Dyes and Pigments 92 (2011) 642—653

journal homepage: www.elsevier.com/locate/dyepig

Contents lists available at ScienceDirect

Dyes and Pigments

Investigation of tensile properties and dyeing behavior of various
polypropylene/polyamide 6 blends using a mixture experimental design

Saeed Asiaban, Siamak Moradian®

Department of Polymer Engineering and Color Technology, Amirkabir University of Technology, P.O. 15875-4413, Tehran, Iran

ARTICLE INFO

Article history:

Received 16 November 2010
Received in revised form

26 March 2011

Accepted 18 May 2011
Available online 29 June 2011

Keywords:

Polypropylene

Polyamide 6

Maleic anhydride polypropylene
Mixture experimental design
Disperse dye

ABSTRACT

Polypropylene has many advantages over other polymeric fibers such as high tensile strength, good
abrasion resistance, high chemical resistance and very competitive price. However, the use of poly-
propylene fiber is restricted by the lack of affinity of conventional dyestuffs for this fiber. Many attempts
have been made to improve the dyeability of polypropylene by various techniques. It must however, be
noted that enhanced dyeability of polypropylene should not adversely impair its other properties, in
particular its mechanical properties. To this end, in the present investigation, a mixture experimental
design was used in order to attain an optimal region of proportions of three components namely
polypropylene (PP), maleated polypropylene (polypropylene grafted with maleic anhydride (MAH-PP) as
a compatibilizing agent) and polyamide 6 (PA6); where enhanced dyeability as well as retained
mechanical properties would be achieved. Additionally, in order to analyze the morphology of the
blends, differential scanning calorimetry (DSC) and scanning electron microscopy (SEM) were used.
Finally, in order to evaluate effect of each component on fastness properties of the blends, wash, rub and

Acid dye light fastnesses were determined by the corresponding standard test methods.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polypropylene (PP) is a polymeric material utilized for the
manufacturing of many products such as injection-molded parts,
packaging films and mono-axially oriented film tapes for carpet
backing and sacks [1].

Despite many advantages such as high tensile strength, good
abrasion resistance, high chemical resistance, low density and low
cost, the use of polypropylene fiber is restricted by the fact that most
dyes lack affinity for this fiber. Therefore polypropylene isn’t suit-
able for conventional dyeing techniques using disperse or acid dyes.
Although dye affinity is strictly a thermodynamic property,
dyeability is also related to kinetic factors such as crystallinity, since
this is believed to reduce diffusion of a dye into the fiber matrix [2].
Many attempts have been made to improve dyeability of poly-
propylene. Physical modification methods are used for improving
dyeability of many polymers such as polypropylene. These could be
performed physically by mixing a host polymer with polymeric
additives, metal compounds, low molecular weight materials and
even organic or inorganic nano-materials in a batch mixer or an
extruder [3—6]. Chemical modification methods are based on
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placement of dye receptors in the host polymeric chains via block or
graft copolymerization [3]. Physical modification of polypropylene
has been considered more extensive than the chemical modification
counterparts. This could be due to technical feasibility and
economical viability without unduly impairing other properties.
Son et al. [7] have reported that a disperse dyeable polypropylene
can be prepared by melt blending it with poly (ethylene-covinyl
acetate) prior to extrusion. Hong et al. [8] have reported improved
dyeability of polypropylene fibers using copolymer additives. The
copolymer used consisted of strearyl methacrylate plus one of three
additional components that conferred dye sites for acid or basic
dyes or both. Dyeing tests showed that the copolymer additives
improved dyeability of polypropylene. The mechanical properties of
the fiber were not greatly affected by the copolymer additives.
Mizutani et al. [9] have studied dyeing behavior of glycidyl meth-
acrylate divinylbenzene modified polypropylene fiber with disperse
dyes. The results showed that the fiber was well dyed in the pres-
ence of carriers. Seves et al. [10] have prepared blends of isotactic
polypropylene (iPP) with hydrogenated oligocyclopentadiene
(HOCP), a glassy amorphous resin, in order to make dyeable fibers
from an aqueous dyebath. These fibers showed better light, wet-
washing and cleaning fastness properties than iPP while retaining
most of the original mechanical properties. Ujhelyiova et al. [11]
have prepared polypropylene/polyester (PP/PES) blends for
improving dyeability of PP fibers. Polyester addition in the PP matrix
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increased uptake of dyes from a dyebath. They have presented the
influence of two polyesters in dyeing kinetics of PP/PES blend fibers
by the disperse dye C.I. Disperse Blue 56 (Terasil Blue 3RL).

The use of amine derivatives could be a suitable approach for
modifying polypropylene in order to dye with acid and disperse
dyes. Kotek et al. [2] have studied dyeing behavior of three disperse
dyes on an alloy fiber composed of polypropylene and polyamide 6
(PA6) produced by melt spinning. Akraman et al. [12—15] have
synthesized two amine polymeric compounds so that after
blending with polypropylene improved dyeability with acid dyes
could be encountered. They have evaluated kinetic and thermo-
dynamic parameters of the dyeing system, ionic exchange mecha-
nism of dyeing and effect of drawing on dyeability of the modified
polypropylene fibers. Seves et al. [16] have studied dyeing charac-
teristics of PP/PA6 fiber blends. They showed that the fiber was
easily dyeable with disperse dyes and wash and dry cleaning fast-
nesses were quite satisfactory. Amongst amine derivatives, poly-
amide 6 is one of the major materials capable of improving the
dyeing of polypropylene with disperse dyes. As PP/PA6 blends are
strongly incompatible, the use of an appropriate interfacial agent or
compatibilizing agent (commonly referred to in the literature as
a compatibilizer) is needed in order to obtain good interfacial
adhesion and a better dispersion of the polyamide particles within
the PP matrix [16].

It is important to note that enhanced dyeability of poly-
propylene should not adversely impair its mechanical properties.
Therefore, it is necessary to prevent loss of mechanical properties of
polypropylene during any process in which enhanced dyeability is
sought after. Enhanced dyeability without impairing mechanical
properties must make use of methods in which optimization
between enhanced dyeability and mechanical properties are
guaranteed. One such method is often used when the response (i.e.
enhanced dyeability or a mechanical property) is a function of
proportions of each component within a blend is the mixture
experimental design.

In the present paper use is made of a mixture experimental
design in order to attain an optimal region of proportions of the
three components (i.e. PP/MAH-PP/PA6) in which enhanced
dyeability (represented by the Kubelka—Munk (K/S) ratio) is ach-
ieved together with retained mechanical properties (represented
by the tensile strength and the elongation at break). Finally, the
effect of each component on wash, rub and light fastness properties
of the blends was evaluated.

2. Mixture experimental design

Mixture experimental design is a special class of response
surface representing various mixture models which depict suitable
correlation between the response under investigation and the
proportions of the components. For three component mixtures,
four types of models could be fitted for a particular response. These
models include: linear, quadratic, special cubic and full cubic
models. The lowest-order model for a three component mixture
design is a linear model as shown in equation (1) by which the
response (Y) is linearly correlated with proportions (i.e. 81, 2 and
63) of the three components (i.e. X;, X and X3). In order to fit this
model, it is necessary to determine the three coefficients (1, 8, and
63. For this purpose, at least three experimental data is required.
Also, to establish the validity of the fitted model, it is necessary to
measure the response (Y) at other proportions of the components.

Y = B1X1 + 2X2 + 63X3 (1)

If a higher-order relationship is suspected, then more experiments
must be carried out because there will be more coefficients in the

model due to interactions between the components’ proportions
[17]. The highest-order model for a three component mixture
design would be a full cubic model which would have ten coeffi-
cients as shown in equation (2):

Y = B1X1 + 82X2 + $3X3 + B162X1X2 + $183X1X3
+ 82683X2X3 + B16283X1X2X3 + 61, 2X1X2(X1 — X2)
+61,3X1X3(X1 — X3) + 62,3X2X3(X2 — X3) )

This full cubic model contains three linear terms related to the
three components, three quadratic terms for the three 2-way
interactions and four cubic terms for the four 3-way interac-
tions. Therefore, at least ten experimental data for fitting the
model would be required. Also, further experimental data are
necessary to establish the validity of the fitted model. It is
important to always initially consider maximum order required for
the fitted model so as to be able to adequately model the response
surface. Mixture experiments frequently require a higher-order
model than is initially planned. Therefore, it is usually a good
idea, whenever possible to perform additional runs beyond the
minimum required to fit the model [18]. Therefore, for a three
component mixture design, the number of test runs of highest
possible should be considered for fitting a full cubic model. After
performing the experimental test runs and determining the
coefficients of the full cubic model, the fitted model may have
some insignificant coefficients for the 2- and 3-way interactions
which did not influence the response variation so they can be
removed from the fitted model. Removing the insignificant coef-
ficients and reducing the model allows us to simplify a regression
model and can make the model easier to work with and yet
maintain its high accuracy. Presence of insignificant coefficients in
the model may impair the model’s predictive ability. A model can
be reduced manually, or automatically using an algorithmic
procedure, such as a stepwise regression, which is suggested by
the mixture experimental design software. In the present inves-
tigation, creating and analyzing the mixture design and also
plotting the results were performed by Minitab® 15 software
presented by Minitab Incorporation. The software performs the
Student’s t-test and calculates a p-value for each coefficient of the
2- and 3-way interactions. P-value is a suitable criterion for
determining which coefficient of the 2- and 3-way interactions is
statistically insignificant and should be removed from the model.
P-value determines the appropriateness of rejecting the null
hypothesis in a hypothesis test. Hypothesis test is a procedure that
evaluates two mutually exclusive statements about a population. A
hypothesis test uses sample data to determine which statement is
best supported by the data. These two statements are called the
null hypothesis and the alternative hypotheses. In order to
approve the significance of a coefficient, the null hypothesis which
explains the coefficient is zero (or is not significant) must be
rejected. For this purpose, the p-value must be less than or equal
to a significant level or a-level. Alpha («) is the maximum
acceptable level of risk for rejecting a true null hypothesis and is
expressed as a probability ranging between 0 and 1. If the p-value
is less than or equal to the a-level, reject the null hypothesis in
favor of the alternative hypothesis i.e. the coefficient is significant.
But if the p-value is greater than the «-level, fail to reject the null
hypothesis. The most commonly used a-level is 0.05. At this level,
the chance of finding an effect due to the coefficient-related
interaction that does not really exist is only 5%. Therefore, if the
p-value is greater than the a-level, the model should be reduced
by removing the insignificant coefficient. After removing the first
insignificant coefficient, the regression could be repeated so that
each time one insignificant coefficient is removed, until only
statistically significant coefficients remain. On the other hand,
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Percentage of response variation which is explained by its rela-
tionship to one or more component variables, could be adjusted
for each variable in the model. This adjustment is important
because square of correlating coefficient (R%) will always increase
when a new term is added to any model. A model with more
terms may appear to have a better fit simply because it has more
terms. But the adjusted R?> will only increase if the new term
improves the model more than would be expected by chance.
Therefore, if adjusted R? decreases while reducing the model it is
recommended that the coefficient should not be removed from
the model. However, it is necessary to evaluate goodness-of-fit of
the reduced model. To perform additional runs beyond the
minimum required to fit the model permits establishing the val-
idity of the fitted model. In this state, there are two experimental
data groups. The first group is used to fit the regression model and
the second group includes experimental data which are used to
evaluate residuals error of the fitted model. Sum of squares (SS)
parameter is the sum of squared residuals. Regression-related SS
parameter is the portion of the variation explained by the fitted
model, while residual error-related SS parameter is the portion not
explained by the fitted model and is attributed to error. Degree of
freedom (DF) indicates the number of independent pieces of
information involving the response data needed to calculate the
mean square (MS) parameter. If n=number of the experimental
data and p = number of the terms in the fitted model, regression-
related DF=p -1 and residual error-related DF=n—p. MS
parameter is calculated via dividing SS by DF. Therefore, two MS
parameters can be defined for the regression model and the
residual error. The adequacy (significance) of the model is deter-
mined by performing the Fisher test which results in calculation of
the F-value. The regression-related F-value is calculated via
dividing MS for regression by MS for residual error. Larger values
of F support rejecting the null hypothesis that there is not
a significant model. If the F-value is greater than the Fpripr2)
value, the model will be adequate for explaining the response
variations. In this condition, p-value is less than a-level (i.e. 0.05).
The Fipri,pr2) Value is determined by the F distribution tables. DF1
and DF2 are degrees of freedom of a numerator and a denomi-
nator, respectively. For the F distribution tables, the rows represent
the denominator degrees of freedom and the columns represent
the numerator degrees of freedom [19]. In this state, DF1 and DF2
are degrees of freedom of the regression model and the related
residual error, respectively. In addition to the regression F-value,
the F-value for the lack-of-fit is a criterion for evaluating adequacy
(significance) of the fitted model. If n=number of the replicated
experimental data and m = number of the experimental data for
the residual error, the pure error DF=n—1 and the lack-of-fit
DF =m —n — 1. Therefore, two MS parameters can be defined for
the lack-of-fit and the pure error (noise). The F-value for the lack-
of-fit is calculated via dividing MS for the lack-of-fit by MS for the
pure error. If the F-value for the lack-of-fit is less than the Fpr1pr2)
value, it will indicate an adequate goodness-of-fit. Also, if signifi-
cant level is 0.05, p-value will be larger than it. Similarly, the
Fpr1pr2) value is determined by the F distribution tables. Here,
DF1 and DF2 are degrees of freedom of the lack-of-fit and the pure
error, respectively [20].

It is important to note that the residuals will be distributed
normally if the model indicates an adequate goodness-of-fit. For
this purpose, the normality test could be performed through
calculating Anderson—Darling statistic by Minitab® 15 software.
The Anderson—Darling statistic measures how well the residuals
follow a particular distribution e.g. a normal distribution. The better
the distribution fits the data, the smaller this statistic will be. In
practice, this test compares the empirical cumulative distribution
function of the residuals with the distribution expected if the data

were normal. If this observed difference is sufficiently large, the test
will reject the null hypothesis (Hg) of population normality. The
hypotheses for the Anderson—Darling test are Hg: the residuals
follow a normal distribution and Hi: the residuals do not follow
a normal distribution. If the p-value for the Anderson—Darling test
is lower than the chosen significance level (usually 0.05), conclude
that the data do not follow the normal distribution. Sometimes the
software may not display a p-value for the Anderson—Darling test
because it may not mathematically exist for certain cases. In the
present paper, the software calculated the p-value for the residuals
related to the fitted models. Therefore, the normality test generates
a normal probability plot and performs a hypothesis test to
examine whether or not the residuals follow a normal distribution.
Along with probability plot of the residuals, the test displays a table
with distribution parameter estimates, the Anderson—Darling
statistic and related p-value in order to evaluate the distribution fit
to the data [19,20].

3. Experimental
3.1. Mixture design suggested samples

In order to create a mixture design, type of design, number of
components, degree of design, number of points required to ach-
ieve the best model, replication points, name of components and
their upper and lower limits must be entered into the software. In
the present investigation, the three used components were PP V30S
(PP), Akulon F130 (PA6) and Fusabond® P MD353D (MAH-PP) and
their respective lower and upper limits of proportions were 0.7 to 1,
0 to 0.3 and O to 0.15. According to such limits, the type of design
was an extreme vertices design which is one of three design types
the software can create for three component mixtures. By selecting
a design degree of 3 (the highest possible order of the design) and
augmenting the center and axial points (the additional test runs),
the software suggested 13 points for experimentation. Also, in
order to provide an estimate of the experimental error or noise in
the process and achieve more precise estimates of the components
effect, the center point was replicated twice. Therefore, in total the
software suggested 15 test samples the proportions of which are
shown in Table 1. It must be remembered that the sum of the
proportions of the components for each sample is always 1. Fig. 1
shows the extreme vertices design space which is highlighted in
grey color. Incidentally, the 15 experimental test points provided
adequate data for fitting and validating a full cubic regression
model.

Table 1
Mixture design suggested samples.

Sample number Proportion of the components

PP MAH-PP PA6
1 0.8125 0.075 0.1125
2 0.925 0.075 0
3 0.85 0.15 0
4 1 0 0
5 0.75625 0.0375 0.20625
6 0.7 0.15 0.15
7 0.7 0.075 0.225
8 0.90625 0.0375 0.05625
9 0.85 0 0.15
10 0.83125 0.1125 0.05625
11 0.775 0.15 0.075
12 0.75625 0.1125 0.13125
13 0.7 0 03
14 0.8125 0.075 0.1125
15 0.8125 0.075 0.1125
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Fig. 1. The extreme vertices design space.

3.2. Materials

Fiber grade isotactic polypropylene, known as Moplen V30S,
supplied by the Iranian Arak petrochemical company was used.
This polymer had a melt flow index (MFI) of 18 g/10 min and
density of 0.92 gml~". Fiber grade polyamide 6 (PA6), known as
Akulon F130, was obtained from the DSM company. This polymer
was a medium viscosity polyamide having a viscosity number of
197 mlg~! (ISO 307), melting point of 220 °C, density of 1.13 g ml~!
and amine content of 38 meqkg ' Maleic anhydride grafted
polypropylene; Fusabond® P MD353D was supplied by the Dupont
company which was used as a compatibilizer. This material had
melting temperature of 136°C and MFI of 450 g/10 min
(190 °C/2.16 kg). The grafting level of maleic anhydride was very
high. Disperse and acid dyes used in this work were C.I. Disperse
Yellow 3 (Cibacet Yellow 2GC) and C.I. Acid Yellow 110 (Polar Yellow
5GN), respectively, supplied by the Ciba company. The disclosed
chemical structure of the disperse dye is given in Fig. 2.

3.3. Sample preparation

Akulon F130 and Fusabond® P MD353D were first dried at 80 °C
for 16 h to ensure the removal of residual moisture. After drying, PP
V30S and Fusabond® P MD353D were melt blended in a batch
mixer brabender® plasticorder® W50 at 190 °C and 60 rpm for
1 min. Then, the temperature of the batch mixer was automatically
increased from 190 °C to 240 °C during 2 min. When the temper-
ature was fixed at 240 °C, Akulon F130 was added to the mixer. The
mixing operation was continued for one further minute after the
mixer torque became constant. The total time of the blending
process time was approximately 8 min for each sample. After
blending, the samples were dried at 80°C for 16 h in order to
remove any absorbed moisture. Immediately, the samples were
molded by a compression molding machine i.e. the Dr Collin PCS II
P 400P® at 1.5 MPa and 190 °C in order to prepare films of 150 pm
thicknesses ready for tensile measurements and dyeing with the
selected dyes. Additionally, samples of 2 mm thickness were
prepared under the same conditions for morphology evaluation by
scanning electron microscopy (SEM).

In order to compare the dyeing behavior of various samples to
that of the pure polyamide 6, it was necessary to prepare Akulon
F130 films of 150 pm thickness in a similar manner. For this
purpose, Akulon F130 was dried at 80°C for 16 h and then molded
by the compression molding machine at 1.5 MPa and 240 °C.

CHy

0

HaC

? _5N—©—N=N 7\
HO

Fig. 2. Chemical structure of C.I. Disperse Yellow 3.
3.4. Dyeing

3.4.1. Disperse dyeing

The prepared film samples for the dyeing process had the
dimensions of 3 cm x 3 cm x 150 um. The dye concentration in the
dyebath was 3% w/w (weight of dye per weight of film) and the liquor
to goods ratio was 100:1. pH of the dyebath was 5 to 5.5 through
addition of acetic acid. Eriopon OL was used in an amount of 0.5% w|w
in order to improve dispersion of dye particles in the bath. Each
sample was added to the prepared dyebath at room temperature.
Then the temperature was raised to the boiling point (BP) at a rate of
2 °Cmin~ L. The dyeing process was continued for a further 60 min at
boil. Fig. 3 shows the temperature profile of the dyeing process. In
order to remove excess dye precipitated on the surface of the dyed
film, a reduction clear process was performed after the dyeing process.
The reduction clear bath had 2 g1~! of sodium hydroxide, 3 g1~! of
sodium hydrosulfite and 2 g1~! of a detergent with a liquor to goods
ratio of 100:1. The process was performed at 70 °C for 20 min.

3.4.2. Acid dyeing

Film dimensions, acid dye concentration and liquor to goods
ratio for the acid dyeing process were exactly like those for the
disperse dyeing process. pH of the dyebath was 4.5 which was
adjusted with acetic acid. Ammonium sulfate was used in an amount
of 1 g1~ L. Similar to the disperse dyeing, the dyebath temperature
was raised to the boiling point (BP) at a rate of 2 °Cmin~! and the
dyeing process continued for a further 60 min at the boil.

3.5. Spectrophotometry

Reflectance curves (R (1)) of the dyed samples were measured
on a Gretag Macbeth® spectrophotometer 7000A. These reflectance
were converted to the corresponding Kubelka—Munk ratio (K/S); of
the one constant theory by the use of equation (3).The maximum
values of K/S at Amax 420 nm (since the dye was yellow) were used
as a criterion for dye uptake.

(K/S);= (1 — R (2))%/2Rs (1) (3)

3.6. Tensile measurement

According to the ASTM D882 standard recommended for
measuring tensile properties of polymeric films, the film samples

8 »
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Fig. 3. Temperature profile of the dyeing process.
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Fig. 4. The (K/S); curves of some acid dyed samples.

were cut to the required dimensions having thicknesses of 150 pm.
Tensile testing was performed by a Gotech® universal testing
machine AL-700 LA5 after conditioning the test samples at
23 4+ 2 °C and 50 + 5% relative humidity for 24 h. In this investiga-
tion, the average value of tensile strength and elongation at break
for three replicate samples are reported.

3.7. Scanning electron microscopy (SEM)

In order to evaluate morphology of the samples scanning electron
microscopic (SEM) images were taken by VEGA\\TESCAN scanning
electron microscope operated at 20 kV with 15 kx magnification. For
this purpose, the samples were broken under liquid nitrogen and
etched by formic acid (96%) for 4 h. SEM images were taken from
fracture surface of the samples which were coated with gold.

3.8. Differential scanning calorimetry (DSC)

After drying the samples at 80 °C for 16 h for the removal of
absorbed moisture, differential thermal analysis of the samples was
carried by a Mettler-Toledo® DSC 822 instrument. The samples
were heated from 25 °C to 250 °C at a scanning rate of 10 °C min~!
(run 1) in order to remove thermal history induced by previous
processes. Then the samples were cooled down to 25 °C (run 2).
Again, the samples were re- heated from 25 °C to 250 °C at the
same scanning rate (run 3).

3.9. Assessment of fastness properties

In order to evaluate the effect of each component on fastness
properties of the blends, wash, rub and light fastnesses were

determined by the corresponding standard test methods namely:
ISO/R 105/1V, Part 9, ISO/R 105/1, Part 18 and ISO/R 105/V, Part 2,
respectively. The test results were assessed by the gray scale for
the wash and the rub fastnesses and the blue scale for the light
fastness.

4. Results and discussion
4.1. Acid and disperse dye uptakes

In order to determine the maximum values of K/S (or K/Smax), it
is necessary to determine the reflectance data of the dyed
samples. For this purpose, each sample was placed on a white
background and then its reflectance data were determined by the
spectrophotometer. Also, the reflectance data of the white back-
ground were measured by the spectrophotometer. After deter-
mining the reflectance data of the dyed samples, they were
converted to the corresponding Kubelka—Munk ratio (K/S);, of the
one constant theory. Figs. 4 and 5 show (K]S);, curves of some acid
or disperse dyed samples, respectively . Then K/Smax values were
determined at Amax equal to 420 nm. Table 2 shows K/Smax values
for acid and disperse dyed samples together with a dyed pure
Akulon F130 (i.e. pure PA6) sample. According to these values,
disperse dye uptakes of most blend samples are high, to the extent
that some equal that for the pure polyamide (i.e. Akulon F130)
sample. Despite high disperse dye uptake of most blended
samples, as expected, the acid dye uptake of all samples were
unacceptable their K/Spax values being always less than 1. The K/
Smax Vvalue for the acid dyed Akulon F130 sample was 11.38 i.e. at
least 11 times more than that for the acid dyed samples. In prin-
ciple, acid dyes are anionic water-soluble dyes which migrate from

‘\-. g R .

360 380 400 420 440 460 480 300 520 340 560 580 600 620 640 660 630 700 720 740

—<— sample 4: neat PP

—— sample 3:FPMAH-PP: 0.85/0.15

—&— sample 9: PP/PAG: 0.85/0.15

——8— sample 6: FP/MAH-PP/PA6: 0.7/0.15/0.15
—=— Akulon F130

—#— white background

Wavelength (nm)

Fig. 5. The (K/S); curves of some disperse dyed samples.
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Table 2
Experimental K/Spax values for acid and disperse dyed samples.

Samples Proportion of the components  K/Spax
PP MAH-PP PA6 Acid dyeing Disperse dyeing

1 0.8125 0.075 0.1125 0.046 8.726
2 0.925 0.075 0 0.803 1.040
3 0.85 0.15 0 0.853 1.060
4 1 0 0 0.519 0.948
5 0.75625 0.0375 0.20625 0.758 12.495
6 0.7 0.15 0.15 0.084 11.174
7 0.7 0.075 0.225 0.978 11.719
8 0.90625 0.0375 0.05625 0.052 5.385
9 0.85 0 0.15 0.334 8.458
10 0.83125 0.1125 0.05625 0.056 5.676
11 0.775 0.15 0.075 0.100 7.400
12 0.75625 0.1125 0.13125 0.068 9.621
13 0.7 0 0.3 0.159 10.805
Akulon F130 11.38 10.80

an aqueous dye bath and diffuse into the polymer matrix so that
their fixation to the substrate depends strongly on ionic interac-
tion between anionic groups of the dye and cationic dye sites in
the polymer chains. For this purpose, amine modifiers which have
basic nitrogen groups supply acid dye sites to interact with acid or
anionic dyes in an aqueous solution. It is very important to
consider that improving the acid dyeability of polypropylene
depends on the amine content, the basicity of the amine’s nitrogen
and the molecular weight of the polyamide incorporated into the
PP matrix. The more basic the nitrogen of the amine, the lesser
would be the required amount of the amine modifier for incor-
poration into the PP matrix [12]. Considering the literature, it
could be concluded that dyeing of polypropylene with acid dyes
will be more feasible and efficient if the incorporated amine
modifiers have low molecular weight with highly basic nitrogen
content. Since Akulon F130 has an amine content of 38 meq kg ! it
would not be expected to enhance the acid dye uptake of such
blended samples. On the other hand, Akulon F130, as a polyamide
6, is not only capable of improving the dyeing of polypropylene
with disperse dyes [2,10,12—16] but it greatly improves the
mechanical properties of such blends. The K/Snax values of acid
dyed samples were only included for quantitative comparison and
such values were not considered further for attaining the optimal
region of proportions of the three components in which enhanced
dyeability together with retained mechanical properties could be
achieved.

4.2. Estimated regression models

Table 3 indicates a comparison between the experimental and
fitted values of responses namely, tensile strength, elongation at
break and disperse dyeing related K/Smax values.

By reducing equation (2), a quadratic, a partial full cubic and
a quadratic models with adequate goodness-of-fit were obtained
for the three responses i.e. tensile strength (Y1), elongation at break
(Y2) and K/Smax (Y3) as shown in equations (4)—(6), respectively.

Y1 = 20X1 —349.2X2 + 2X3 + 477 .8X1X2 +474.9X2X3  (4)

Y2 =2.4X1 - 126.1X2 — 0.8X3 — 159.6X1X2 + 201.2X2X3
+549.1X2X3(X2 — X3) (5)

Y3 =1.1X1+164.8X2 - 67.6X3 - 185.7X1X2+147.7X1X3 (6)

It must be remembered that X1, X2 and X3 represent the
proportions of each component in the mixture i.e. PP, MAH-PP and
PAG, respectively. Tables 4 and 5 indicate the estimated regression
coefficients for the above equations and ANOVA table at 95%
confidence level, respectively.

In the tensile strength regression model, there are two significant
2-way interactions in the model because the p-value of their coeffi-
cients is less than 0.05 (a-level). Because these have the same p-
values therefore, both interactions have the same significant effect.
The suggested model for the tensile strength variations was adequate
because not only F-value for the regression model = 26.72 > Fp, (4,
10) = 3.48 and its p-value was less than 0.05 but also F-value for the
lack-of-fit = 0.56 < Fi,p, (8,2) = 19.37 and its p-value of lack-of-fit was
greater than 0.05. Also, according to Fig. 6, the residuals distribution
is normal because the p-value for the normal distribution of the
residuals is 0.527 (i.e. greater than 0.05). This indicates that the
tensile strength model has an adequate goodness-of-fit.

In the elongation at break regression model, although p-value of
3-way interaction was more than 0.05 but to remove the related
coefficient caused a reduction in the adjusted R? value. Therefore, it
is better to retain this coefficient in the model. Anyway, the smaller
the p-value, the more significant is the corresponding coefficient
[21,22]. Thus the significant effect of the interactions was ranked as:
MAH-PP*PA6 > PP*MAH-PP > MAH-PP*PA6*(MAH-PP — PAG). The
suggested model was adequate because F-value for the regression
model = 6.61 > Fi,p, (5, 9) =3.48 and its p-value was less than 0.05
and also F-value for the lack-of-fit = 1.03 < Fiap. (7, 2) = 19.35 and its

Table 3
Comparison of experimental (Expl.) and predicted (Fitted) values for tensile strength, elongation at break and K/Smax.
Sample number Proportion of the components Tensile strength (MPa) Elongation at break K/Smax
(%)
PP MAH-PP PA6 Expl. Fitted Expl. Fitted Expl. Fitted

1 0.8125 0.075 0.1125 23.046 23.408 4330 3.648 8.726 7.870
2 0.925 0.075 0 25.613 25.455 3.296 3.829 1.040 0.532
3 0.85 0.15 0 25.196 25.543 3.656 3.473 1.060 2.011
4 1 0 0 19.703 19.992 2.450 2.389 0.948 1.143
5 0.75625 0.0375 0.20625 20.133 19.665 2.106 2.283 12.495 10.880
6 0.7 0.15 0.15 23.560 22.780 4.266 3.932 11.174 11.392
7 0.7 0.075 0.225 20.707 21.361 2.396 2425 11.719 11.470
8 0.90625 0.0375 0.05625 22223 22.378 2.966 3.220 5.385 4.632
9 0.85 0 0.15 17.870 17.295 2.116 1.912 8.458 9.668
10 0.83125 0.1125 0.05625 27.233 25.141 5.046 4.155 5.676 5.227
11 0.775 0.15 0.075 22.870 24.161 3.473 4.166 7.400 7.532
12 0.75625 0.1125 0.13125 24.066 23.768 3.350 3.920 9.621 9.395
13 0.7 0 0.3 14.493 14.599 1.370 1.435 10.805 11.548
14 0.8125 0.075 0.1125 21433 23.408 3.233 3.648 6.521 7.870
15 0.8125 0.075 0.1125 24.210 23.408 4.023 3.648 8.006 7.870
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Table 4
Estimated regression coefficients for various regression models.

Terms of the Tensile strength Elongation at break K/Sp.x model

models model model
Coefficients p-value Coefficients p-value Coefficients p-value

X1 20 - 24 - 1.1 -

X2 —349.2 — -126.1 — 164.8 —

X3 2 - -0.8 - -67.6 -

X1X2 477.8 0.003 -159.6 0.05 —185.7 0.010
X2X3 474.9 0.003 201.2 0.027 - —

X1X3 - - - - 147.7 0.004
X2X3 (X2-X3) — - 549.1 0.085 — -

p-value of lack-of-fit was more than 0.05. As seen in Fig. 7, the
p-value for normal distribution of the residuals is 0.958 (i.e. greater
than 0.05), so the suggested model has an adequate goodness-of-fit.

In the K/Smax regression model, the interaction effect related to
X1X3: PP*PA6 was more significant than X1X2: PP*MAH-PP.
Because F-value for the regression model =53.27 > Fiap. (4, 10) =
348 and p-value=0<0.05 and also F-value for the lack-of-
fit =0.67 < Fap. (8, 2)=19.37 and the p-value =0.717 > 0.05, the
suggested model was adequate. Also, according to Fig. 8, the sug-
gested model has an adequate goodness-of-fit because the p-value
is 0.828 (i.e. greater than 0.05) in the normality test.

Minitab® software can display the three-dimensional relation-
ship in two dimensions via contour plotting. This plot shows how
a response variable relates to three components based on a related
model in two dimensions. Figs. 9—11 indicate contour plots of
tensile strength, elongation at break and K/Sp,,x models.

Also, the software is capable of overlaying (superimposing) the
contour plots, simultaneously. Overlaid contour plots are used to
visually identify the optimum region of multiple responses in
a mixture experimental design [19]. According to Fig. 12, overlaying
the three above mentioned contour plots illustrates an optimum
region in which PP/PA6 blends have acceptable disperse dye uptake
(i.e. equal to or more than that of the pure nylon 6 sample) together
with minimal impairment of mechanical properties (i.e. tensile
strength > 19.9 MPa and elongation at break > 2.38%). It must be
remembered that cost considerations are of utmost importance;
therefore linear contour plots of the cost of dyeable polypropylene
can be overlaid in the optimum region to attain an optimal region of
high performance/low cost dyeable polypropylene.

4.3. Morphological and thermal analyses

According to the overlaid counter plot, some interesting blends
are located in the optimum region. For example, sample 6 (PP/
MAH-PP/PA6: 0.7/0.15/0.15) which is located in the optimum
region, has a tensile strength of 22.78 MPa (>19.9 MPa), an elon-
gation at break of 3.93% (>2.38%) and a K/Smax of 11.39 (>10.8). On
the other hand sample 9 (PP/PA6: 0.85/0.15) does not fall in the
optimal region because its tensile strength, elongation at break and
K/Smax are 17.29 MPa (<19.9 MPa), 1.91% (<2.38%) and 9.67 (<10.8),

Table 5
ANOVA table for the regression models.
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Fig. 6. Probability plot of the residuals for the tensile strength model.

respectively do not satisfy the minimum requirements. Fig. 13
compares tensile strength, elongation at break and K/Spmax of
three samples namely, sample 4 (the neat PP sample), sample 9
(PP/PA6: 0.85/0.15) and sample 6 (PP/MAH-PP/PA6: 0.7/0.15/0.15).

The tensile strength regression model reveals that the compa-
tibilizer i.e. maleic anhydride grafted polypropylene plays an
important role in improving tensile strength of the blends. In other
words, at a constant proportion level of PP or PA6, the tensile
strength of the blends will increase as the amount of compatibilizer
is increased. As Fig. 13 shows, adding PA6 to PP by an amount of 15%
(sample 9), causes a decrease in the tensile strength from 19.9 MPa
for sample 4 to 17.29 MPa for sample 9. On the other hand, addition
of 15% of the compatibilizer increases the tensile strength to
22.78 MPa for sample 6. Immiscibility of polypropylene and poly-
amide 6 is due to considerable differences in their polarities.
Polymers with different polarities tend to separate and those with
similar polarities tend to agglomerate, hence separate phases are
formed when they are mixed. Even at the interface, they tend to
reject each other (positive enthalpy), giving a weak interface which
can not resist applied stress (low strength, elongation and impact
strength) [23]. High surface tension of polyamide 6 causes unsuit-
able wetting of its particles by polypropylene. Therefore possible
defects such as voids are formed at the interface which could
contribute to the lowering of tensile strength [2,24]. It has been
reported that the presence of a compatibilizer leads to a significant
lowering of the surface tension of polyamide 6 [10,25]. Reducing
the interfacial tension causes good wetting and better dispersion of
the polyamide 6 particles within the PP matrix. Improving disper-
sion of the particles increases the surface area of polyamide 6 and
this in turn promotes interaction between polyamide 6 and the
compatibilizer i.e. reaction between NH2 and MAH groups, which
results in formation of amide or imide linkages [25—27]. Finer
dispersion of the polyamide 6 particles and formation of amide or
imide linkages guarantee improvements in the tensile strength of
the compatibilized blends. As Fig. 14 shows, adding 15% of

Source Tensile strength model Elongation at break model K/Smax model
DF F Fiap. p-value DF F Fiap. p-value DF F Fiab. p-value
Regression 4 26.72 348 0.0 5 6.61 3.48 0.008 4 53.27 3.48 0.0
Residual error 10 9 10
Lack-of-fit 8 0.56 19.37 0.77 7 1.03 19.35 0.57 8 0.67 19.37 0.72
Pure error 2 2 2
Total 14 14 14
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Fig. 7. Probability plot of the residuals for the elongation at break model.
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Fig. 8. Probability plot of the residuals for the K/Spax model.
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Fig. 9. Contour plot of the tensile strength model.

Elong. at break (%)

< 2.38
B 238 - 3.50
= > 3.50

MAH-PP

Fig. 10. Contour plot of the elongation at break model.
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Fig. 11. Contour plot of the K/Sy.x model.

polyamide 6 to polypropylene causes coarse dispersed polyamide 6
particles having particle size greater than 2 microns within the PP
matrix in sample 9 (Fig. 14c). But the particles become much finer
with particle sizes less than 500 nanometers in sample 6 when 15%
of the compatibilizer was added to the blend (Fig. 14d).

Variations in the elongation at break are also strongly depen-
dent on the presence of the compatibilizer. This could also be
explained in terms of formation of amide or imide linkages which
induces interfacial bonding between polyamide 6 and poly-
propylene in the presence of MAH-PP. The compatibilized blends
could withstand tensile deformation at a higher elongation at break
because the interfacial adhesion between polyamide 6 and poly-
propylene is still strong enough to withstand the deformation up to
its break point. Fig. 13 shows that the presence of 15% polyamide 6
in the PP matrix (sample 9), causes a decrement in the elongation at
break from 2.38% for sample 4 to 1.91% for sample 9. By adding 15%
of the compatibilizer, on the other hand the elongation at break
increases to 3.93% (i.e. two times greater than 1.91%) for sample 6.

Although the K/Smax regression model emphasizes that both the
polyamide 6 and the compatibilizer are significant for improving
disperse dye uptake of the blends but it reveals that the presence of
the polyamide 6 in the blends is more important than that of the
compatibilizer. As Fig. 13 shows K/Smax of the neat PP sample
(sample 4) is 1.14. By adding 15% of polyamide 6 to the neat PP (i.e.
sample 9), the K/Smax increases to 9.67 i.e. 8.5 times greater than the
K/Smax for the neat PP sample. When 15% of the compatibilizer is
added (sample 6), however, the K/Spax of the sample is 11.39 i.e. an
increase of only 1.18 times greater than the K/Spax of sample 9. It is
clear then, that polyamide 6 has a more significant effect on the
disperse dyeability of the blends than the compatibilizer. Princi-
pally, the dyeing process of a substrate is divided into four steps,
namely: diffusion of dye in the dye bath solution, adsorption at the

Tensile 5t. (MPa)

19.9

Elong. @ Break (%)

- 2.38
6
K/§ max
10.8
il 1 > ———— 14
03 0.0
MAH-PP

Fig. 12. Overlaid contour plot.
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Response value

Sample number

O Tensike strength (Vipa)
B Elongation at break (%)
8 K'S max

sample 4: neat PP
sample 6: PP/MAH-PP/PA6: 0.7/0.15/0.15
sample 9: PP/PA6: 0.85/0.15

Fig. 13. Tensile strength, elongation at break and K/Sy.x for samples 4, 6 and 9.

substrate’s surface, diffusion into the substrate and finally, fixation
of the dye to the substrate. In order to achieve an acceptable dye
uptake, it is necessary that the substrate should not only have
sufficient amorphous regions for better dye diffusion but also it

should possess enough polarity to encounter sufficient dye
adsorption and good dye fixation during the dyeing process. It is
well known that polypropylene has a non-polar, highly crystalline
structure which limits the accessibility of dye molecules to its

SEM HV: 20.00 kV WD: 14.8500 mm VEGAWTESCAN  SEM HV: 20.00 kv WD: 16.5530 mm VEGAW TESCAN
SEMMAG: 1500 kx  Det: SE 2pm +  SEMMAG: 15.00ks  Det: SE i
Date(m/dAy): 08/11/10 guest F in f n Dati dfy): 08/11/10 guest Performance in n-nnspacsn

d Micro 1 b Micro 1

SEM HV: 20.00 kv WD: 16.3890 mm VEGAWTESCAN  SEM HV: 20.00 kV WD: 14.4860 mm VEGAW TESCAN
SEMMAG: 15.00 kx  Det: SE i
Performance in nanospace Date(m/ddy): 08/11/10 guest d Performance in nannspacen

C Micro 1

SEMMAG: 15.00 kx  Det: SE 2pm
Date(m/dAy): 08/11/10 guest

Micro 1

Fig. 14. SEM images of the blends, (a): PP; (b): PP/MAH-PP (0.85/0.15); (c): PP/PA6 (0.85/0.15); (d): PP/MAH-PP/PAG (0.7/0.15/0.15).
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Crystallinity: 52.81%
Te: 115.01 oC
Heat of cryst.: 590.62 mJ

Run 3: melting H““'-\.\ /
Crystallinity: 51.81% /
Tm: 161.61 -C \
Heat of cryst.: -579.94 mJ \(/
0 60 80 100 120 10 B0 180 °C

Fig. 15. DSC thermograph of sample 4 (neat PP).

matrix. Insufficient chemical affinity between the PP and dyes and
lack of polarity of the polymer chains cause dye molecules to be
retained only by weak non-polar physical forces. Also, the current
theoretical knowledge about diffusion of a dyestuff from a solution
into a substrate makes it possible to observe that disperse dyes
diffuse primarily into the amorphous regions and the interfaces of
a blend [11]. Therefore, it is no wonder that the K/Syax value for the
disperse dyed neat PP sample is low (i.e. 1.14). Incorporation of the
polyamide 6 into PP matrix results in creation of two distinct
regions i.e. the polyamide 6 particulates and the interfacial regions
in the blends. Both of these regions are susceptible to dyeing with
disperse dyes. Table 2 indicates disperse dye uptake of Akulon F130
sample is 10.8. Adding of polyamide 6 into to the matrix which
creates the interfacial regions in the blend, causes disperse dye

Crystallinity:50.13%
Te: 117.66 oC
Heat of cryst.: 511.87 mJ

Run 2: cooling

uptake to increase e.g. to 9.67 for sample 9. DSC thermographs of
Figs. 15 and 16 show the presence of the polyamide 6 in the matrix
results in a slight decrease in the PP crystallinity. This could
promote the diffusion of disperse dyes into the substrate. However,
it is very important to note that incorporation of the compatibilizer
into the blend makes finer polyamide 6 particulates and, therefore,
a larger interfacial region will be formed. DSC thermographs of
Figs. 16 and 17 show that during the cooling process of the PP/PA6
blend (run 2), two exothermic peaks appeared which are attributed
to the crystallization of PA6 and PP components. However, during
the cooling process of the PP/MAH-PP/PA6 blend, the PA6-related
peak completely disappeared. This is attributed to the chemical
interaction between MAH and NH2 groups approaching their
maximal stoicheometric ratio, thereby forming amide or imide

Crystallinity: 24.46 %
Tc: 189.86 C
Heat of cryst.:48.9 mJ

_\

e

" PA6 \

PP PA6

Run 3: melting

Crystallinity: 51.32%

Tm: 159.12 <C

Heat of crysta.: -523.95 mJ \/
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T et
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Tm: 218.51 «C
Heat of cryst.: -43.85 mJ

» < » w0 n ® «w wo " 0 w

o

o wo m w "w 20 no m m ol <

Fig. 16. DSC thermograph of sample 9 (PP/PA6: 0.85/0.15).
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Fig. 17. DSC thermograph of sample 6 (PP/MAH-PP/PA6: 0.7/0.15/0.15).
Table 6
Fastness properties of various blended samples and pure polyamide 6 dyed with the disperse dye.
Samples Proportion of the components Wash Test 2, 50 °C Rubbing XENON LAMP
ISO/R 105/1V, Part 9; ISO/R 105/1, Part ISO/R 105/V, Part 2;
18;
PP MAH-PP PA6 Washing Staining With crockmeter Assessment by blue scale
co e Dry Wet
3 0.85 0.15 0 4to5 5 5 5 5 5
4 1 0 0 5 5 5 5 5 5
6 0.7 0.15 0.15 5 5 5 5 5 6
9 0.85 0 0.15 5 5 5 5 5 5to6
Akulon F130 (Pure polyamide 6) 4t05 5 5 5 5 6

linkages which suppress the crystallization of the PA6 component
[26]. The DSC thermograph of Fig. 17 indicates that the compati-
bilizer causes the crystallinity of PP to decrease from 51.32% for
sample 9 to 49.41% for sample 6. This could be due to the chemical
interaction of the polyamide 6 with the PP matrix (i.e. the reaction
between NH2 and MAH groups which results in formation of imide
and amide linkages) which partially prevents the crystallization of
the PP components. Therefore, because of increased interfacial
regions as well as decreased PP crystallinity, the resultant disperse
dye uptake increased from 9.67 for sample 9 to 11.39 for sample 6.

4.4. Wash, rub and light fastness properties

In order to assess the effect of each component on fastness
properties of the blends, wash, rub and light fastnesses of samples
3,4, 6,9 and Akulon F130 (i.e. pure PA6) were determined by their
respective standard test methods. Table 6 shows wash, rub and
light fastnesses of these selected samples. All the selected samples
have excellent wash and rub fastnesses and good light fastness
similar to that of Akulon F130 (i.e. pure polyamide 6) sample.
Therefore, because there is no significant difference between the
fastness properties of the blends and that of the pure polyamide 6,
it could be concluded that the other components have only
a marginal effect on fastness properties of the blends.

5. Conclusions

The utilized experimental design provided varied predictive
models for tensile strength, elongation at break and K/Smax with
adequate goodness-of-fit. The tensile strength regression model
illustrated that the compatiblizer (i.e. Fusabond® P MD353D)
played an important role in improving the tensile properties and
dyeability of the blends. Increased amounts of this compatiblizer
resulted in finer dispersion of the polyamide 6 as well as increased
formation of amide or imide linkages within the blend, hence
enhancing the tensile strength of the resultant blends. Additionally,
the formation of amide or imide linkages induce increased inter-
facial bonding between polyamide 6 and polypropylene which is
reflected in improvements in the elongation at break.

The K/Smax regression model illustrated that the presence of
polyamide 6 in the blend is essential for enhancing the dyeability of
the blend. The addition of the compatiblizer, on the other hand, has
a synergistic effect in disperse dye uptake of the resultant blends.
Incorporation of polyamide 6 into the PP matrix created two
distinct regions, namely the polyamide 6 particulates and the
interfacial regions between the two polymers. These formed
regions make the blend susceptible to dyeing with disperse dyes.
The compatiblizer increased the number of the polyamide partic-
ulates, increased the interfacial regions as well as decreasing the
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crystalinity of the blend and hence had a synergistic effect
increasing the disperse dye uptake from 9.67 for sample 9 to 11.39
for sample 6. Overlaying the contour plots gave an optimum region
for the proportions of the chosen components in which maximum
disperse dye uptake as well as acceptable mechanical properties
could be attained.

Fastness properties of the blends were good to excellent and
comparable to the pure polyamide 6. The amount of each compo-
nent did not have a significant effect on fastness properties of the
blends.

Finally, despite high disperse dye uptake of most blends, the
acid dye uptake as expected was unacceptable due to low amine
content, weak basicity of the amine and high molecular weight of
Akulon F130, the utilized polyamide 6.
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