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Abstract-This paper focuses on the structural, mechanical, and micro-hardness properties of PVB: PVDF-HFPblends. These
blends were prepared using the solution casting technique. The prepared blend samples were analyzed using Fourier Transform
Infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), Differential Scanning Calorimetry (DSC) and microhardness testing. The
FT-IR and XRD spectra of pure PVB, pure PVDF-HFP, and their blends were observed and analyzed. The analysis confirmed the
molecular interaction between the two polymers and the dominant presence of the a-phase of PVDF-HFP in the blends. X-ray
diffraction was used to investigate the crystalline size, revealing that the crystallinity index increases with the concentration of
PVDF-HFP in the blend. The DSC study focused on the glass transition range of the blends, indicating that they have a single
glass transition temperature, suggesting miscibility/ or compatibility in the selected composition range. The Vickers microhardness
indentation technique was used to assess the effect of PVDF-HFP on PVB. Various characterizations in this study indicate that
the prepared blends are compatible within the selected composition range.
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1. INTRODUCTION

Polymer blends have garnered significant attention in materials science and engineering due to their ability to
combine the desirable properties of different polymers into a single material. Among various polymer blends,
the combination of polyvinyl butyral (PVB) and poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
stands out for its potential in numerous applications, ranging from flexible electronics to high-performance
coatings [1]. This paper focuses on the structural, thermal, and micro-mechanical properties of PVB and PVDF-
HFP blends, highlighting their potential for advanced material applications.

Polyvinyl butyral (PVB) is a well-known polymer primarily used in safety glass laminates due to its excellent
adhesive properties, transparency, and flexibility. PVB's characteristics make it an ideal candidate for blending
with other polymers to enhance its mechanical and thermal properties [2]. On the other hand, PVDF-HFP, a
copolymer of vinylidene fluoride and hexafluoropropylene, is renowned for its outstanding chemical resistance,
thermal stability, and ferroelectric properties [3]. The combination of PVB and PVDF-HFP could potentially
result in a material that harnesses the beneficial properties of both polymers, such as improved mechanical
strength, thermal stability, and enhanced microhardness.

The primary objective of this study is to investigate the structural, thermal, and micro-mechanical properties of
PVB: PVDF-HFP blends. The research aims to understand the interactions between PVB and PVDF-HFP at
the molecular level and how these interactions influence the overall properties of the blends.

Previous studies have explored various aspects of PVB and PVDF-HFP individually [1-3], but comprehensive
studies on their blends are relatively scarce. PVB has been extensively studied for its applications in laminated
safety glass, where its mechanical and adhesive properties are critical. Studies have shown that PVB exhibits
good flexibility and impact resistance, making it suitable for various applications beyond safety glass.
PVDF-HFP has been widely investigated for its use in high-performance applications, including piezoelectric
devices, chemical-resistant coatings, and membranes for fuel cells. The unique properties of PVDF-HFP, such
as its ferroelectricity and high thermal stability, make it an attractive candidate for blending with other polymers
to create materials with enhanced properties [2].

Combining PVB with PVDF-HFP could result in a blend that benefits from the advantageous properties of both
polymers. However, the exact nature of the interaction between these two polymers and its effect on the overall
properties of the blend remains an area that requires thorough investigation.

The study aims to provide a comprehensive understanding of the structural, thermal, and micro-mechanical
properties of PVB: PVDF-HFP blends. By elucidating the interactions between PVB and PVDF-HFP, the
research is expected to reveal how these blends can be tailored for specific applications. The insights gained
from this study could lead to the development of new materials with improved performance characteristics,
potentially impacting various industries, including electronics, coatings, and automotive sectors.

2. MATERIALS AND METHOD
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The commercial PVB and PVDF-HFP powders utilized in this study were obtained from Merck, India and
distributed by Sameer Science Lab, India. These polymers and chemicals were used as received, with no
further purification.

The samples for this study were prepared using the solution casting technique [4]. Specified concentrations of
solutions were created by dissolving the PVB and PVDF-HFP polymers in varying weight ratios in N,N-
Dimethylformamide (DMF) at 80°C. Blend samples, each measuring 6 cm? with a thickness of approximately
205 ym, and with PVB: PVDF-HFP weight compositions of 100:0; 95:05; 90:10; 85:15; 80:20; 85:15; and
0:100, were prepared

2.1FT-IR Analysis

The FT-IR spectra of the samples were obtained using a Shimadzu FTIR-8400 spectrophotometer. Spectra
were recorded in the range of 4000 to 500 cm™. Each spectrum was captured with a resolution of 2 cm™ over
25 cumulative scans by mounting a film of the appropriate dimensions on the sample holder in transmission
mode.

2.2XRD Analysis

X-ray diffraction patterns were employed to observe changes in the crystalline and amorphous regions of the
samples. The specimens were positioned in an aluminum sample holder, exposing the upper smooth surface
to X-rays in a vertical goniometer assembly. The scanning was conducted over a range of 3 to 60° at a speed
of 4°/min, with an operating voltage of 40 kV and a current of 15 mA. CuKa radiation, with a wavelength of
1.540 A, was utilized on a Rigaku Miniflex 600 Benchtop Powder X-Ray Diffraction (XRD) Instrument.

2.3DSC Analysis

The glass transition temperature of the blend samples was characterized using a DSC-60 Plus Series
Differential Scanning Calorimeter. The calorimeter employed a heat flux measurement type and operated over
a temperature range from -140°C to 600°C. The analysis was conducted in the temperature range of 0°C to
300°C at a heating rate of 10°C/min. To achieve the necessary low temperatures for analysis, liquid nitrogen
was utilized.

2.4Microhardness measurements
Microhardness measurements on various specimens were performed using an MPH 160 microhardness tester
equipped with a Vickers diamond pyramidal indenter attached to a Carl Zeiss NU2 universal research
microscope. The Vickers hardness number (HV) was calculated using the following relation:
1.854 * L

T
where L is the load in kg and d is the diagonal of the indentation in mm. Multiple indentations were made at
various loads, and the average hardness number was calculated.

Kg/mm?

3. RESULTS AND DISCUSSION

3.1FT-IR

Figure 1 illustrates the FT-IR spectra of pure PVB and PVDF-HFP, as well as their blend samples at weight
ratios of PVB:PVDF-HFP 95:05, 90:10, 85:15, and 80:20. These spectra were analyzed to identify
characteristic bands of the individual polymers and any interactions present in the blends [5-7].

In the FT-IR spectra of the blend samples, typical peaks associated with pure PVB and PVDF-HFP were
observed. Shifts in characteristic bands related to functional groups such as -OH, -CF2, and -CF from their
positions in the pure polymers suggest chemical interactions between the two [8]. Additionally, distinct
absorption bands were noted in the fingerprint regions.

As the weight percentage of PVDF-HFP increased in the blends, there was a noticeable shift in absorption
bands and a decrease in transmittance, indicating miscibility and compatibility within the studied composition
range. Characteristic bands at 976, 843, 795, 610, and 532 cm™, corresponding to the a-phase of PVDF-HFP,
were also present in the blend samples [9]. These bands became more prominent with higher PVDF-HFP
content, suggesting an increase in crystallinity.

The samples were prepared using the solution casting technique with DMF as the solvent, at an evaporation

temperature of 80°C. Under these conditions, the films obtained were predominantly in the alpha phase in their
unpoled state [10].
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Figure 1: FTIR plots of pure PVB, PVDF-HFP and their blends i.e. PVB: PVDF-HFP:: 95:05;90:10;85:15
and 80:20

3.2XRD

X-ray diffraction (XRD) patterns were obtained to analyze the crystalline, semi-crystalline, and amorphous
characteristics of pure polymers and their blend samples. Figure 2 shows the XRD patterns of pure PVB,
PVDF-HFP, and their blends. The XRD pattern of the pure PVB film exhibits an amorphous feature
characterized by a halo centered at 26 = 23.94°. This halo pattern and peak positions are consistent with XRD
patterns reported for PVB by various authors [2, 11], confirming that the PVB in this study remains in its
amorphous state.The XRD pattern of the PVDF-HFP film shows an intense peak at 26 = 19.68°, with a shoulder
peak at 18.18° and additional noticeable peaks at 26 = 26.58° and 38.7°. PVDF-HFP typically exists in multiple
phases (a, B, v, 0, €) [12], and in this case, the peak positions indicate that PVDF-HFP is primarily in its a-
phase, with a weak indication of the monoclinic a-phase at 26 = 38.7° [12]. While the possibility of B-phase
cannot be entirely ruled out from the XRD pattern alone, the predominant a-phase is evident, which can also
be influenced by film preparation conditions [10, 13].Observations from the XRD patterns of blend samples
reveal a decrease in amorphous nature with increasing weight percentage of PVDF-HFP in the blend. As the
PVDF-HFP content increases, the halo nature of the main peak of PVB transitions into a narrower peak with
new 20 positions. At higher weight percentages of PVDF-HFP, the blend samples exhibit a semi-crystalline
nature. Various parameters obtained from the XRD patterns of blend samples, such as interplanar distance,
crystallite size, and order of crystallinity [14], are summarized in Table 1. The table illustrates that particle size
and crystallinity increase, and the position of the peak decreases in blends as the weight percentage of PVDF-
HFP increases. This indicates that interatomic interactions occur, initiating the formation of crystalline regions
starting from 10 wt% of PVDF-HFP. The formation of the blend appears compatible within this composition
range.
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Figure 2: XRD Pattern of PVB, PVDF-HFP and their blends i.e. PVB: PVDF-HFP:: 95:05;90:10;85:15
and 80:20
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Table 1. Calculated value of Interplanar spacing, crystallite size and crystallinity index for pure PVB,
pure PVDF-HFP and their blends from XRD pattern.

Blend of . . . . . "
PVB:PVDE-HEP Peak at 20 | Interplanar Distance (d) in A | Crystallite Size (D) in A | Crystallinity Index (Crl) (%)
100:0 23.94 3.720 5.18 -
95:05 22.82 3.893 5.21 -
90:10 19.2 4.618 14.38 23
85:15 18.74 4.731 17.57 25
80:20 19.86 4.466 18.67 27
. 18.18 4.93 17.29
0:100 10.68 4.49 159.47 a4
3.3DSC

The DSC characterization in this study was employed to analyze the glass transition temperature (Tg) and the
miscibility of polymer blends. Figure 3 displays the DSC thermograms of both pure polymers and blend
samples. A detailed examination of these thermograms reveals a single Tg for both the pure polymers and the
blend samples. The presence of a single Tg in the blend samples, positioned between the Tg values of the
individual polymers and notably below the Tg of PVB, indicates the miscibility of the two polymers within this
composition range or the formation of a compatible blend [15].

The shifting of Tg towards lower temperatures is observed with an increase in the weight percentage of PVDF-
HFP in the blend. This shift occurs because the nucleation and growth of PVDF-HFP crystals increase with
higher concentrations in the blend. This growth decreases the interactions among adjacent polymer chain
segments, thereby enhancing the micro-brownian motion and polymer chain mobility of PVB in the blend. This
behavior suggests that PVDF-HFP acts as a plasticizer in the blend, resulting in the observed lowering of Tg
with increasing PVDF-HFP content [16].

The glass transition temperature and crystallinity of PVB vary widely depending on the vinyl alcohol percentage
[2]. In this study, the Tg of pure PVB was found to be 73.65°C, confirming its amorphous nature. This Tg value
also indicates that the DSC thermogram did not exhibit any melting or crystalline peak [17]. However, in the
blend samples, the DSC thermogram shows a broad transition and small crystalline peaks in samples with
higher PVDF-HFP content, suggesting the presence of heterogeneous phases at a microscale in these blends.
The broadening of the transition in miscible blends often indicates miscibility without strong specific interactions
between the blend components [15].
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Figure 3: DSC thermograms of pure PVB and blends i.e. PVB: PVDF-HFP:: 95:05;90:10;85:15 and
80:20
The Gordon-Taylor equation is utilized in our study for quantitative analysis of Tg with composition dependence
[18]. This equation is selected among various models for Tg prediction in blend systems, under the assumption
that there are no strong interactions present within the blend [19-20]. The Gordon-Taylor equation is
represented as
_ xTgy + k(1 —x)Tg,
97 x+k(1-x)
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When K=1

Ty = xTy; + (1 — )Ty,
Where x is the wt% of the component with lower Tg, which can be plasticizer, Tg1 and Tg: are the Glass
transition temperature of lower and higher Tg’s of participating polymer and k is curve fitting parameter,
indicating the nature of miscibility.
Figure 4 illustrates the variation of theoretical and experimental Tg values with increasing weight percentage
of PVDF-HFP. The Gordon-Taylor equation with a coefficient K=6 shows a good fit with the experimental
values obtained from DSC. A negative deviation from K=1 indicates adherence to the general rule of mixture,
with values of K<1 suggesting weak interactions within the blend samples. This theoretical model further
supports the observation that the interactions between PVB and PVDF-HFP are not very strong within this
composition range [19-20].
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Figure 4: Variation of theoretical and experimental Tg with increase wt% of PVDF-HFP

3.4Micro-Hardness

Vickers microhardness numbers (Hv) were calculated for pure PVB, pure PVDF-HFP, and their blend samples
at different weight percentages (PVB:PVDF-HFP::95:05; 90:10; 85:15; and 80:20) using various loads ranging
from 20 to 80 g. Figure 5 illustrates the variation of microhardness with respect to load for the pure polymers
and their blend samples.From Figure 5, it is evident that the microhardness number increases rapidly with
increasing load at low loads and then slows down at higher loads, eventually reaching a saturated value at
loads beyond 50 g. These saturated values indicate the onset of permanent deformation in the samples due
to chain-chain slipping between homopolymer or copolymer chain segments after reaching a particular load
limit. This behavior can be attributed to the strain hardening phenomenon observed in polymers [21-22].
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Figure 5: Variation of micro hardness number (Hv) with respect to load for pure PVB, pure PVDF-HFP and
their blend samples i.e. PVB: PVDF-HFP:: 95:05; 90:10; 85:15 and 80:20.

4382



International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 2, pp 4378-4385

The variation of microhardness number exhibits a curvilinear relationship with respect to load across all
investigated samples. This characteristic curve can be elucidated by Amontons' theory [23], which correlates
microhardness with frictional force. According to this theory, the coefficient of friction decreases as the load
increases, while the frictional force increases linearly with the load. As a result, the variation of Hv with load
follows a curvilinear pattern, indicating that the microhardness does not increase linearly with load. This
behavior is indicative of the small stress behavior attributed to Newtonian resistance pressure [24-25].

Figure 6 depicts the plot of Hv (Vickers microhardness) versus weight percentage of PVDF-HFP in blend
samples at various constant load values (20, 40, 60, and 80 g). The Hv value is highest for the pure PVDF-
HFP sample and lowest for the pure PVB sample. The curves for blend samples fall between those of the two
pure polymers.

The Hv values tend to increase with increasing PVDF-HFP content up to 5 wt%, and then there is no significant
increase up to 10 wt%. Beyond 10 wt%, the Hv value again increases up to 15 wt%, followed by a slight
decrease at 20 wt%. This trend suggests that increasing the content of PVDF-HFP in the blend enhances its
stiffness and toughness, as indicated by the increase in Hv. This improvement can be attributed to interactions
between the polar units of PVB and PVDF-HFP, as well as cooperative rearrangement of the amorphous
components in the blend [26-27].

In this investigation, IR and XRD studies also confirm that increasing PVDF-HFP content increases crystallinity
in the blend, which correlates with the observed increase in microhardness value. However, DSC studies
reveal a decrease in Tg values with increasing PVDF-HFP content in the blend, suggesting that PVDF-HFP
acts as a plasticizer, resulting in a softening effect on the blend.

It is noteworthy that pure PVDF-HFP is a semi-crystalline polymer with a Tg of approximately -30°C. Polymers
characterized by Tg values below room temperature typically do not exhibit high microhardness due to
significant deviation from typical deformation mechanisms [28-29]. However, this apparent contradiction has
been discussed by various authors [30-31], suggesting that even small amounts of low molecular weight and
low Tg polymers can increase microhardness and cause a decrease in Tg in amorphous-crystalline blends.
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Figure 6: Variation of Hv with increasing wt % of PVDF-HFP in blend samples.

4. CONCLUSION

The XRD studies indicate that the prepared blend samples exhibit higher crystallinity compared to pure PVB,
with crystallization initiating around 10 wt% PVDF-HFP and increasing further with higher PVDF-HFP content.
In both FTIR and XRD analyses, peak shifts confirm that PVDF-HFP is predominantly in its a-phase within the
blend samples, suggesting some level of interaction between the polymers, albeit not highly significant. The
results from XRD correlate well with those from FTIR.

DSC thermograms indicate the miscibility of the blends due to the presence of a single Tg, with a decrease in
Tg values as the weight percentage of PVDF-HFP increases, indicating that PVDF-HFP may act as a
plasticizer in the blend. However, theoretical calculations using the Gordon-Taylor equation suggest that while
interactions between the polymers occur, they are not very strong.

Microhardness measurements show that blend samples have lower microhardness compared to pure PVDF-
HFP but higher than pure PVB. This increase in microhardness with increasing PVDF-HFP content suggests
homogeneity and compatibility within the studied composition range of the blends. From a strength
perspective, this property could be advantageous for various applications. In general, different
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characterizations in this investigation indicate that the prepared blend exhibits compatibility within the selected
composition range.
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