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Abstract

:

A fast and highly sensitive polymer nano-mechanical thermal analysis method for determining the melting temperature (Tm) of polymer microwires was proposed. In this method, a small-size, low-cost quartz tuning fork was used as a piezoelectric transducer to analyze the thermodynamics of polymer microwires at the nanogram level without changing its own properties. Due to the thin wire sample, which has a length of 1.2 mm and a diameter of ~5 µm, which is bridged across the prongs of the tuning fork, the nanogram-level sample greatly reduces the thermal equilibrium time for the measurement, resulting in a fast analysis for the melting temperature of the polymer sample. Compared with the traditional method, the analysis method based on the quartz enhanced conductivity spectrum (QECS) does not require annealing before measurement, which is an essential process for conventional thermal analysis to reduce the hardness, refine the grain, and eliminate the residual stress. In this work, the melting temperatures of three of the most commonly used polymers, namely polymers polymethyl methacrylate, high-density polyethylene, and disproportionated rosin, were obtained under the temperature from room temperature to >180 °C, proving the QECS method to be a useful tool for nano-mechanical thermal analysis.
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1. Introduction


The nanomechanics of polymer materials has become increasingly significant for advanced technological applications including the field of optics, electricity, acoustics, mechanics, and biomedicine [1]. In order to determine the mechanics of polymer materials, research using micro samples is a large challenge, especially in some special environments or experiments [2,3,4,5,6,7]. In 2016, Qi et al. presented a novel approach to achieve microscale stimuli-responsive deformation of Janus structures for polymer actuators [6]. In addition, nanogram-level biomaterials with a silk structure have also been widely applied in many fields such as tissue engineering, drug delivery, electronic, and optical devices [7,8,9,10].



The melting temperature (Tm), which is the temperature at which one material can coexist and balance in a solid–liquid two phase, is one of the basic parameters to characterize the physicochemical properties of a crystal [11,12]. The Tm of polymers is usually not a constant value since there are two factors that have a great impact on the Tm pressure and impurity [12]. Under a certain pressure, the temperature deviation from early fusion to the melt is not more than 0.5–1 °C [11,13]. However, the Tm will change while the material is mixed with impurities. Therefore, the Tm determination is also the basic means to identify material purity [12].



In the past decades, thermometry-based Tm determination has been developed and reported. Capillary melting point measurement is one of the conventional approaches to determine the Tm [14,15,16]. In this method, the powder samples are placed in the capillary tube with a temperature increment of 1 °C/min and the Tm corresponds to the temperature at which the powder samples in the tube begin to fall, and small droplets appear. Differential scanning calorimetry (DSC) is also an alternative and accurate technique for determining the Tm [17,18,19,20,21]. The samples are heated to 120 °C and the temperature is maintained for 2 h, then the nitrogen gas is passed over for dozens of minutes and a temperature increase rate at ~10 °C/min is kept until the waxes have melt. The endothermic peak is shown in the DSC curve, and the melting point of samples is obtained accordingly. Bian et al. measured the melting point and enthalpy of wax by means of the DSC method [18]. A polarized optical microscope (POM) was also used for Tm measurement of polymers [20,21,22]. With the light beam going into the crystal material, a double refraction phenomenon appears due to the anisotropy effect of the crystal. Heating the samples at a constant temperature rise rate, the melting of the sample and the disappearance of the birefringence phenomenon determines the Tm.



In this paper, we proposed a fast and convenient method to determine the polymer Tm based on a quartz tuning fork (QTF), which was characterized by the features of small volume but femto-Newton level force sensing [23,24]. Quartz is a kind of material which has low internal losses, therefore the Q factor of a QTF is extremely high, usually ~100,000 in vacuum and ~10,000 in the atmosphere [25,26,27,28,29,30]. The QTF can be used to detect the trace gas upon absorbing the excitation laser or to determine the inter-layer friction in multiwall carbon nanotubes [31,32,33,34,35,36,37,38,39,40,41,42]. Recently, quartz-enhanced conductance spectroscopy (QECS) based on a QTF was developed for analyzing the nanomechanical behaviors of polymers near the glass transition temperature [25]. In this work, the thermodynamics of three of the most commonly used polymers, namely, polymethyl methacrylate (PMMA), high-density polyethylene (HDPE), and disproportionated rosin (DPR) were analyzed in order to determine the Tm with the sample requirement of a few nanograms.




2. Experimental Section


The spring constant of a QTF can be given by


   k  QTF   =  E  QTF    t 3  w / 4  l 3   



(1)




where    E  QTF     is the Young’s modulus of the QTF prongs, t is the QTF thickness, w is the QTF width, and l is the QTF length [28]. The length, width, thickness, and prong spacing of the QTF are measured as 3.65 mm, 0.57 mm, 0.33 mm, and 0.29 mm, respectively. The resonance frequency of the QTF can be expressed in terms of fundamental material properties


   f  QTF   =    k  QTF   /  m  QTF     / 2 π  



(2)




where    f  QTF    ,    m  QTF    . are the resonance frequency and effective mass of the QTF, respectively. Therefore, the effective    k  QTF    . which was related to the QTF spring constant and the polymer microwire thermal dynamics can be calculated from the    f  QTF     of polymer microwire modified QTF (MM-QTF). Loss modulus E″ is the metric of energy loss when material is deformed. E″ is proportional to the square of resonance frequency f and related to the inverse of the Q factor [25].


   E ″  ∝    f  QTF     2   Q   



(3)







Resistance film heaters were used to melt the polymer powder samples quickly. A tungsten microwire with a diameter of ~10 μm was used to pull and form polymer microwires from polymer melt. The polymer microwire solidified quickly in the air as a conic shape with a diameter from ~15 µm (head) to ~4 µm (tail). The polymer microwires were transferred to the microscope and cut into pieces with different diameters. The polymer microwire was transferred across the prongs of a QTF by use of a three-dimensional translation stage. The photograph of MM-QTF under an optical microscope is shown in Figure 1.



A schematic diagram of the experimental setup is depicted in Figure 2. The MM-QTF was placed in a custom-made tri-prism heat cell made of stainless steel. Three side walls of the heat cell were heated by three resistance heating films, respectively.



Based on the piezoelectric effect of the quartz crystal, the conductance spectroscopy of the MM-QTF in the cell was measured [25]. A function generator (Agilent 33210A) was used to generate a sinusoidal signal to excite the MM-QTF. The frequency of the sinusoidal signal applied to the QTF pin was scanned across the resonance frequency of the QTF, from 33,200 Hz to 33,550 Hz with a step increment of 1 Hz. The output current of the MM-QTF was firstly converted into voltage by a custom-made preamplifier with a feedback resistance of 10 MΩ (not shown in Figure 2), and then demodulated by a lock-in amplifier (Stanford Research System model SR830) working in 1f mode [31,43]. The time constant and the slope of the lock-in amplifier was 1 s and 12 dB/octave, respectively, resulting in a detection bandwidth of 0.25 Hz. The output signal of the lock-in amplifier was recorded by a personal computer (PC). The conductance spectroscopy of the MM-QTF in the frequency scanning range was acquired. The resonance frequency and Q factor of the MM-QTF can be obtained by fitting the square of the conductance spectra to a Lorenz curve.




3. Results


The conductance spectra of the QTF in the vacuum sealed metal shell, in the air as well as modified by PMMA microwire, were measured at room temperature, respectively. The obtained conductance spectra as a function of frequencies are shown in Figure 3. The corresponding resonance frequencies, Q factors, and equivalent resistances of the QTFs calculated from Lorentz curve fitting are listed in Table 1. The resonance frequency of the QTF decreased from 32,764.3 Hz to 32,758.9 Hz and the Q factor reduced from 73,131 to 13,537 after the removal of the metal shell. This is due to the dampening effect caused by air. However, when the PMMA microwire with a diameter of ~5 μm was bridged across the QTF prongs, the resonance frequency of the MM-QTF increased to 33,362.2 Hz with a frequency shift Δf of ~603 Hz. The resonance increasing, instead of decreasing, indicated that the bridged microwire had a comparable spring constant with the QTF and was able to resonate efficiently with the QTF [25,44]. The Q factor of a resonator represents the ratio of stored to dissipated energy per cycle. The Q factor of the QTF decreased from 13,537 to 920 resulting from the damping caused by the PMMA microwire, suggesting that the energy dissipating rate increases.



In the measurement, the tri-prism cell was heated from room temperature (~28 °C) to over 180 °C. As shown in Figure 4a, the resonance frequency of MM-QTF decreased monotonically from 33,362.2 Hz to 32,825.2 Hz, yielding a frequency shift Δf of 463 Hz. This is attributed to the PMMA polymer chain segments’ rearrangement when the temperature changes. The curve showed an abrupt plummet at T ~180.5 °C, which corresponds to the sudden change in the QTF effective spring constant according to Equation (2). The inset of Figure 4a shows the resonance frequency of an unmodified QTF kept constant as a comparison, indicating that the large frequency shift was caused by the spring constant variation of the polymer microwire.



Figure 4b shows the Q factor of the PMMA MM-QTF as a function of temperature. The Q factor showed a valley around 150 °C corresponding to the glass transition behavior. However, there was a steep jump of the Q factor from 346 to 11,440 around 180.5 °C, which revealed a sudden decrease in the energy dissipation rate. The inset of Figure 4b shows the Q factor of the QTF without modification by the PMMA microwire. The Q factor of bare QTF monotonously decreased slightly from 13,537 to 12,098.



The loss modulus E″ is proportional to the ratio of the square of resonance frequency to the Q factor [25]. Figure 4c shows the E″ variations of a PMMA MM-QTF with temperature. The E″ increased to the maximum value E″max near the glass transition and then began to decrease due to the polymer chains’ rearrangement. When the temperature of the material is lower than T (E″max), the polymer is in a glassy state and exhibits plasticity, and when the temperature is higher than T (E″max), the material is in a highly elastic state and exhibits elasticity, where T (E″max) is the temperature corresponding to the maximum loss modulus E″max. The loss modulus E″ plummeted at 180.5 °C, indicating the sudden modulus change of the MM-QTF. This is powerful evidence that the microwire bridged across the pongs of QTF began to melt. The polymer microwire was observed to be broken under the microscope at 180.5 >°C. The inset of Figure 4c depicts the E″ of unmodified QTF, where the E″ increased monotonously.



The QTF modified by polymethyl methacrylate (PMMA), disproportionated rosin (DPR), and high-density polyethylene (HDPE), was measured as the function of temperature in order to determine the Tm. As shown in Figure 5, there is an obvious inflection point on each curve, which means the polymer microwire started to melt. Three vertical lines were made through the inflection point of the curve, indicating that the melting points Tm of the used DPR, PMMA, and HDPE microwires were 112.5 °C, 180.5 °C, and 137.6 °C, respectively. Additionally, the measurement error of ±1 °C was estimated due to the uncertainty in the actual temperature of the microwires. According to the literature [45,46,47,48,49], the melting temperatures of DPR, PMMA, and HDPE were proven to be about 114 °C, 180 °C, and 139 °C under similar conditions. The consistency with the melting temperature measured by conventional comparative methods showed the feasibility of the QECS.




4. Conclusions


In summary, a fast and highly sensitive method for polymer nanomechanical thermal analysis was developed based on a commercially available QTF which costs less than one dollar. The advantage of the new method compared with a conventional instrument is that the required mass of the polymer was only a few nanograms. The nanogram level samples greatly reduced the thermal equilibrium time for the measurement, making the new method a fast analysis tool. Sample pretreatment for the new method is also easier, because no annealing treatment is required before the measurement, which is an essential process for conventional thermal analysis to reduce the hardness, refine the grain, and eliminate the residual stress. Compared to micro-cantilevers or other optical measurement methods, QTF has the advantage of self-sensing; the resonance frequency and Q factor can be directly read out by means of its electrical conductance spectroscopy with respect to the frequency of the external excitation source and therefore no optical beam is required. Along with the resonance frequency and Q factor, the equivalent inductance and resistance of a MM-QTF can be simultaneously acquired from the conductance spectroscopy. Further improvement can be made by bridging two or more polymer microwires across the QTF prongs to analyze the thermodynamics of multiple kinds of materials simultaneously.
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Figure 1. Photograph of a quartz tuning fork (QTF) with polymer microwire bridged across its prongs under a 45× stereomicroscope: (a) front view, (b) top view. 
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Figure 2. Schematic of the experimental setup. 
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Figure 3. Conductance spectroscopy of QTF in the vacuum sealed metal shell (squares), QTF in the air (diamond), and QTF modified by polymethyl methacrylate (PMMA) microwire (triangle), respectively. 
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Figure 4. (a) The resonance frequency, (b) Q factor, and (c) loss modulus variations of PMMA MM-QTF as a function of temperature. The figure insets show the parameter variation of QTF without modification. 
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Figure 5. E″ of disproportionated rosin (DPR), polymethyl methacrylate (PMMA), and high-density polyethylene (HDPE) microwire modified QTF as a function of temperature. 
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Table 1. The QTF parameters obtained by conductance spectroscopy.
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	Frequency (Hz)
	Q Factor
	Resistance (kΩ)





	QTF in the vacuum metal shell
	32,764.3
	73,131
	12.07



	QTF in the atmosphere
	32,758.9
	13,537
	67.75



	PMMA microwire modified QTF (MM-QTF)
	33,362.2
	920
	390.83











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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