of thermoplastic fibres

including polyester. Determining flammability of prod-

ucts made of thermoplastic fibres by the so-called ver-

tical positioning of samples results in errors for two

reasons:

1. when melting and shrinking, plastic fibres cause the

sample to bend away from the pilot flame;

2. burning drops of molten polymer separate from the

sample, and the flame cannot encompass the molten

material.

The method of limited oxygen index eliminates these

drawbacks. It was also chosen for its simplicity and good

reproducibility. LOI results for the fibres examined are

shown in Table 1.

Analysis of the LOI results clearly demonstrates

improved flame retardancy of the fibres. Following the

treatment employed, LOI index increases from 21.2 % to

almost 29 % for all variants of modification. Furthermore,

when a mixture of water glass (WG) and PES flame

retardants is used, the index is higher as compared with just

one type of flame retardant. The most advantageous LOI

value was achieved for a mixture containing 16 % PES and

4 % WG.

To verify the LOI results indicating improved flame

retardancy, thermogravimetric analysis (TG) under an

atmosphere of air was done.

Thermogravimetric measurements

Figure 1 shows the TG curves and corresponding dTG

curves (mass loss derivative as a function of temperature)

for untreated PET fibres, wherein measurements were first

taken under an atmosphere of nitrogen (green curves) and

then of air. Analysis of the thermogravimetric curve

recorded during heating in inert gas reveals only mass loss

of the PET sample (above 80 %), related to thermal dis-

sociation of the fibres. It is a one-step process, with the

highest rate of mass loss at 458.8 �C (maximum of the dTG

curve).

By contrast, analysis of the TG curve recorded during

the heating of a sample of standard PET fibres under an

atmosphere of air reveals, apart from mass loss related to

thermal dissociation, an additional transformation related

to the ignition and combustion of the sample in the ther-

mogravimetric analyser. This process results in more than

15 % mass loss. The highest rate of combustion (and mass

loss accompanying it) is obtained at 545.5 �C. Since

combustion and thermal dissociation of the fibres exam-

ined, as depicted by the TG curves, are distinctly separated

transformations (the dTG signal line between these trans-

formations is near zero), it was decided to employ the

thermogravimetric measurements under an atmosphere of

air for a deeper analysis of the effectiveness of the flame

retardants used [26].

Figure 2 shows the TG and dTG curves recorded for

fibres modified with water glass, phosphorous flame

retardant (Pekoflam PES) and a mixture of both retardants

applied in a 4/16 % ratio. For comparison, the curves

recorded for untreated fibres are also included. Analysis of

the dTG curves for these samples reveals that the local

maximum corresponding to the maximum speed of mass

loss during combustion in air may occur at various tem-

peratures. For the PES/WG (4/16 %) modification, being

the most advantageous combination as proved earlier by its

LOI index (LOI = 29.8 %), the mass loss maximum, and

hence the rate of combustion, is most markedly shifted

towards higher temperatures up to 560.6 �C. For standard

fibres (not treated with any retardant), the difference in the

position of the maximum on the dTG curve is as big as

more than 15 �C. Unmodified fibres also reveal a signifi-

cant shift of combustion initiation, or sample auto ignition,

towards lower temperatures. Thus, thermogravimetric

analysis fully confirmed the results of the LOI tests.

It should be noted here that while the use of thermo-

gravimetric measurements under an atmosphere of air to

monitor flammability properties draws on earlier studies by

Table 1 LOI measurements for the fibres examined

Sample of fibres LOI/%

Standard PET 21.2

PET ? 0 % PES 20 % WG 25.9

PET ? 4 % PES 16 % WG 26.9

PET ? 8 % PES 12 % WG 28.0

PET ? 12 % PES 8 % WG 29.0

PET ? 16 % PES 4 % WG 29.8

PET ? 20 % PES 0 % WG 25.9

The sample with the best value of LOI index is bolded
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other authors [31, 32], the novelty of the approach pro-

posed in this paper lies in the detailed interpretation of the

course of the dTG signal line over a temperature range

corresponding to the combustion of the sample.

Another issue addressed in this study was an attempt

to explain why, among all the samples examined, mod-

ification using a mixture of phosphorous flame retardant

and water glass in a 16/4 % ratio proved to be the most

effective. It was attributed to a similar mechanism of

binding the retardant with polyester as that of dyeing

with disperse dyes, which excludes chemical interactions.

The mechanism is based on the so-called ‘‘free volume

model’’, in which free spaces are formed in PET fibres

during their thermal processing above the glass transition

temperature [28]. Therefore, to answer the question

of flame-retardant effectiveness, it was necessary to

examine the structure of PET fibres at a supermolecular

level.
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Structural examination

The adopted method was wide-angle (4�–60�) X-ray scat-

tering. The WAXS curves for selected variants of flame-

retardant modification (corresponding to those presented in

the thermogravimetric method) are depicted in Fig. 3.

Note that all these curves are very similar in nature.

Based on the methodology described in the Experimental

section, the obtained diffraction experimental curves were

fitted with theoretical curves, which were then deconvo-

luted into individual peaks from scattering at different

lattice planes of crystallites and from scattering in the

amorphous areas [26].

Figure 4 is a representative example of a diffraction

curve that has been resolved into individual scattering

components using the peak-fitting software.

Based on the methodology adopted, basic parameters of

the examined nanostructure were determined, i.e. the

degree of crystallinity and the mean size of crystallites

(Table 2).

The results of diffraction examination presented in the

table demonstrate that, for all variants of flame-retardant

modification, the determined mass degree of crystallinity is

more than 6 % lower than that for standard fibres. How-

ever, it cannot be concluded that the lower the degree of

crystallinity, the higher the LOI index, because for the most

advantageous PES/WG combination (16/4 %), the degree

of crystallinity is in fact slightly higher than for other

variants. Similarly, analysis of the mean size of crystallites

does not reveal any clear change trend.

Therefore, given the above considerations, it can be

stated that the crystal structure of PET fibres is not

responsible for the varying effectiveness of the flame

retardants used, and explanation should be sought

elsewhere. Here, scanning electron microscopy comes in

handy.

Scanning electron microscopy

SEM was used to obtain micrographs of cross sections of

the remnants of the PET fibres burnt during the LOI tests

(Fig. 5a–c).

Analysis of the images leads to the conclusion that, as

earlier suggested [8], interaction between the retardant and

polymer at high temperature changes the process of poly-

mer decomposition. After burning it, a residue (scale)

containing phosphorus and silicon is left in the condensed

phase. This scale makes an effective barrier preventing the

flame from spreading. It is a trap for flammable decom-

position gases feeding the flame zone. Its cohesion (com-

pactness) was the highest for the mixture of PES and WG

(16/4 %), as was the effectiveness of this barrier. The LOI

index was also the highest: 29.8 %. This conclusion is

strongly supported by the morphology of the scale shown

in Fig. 5c.

Mechanical tests

Various modifications of polymeric materials (including

fibres) often lead to some deterioration of their mechanical

parameters. For this reason, in addition to the above-de-

scribed examinations, basic strength tests of the modified

flame-retardant PET fibres were also conducted. The key

mechanical parameters are presented statistically in

Table 3, while examples of stress–strain curves are shown

in Fig. 6.

Based on the data presented in Table 3, a decrease in

specific strength was observed, from 53.7 cN tex-1 for

0 5 10 15 20 25 30 35 40 45 50 55 60
0

20

40

60

80

100

In
te

ns
ity

/c
ou

nt
s 

pe
r 

se
co

nd

2  /°

 PETstd
 PET 16 % PES 4 % WG
 PET 20 % PES 0 % WG
 PET 0 % PES 20 % WG

θ

Fig. 3 WAXS curves of standard PET fibres (black) and fibres

modified with the examined flame retardants: water glass (green),

Pekoflam PES (blue) and combined P-Si (16/4 %) modifier (red).

(Color figure online)

0 5 10 15 20 25 30 35 40 45 50 55 60
0

10

20

30

40

50

60

70

80

In
te

ns
ity

/c
ou

nt
s 

pe
r 

se
co

nd (0
10

)

(1
00

)

(1
01

)

2  /°θ

Fig. 4 Exemplary WAXS curve for standard PET fibres resolved for

individual diffraction peaks

Study of PET fibres modified with phosphorus–silicon retardants 1331

123



unmodified PET fibres to less than 45 cN tex-1 for all the

varieties of fibres modified at 130 �C. (Tex is a non-SI unit

used in textile industry to describe the so-called fibre linear

density; 1 tex = 10-6 kg m-1.) Thus, the strength of the

flame-retardant PET fibres obtained in this study places

them virtually in the middle of a wide range of strength

values (from 30 to 70 cN tex-1) demonstrated by PET

fibres [35, 36] depending on their applications. Table 3

also reveals a small scatter of average values, for both

specific strength and elongation at break, which only

slightly increases for the modified fibres.

By comparing the respective stress–strain curves

(Fig. 6), it can be said that, for the modified flame-retardant

PET fibres, the angle between the curves and the axis of

Table 2 Results of WAXS measurements of samples after drawing

Sample of fibres Crystallinity/% Dimensions of crystallites/nm

D(010) D(100) D(101)

Standard PET 48.6 4.6 3.9 7.5

PET ? 16 % PES 4 %WG 42.5 4.2 3.7 6.3

PET ? 20 % PES 0 % WG 40.4 3.7 3.6 5.9

PET ? 0 % PES 20 % WG 37.5 5.9 3.7 5.2

The crystallite sizes were estimated by means of the Scherrer equation

Fig. 5 SEM photomicrographs

of residue after flammability

tests of samples: PET ?

20 % PES 0 % WG (a),

PET ? 0 % PES 20 % WG

(b) and PET ? 16 % PES

4 % WG (c)

Table 3 Measurements of breaking force (F), elongation at break (e), their coefficients of variation (CVF) and (CVe), and tensile strength (r) for

the tested samples of PET fibres

Sample of fibres F/cN CVF/ % e/% CV(e)/% r/cN tex-1

Standard PET 23.6 5.6 23.1 15.9 53.7

PET ? 0 % PES 20 % WG 18.9 9.1 28.4 22.7 43.0

PET ? 16 % PES 4 % WG 19.4 8.8 18.7 18.9 44.1

PET ? 20 % PES 0 % WG 17.6 8.3 28.5 16.7 40.0
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stress is enlarged in the area of elastic deformation of the

fibres.

Conclusions

As a result of the modification described above, standard

PET fibres were provided with effective and durable flame-

retardant properties without detracting from their

mechanical properties. Average breaking tenacity was

changed from 53.7 cN tex-1 for standard PET fibres to

44.0 cN tex-1 for PET ? 16 % PES/4 % WG fibres—the

best variant of the modification applied. However, average

value of elongation at break equalled 23.1 and 18.7 %,

respectively. It should be emphasized that this effect was

achieved by utilizing equipment commonly used in

industrial practice for finishing polyester fibres. Also

noteworthy is the relatively low cost and simplicity of

applying the proposed technology.

The method of limited oxygen index proved that a rel-

atively high level of flame retardancy (LOI = 29.8 %) was

achieved for the most advantageous combination of

Pekoflam PES and WG modifiers (16/4 %); using these

flame retardants yields synergistic effects. The results

obtained by the method of critical oxygen index were fully

confirmed by thermogravimetric analysis under an atmo-

sphere of air. Therefore, both methods of evaluating

flammability properties were found in a way to be

complementary.

The study determined the cause of the varying effec-

tiveness of flame retardants, probably stemming from the

specific morphology of the scale formed during combustion

(SEM; Fig. 5c). Following the diffraction examination, the

influence of PET structure matrix at the supermolecular

level was found to be negligible.
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crystalline structure of poly(ethylene terephthalate) fibers in

flame retardant finishing process. Polimery. 2014;7–8:557–61.
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