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[bookmark: OLE_LINK309][bookmark: OLE_LINK310][bookmark: OLE_LINK358][bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK330][bookmark: OLE_LINK331][bookmark: OLE_LINK19][bookmark: OLE_LINK21][bookmark: OLE_LINK108][bookmark: OLE_LINK102][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK64][bookmark: OLE_LINK63][bookmark: OLE_LINK55][bookmark: OLE_LINK89][bookmark: OLE_LINK112]ABSTRACT: The solid surface characterization using contact angle measurement is complicated and time-consuming. In this work, two computational algorithms in MATLAB and C were developed and validated by the surface properties determination of talc filler (TCF) and colored talc filler (CTCF). The results indicated that, the surface free energy parameters calculated using the two algorithms for both samples were consistent. As compared to the MATLAB function, the assembly statements of C function were longer, although the unknowns can be directly obtained using this toolbox. The  values determined by the Owens-Wendt-Kaelble (OWK), van Oss-Chaudhury-Good (vOCG) and Wu methods were consistent and contributed a major part of the . Compared to , the component contributed less to , implying a lower polarity for both samples. The lower  and  for CTCF added up to a lower  value, which could reduce filler particle-particle interactions. The mechanical properties study of acrylonitrile-butadiene-styrene (ABS) matrix filled with the two fillers showed that the incorporation of them played mainly a reinforcing role, and a better performance for CTCF was observed.
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1. Introduction
[bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK193][bookmark: OLE_LINK394][bookmark: OLE_LINK67][bookmark: OLE_LINK46][bookmark: OLE_LINK101][bookmark: OLE_LINK1][bookmark: OLE_LINK6][bookmark: OLE_LINK32][bookmark: OLE_LINK214][bookmark: OLE_LINK99][bookmark: OLE_LINK43][bookmark: OLE_LINK36][bookmark: OLE_LINK165][bookmark: OLE_LINK396][bookmark: OLE_LINK395][bookmark: OLE_LINK486][bookmark: OLE_LINK480][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK8][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK23][bookmark: OLE_LINK22][bookmark: OLE_LINK29][bookmark: OLE_LINK26][bookmark: OLE_LINK28][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK38][bookmark: OLE_LINK70][bookmark: OLE_LINK72][bookmark: OLE_LINK71]Contact angle measurement is one of the most commonly used techniques for the solids surface characterization(GOOD, 1966; Van OSS et al., 1988b). The surface free energy of a solid can be determined by measuring contact angles of different test liquids on its surface according to Young's equation(YOUNG, 1805). Numerous methods, such as the Zisman plot(FOX et al., 1950, 1952a, 1952b), Fowkes(FOWKES, 1962), Owens-Wendt-Kaelble (OWK)(KAELBLE, D H, 1970; OWENS et al., 1969), van Oss-Chaudhury-Good (vOCG)(Van OSS et al., 1988b) and Wu(WU, 1971) can be applied to the surface free energy determination. However, significant differences are present in the analysis depth and complexity of these methods. Among them, the Zisman plot method is the easiest and based on a linear regression procedure. However, for the OWK, vOCG and Wu method, geometric mean or harmonic mean are used in the formula, and thus complex equation sets need be solved(JAŃCZUK et al., 1989; RUDAWSKA et al., 2009). To reduce the ill-conditioning of these approaches, Della Volpe et al.(DELLA VOLPE et al., 2000) proposed a multicomponent approach, where the equations were written in a matrix form. Gindl et al.(ADAM, 1993) solved the equations by calculating a least-squares solution to obtain the best approximation for the surface energy components. Therefore, simple and fast algorithms need be developed to facilitate the complex calculation. 
[bookmark: OLE_LINK65][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK66][bookmark: OLE_LINK75]In this work, two computational algorithms with MATLAB/C toolbox were proposed and validated by the surface properties determination of talc filler (TCF) and colored talc filler (CTCF). In order to confirm the surface free energy calculated and give scientific support for the large-scale application of CTCF in the plastic industry, the mechanical performance of acrylonitrile-butadiene-styrene (ABS) matrix filled with CTCF was investigated as well.
2. Basic theories
[bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK294][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK557][bookmark: OLE_LINK558][bookmark: OLE_LINK82][bookmark: OLE_LINK83]The key equation used to determine the solid surface energy by contact angle measurement is the Young's equation(YOUNG, 1805), which was derived from the equilibrium condition of forces representing surface tensions at the contact point of three phases— solid, liquid and gas.

  (1)



[bookmark: OLE_LINK285][bookmark: OLE_LINK559][bookmark: OLE_LINK560]where ,  and  are the surface free energies of solid, liquid and solid-liquid (mJ/m2), respectively. ϴ is the contact angle between the solid surface and test liquid (°).




[bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK31][bookmark: OLE_LINK266][bookmark: OLE_LINK269][bookmark: OLE_LINK134][bookmark: OLE_LINK135]In Young's equation, both θ and  are measurable. In order to obtain  and  by solving this equation, an additional relationship between these quantities has to be made. An understanding of the different methods requires an explanation of work of adhesion (), which can be written as:

  (2)



where  and  represent the surface tensions of phases A and B; and  represents the interfacial tension between the two phases. For the solid-liquid system, the equation can be displayed as:

  (3)
Combining Eq. 3 with Eq. 1 yields:

  (4)

[bookmark: OLE_LINK477][bookmark: OLE_LINK479][bookmark: OLE_LINK487][bookmark: OLE_LINK488]In a similar way, the work of cohesion () of one substance (e.g., A) can be defined as:

  (5)
[bookmark: OLE_LINK344]WA between the solid and liquid equals the geometric mean of individual cohesion work(BERTHELOT, 1898).

  (6)
[bookmark: OLE_LINK113][bookmark: OLE_LINK117]where WSS and WLL are the work of cohesion of solid-solid and liquid-liquid, respectively. 
Combining it with Eqs. 4 and 5 yields:

  (7)
2.1 OWK method
[bookmark: OLE_LINK352][bookmark: OLE_LINK353]Owens and Wendt(OWENS and WENDT, 1969) extended Fowkes' idea and proposed:

  (8)




[bookmark: OLE_LINK118]where , ,  and  represent the dispersion and specific components of the solid stationary phase and test liquid, respectively.
[bookmark: OLE_LINK489][bookmark: OLE_LINK492]Combining it with Eq. 7 leads to Eq. 9: 

  (9)


[bookmark: OLE_LINK90][bookmark: OLE_LINK96]There are two unknowns  and  in Eq. 9, thus at least two liquids (in this case, formamide and diiodomethane) with known dispersive and specific components are needed to solve it. The unknowns could be calculated(JAŃCZUK and BIAŁLOPIOTROWICZ, 1989; RUDAWSKA and JACNIACKA, 2009):

 (10)

     (11)









where  and ,  and ,  and  represent the ,  and  of two test liquids, respectively. ϴL1 and θL2 represent the contact angles of TCF and CTCF for the two liquids.
[bookmark: OLE_LINK57][bookmark: OLE_LINK56][bookmark: OLE_LINK59][bookmark: OLE_LINK60]If we solve Eqs. 10 and 11 by hand, it will be extremely difficult and time-consuming. Therefore, computational algorithms with MATLAB and C toolbox were developed and listed in Appendix 1.
[bookmark: OLE_LINK17][bookmark: OLE_LINK20]2.2 vOCG method


[bookmark: OLE_LINK575]Van Oss et al.(Van OSS et al., 1987, 1988a, 1988b) treated surface energy as a sum of the apolar Lifshitz-van der Waals component () and a polar component (). The interfacial tension was postulated for solid-liquid systems as:

  (12)
Combining it with Young's equation, we can obtain:

  (13)



Since there are three unknowns ,  and  in Eq. 13, at least three liquids (in this case, distilled water, formamide and diiodomethane) are needed to solve it. The unknowns could be calculated using Eqs. 14, 15 and 16:



 (14)(15)                   (16)
[bookmark: OLE_LINK58]To facilitate the tedious calculation, computational algorithms with MATLAB and C toolbox were also proposed in Appendix 2.
2.3 Wu method

[bookmark: OLE_LINK207]As the OWK method, Wu(WU, 1971, 1982) discerned between dispersive and specific components of surface energy, but instead of using the geometric mean as in Eq. 9, he used a harmonic mean in the expression for .

  (17)
[bookmark: OLE_LINK141][bookmark: OLE_LINK453]In combination with Eq. 1, Wu's equation can be written as:

  (18)


As in the OWK method, Wu's method also required the use of at least two liquids; thus the formamide and diiodomethane were applied. The unknowns  and  could be calculated:


(19) (20)






where, , , , ,  and .
It can be clearly observed that, solving Eqs. 19 and 20 by hand was burdensome and time-consuming, thus computational algorithms written in MATLAB and C were proposed in Appendix 3.
3. Experimental
3.1 Materials
[bookmark: OLE_LINK327][bookmark: OLE_LINK328][bookmark: OLE_LINK323][bookmark: OLE_LINK324][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK16][bookmark: OLE_LINK18][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK37][bookmark: OLE_LINK47][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK27][bookmark: OLE_LINK5][bookmark: OLE_LINK24][bookmark: OLE_LINK3][bookmark: OLE_LINK12]The raw black talc was provided by Guang Feng Tian Tu Chemical Co., Ltd., China. It was calcined at 1200 °C for 5 min to remove the organic carbon and then the talc filler (TCF) was obtained. Direct Red 28 (DR 28) was supplied by Yiwu Yu Fang Pigment Co., Ltd., China.
3.2 CTCF preparation
[bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK184]The TCF is mixed with DR 28, water and hexadecyltrimethylammonium bromide at a weight ratio of 20: 2: 8.5: 1. After vigorous stirring, the mixture was left standing for 24 h. Then it was filtered, washed several times with water and finally with alcohol, and the filter cake was dried. The dried cake was ground using Chinese Medicine Grinder (HR-10B, Ruian, China) to obtain the colored talc filler (CTCF). Photographs of the TCF and CTCF powders were displayed in Fig. 1. The CTCF was not a mixed powder and the colorant was an adsorbed molecular layer on the TCF. The mean particle sizes of TCF and CTCF particulates were 20.89 and 25.06 μm, respectively, measured by a Beckman LS13320 laser particle size analyzer. The specific surface areas of TCF and CTCF powders were also determined as 2.9 and 2.0 m2/g, respectively.
Insert Fig. 1
3.3 Preparation of ABS composites 
[bookmark: OLE_LINK114][bookmark: OLE_LINK197][bookmark: OLE_LINK325][bookmark: OLE_LINK326][bookmark: OLE_LINK367][bookmark: OLE_LINK368][bookmark: OLE_LINK199][bookmark: OLE_LINK365]Before mixing, the talc fillers and ABS matrix were oven-dried. Various weight ratios of ABS and talc fillers (100:0, 98:2, 95:5, 90:10, 85:15, 80:20, 70:30 and 60:40) were mixed with 0.1 wt.% antioxidant, 1.0 wt.% lubricant and 0.1 wt.% mineral oil, using a SHJ-35 parallel co-rotating twin screw extruder (Nanjing, China). The extrudates were pelletized, and then a plastic injection molding machine (MA900/260, Ningbo, China) was used to prepare the test specimens. Photographs of the specimens were illustrated in Fig. 2. Prior to testing, impact and tensile dumb-bell bars were conditioned at a temperature of 23 ± 2 °C and relative humidity of 50 ± 5% for 40 h. The uniaxial tensile tests of ABS composites were conducted according to the ASTM D638 standard. The Izod impact test was carried out on unnotched specimens according to the ASTM D256 standard.
Insert Fig. 2
3.4 Characterization and tests
[bookmark: OLE_LINK359][bookmark: OLE_LINK123][bookmark: OLE_LINK320]The contact angles measurement of TCF and CTCF were conducted using the capillary rise method (Galet et al., 2010). The measurements were accomplished using a K100 tensiometer (Krüss GmbH, Germany) by packing two samples into a sample holder. After packing, the holder was placed onto the electronic balance of the tensiometer. The weight gain of the sample holder after contact with test liquids was recorded. The measurement settings were as follows: immersion depth 2 mm, surface detection speed of 6 mm/min, and surface sensitivity of 0.005g. The surface free energy and its components for test liquids (distilled water, formamide and diiodomethane) are listed in Table 1. The algorithms for surface free energy calculation with MATLAB/C toolbox were run within the MATLAB R2014a and Visual C++ 6.0. 
Insert Table 1
4. Results and discussion
4.1 Contact angles
[bookmark: OLE_LINK42][bookmark: OLE_LINK44][bookmark: OLE_LINK190][bookmark: OLE_LINK194][bookmark: OLE_LINK62][bookmark: OLE_LINK98]The contact angles for TCF and CTCF determined using the capillary rise method were listed in Table 2. It can be observed that there were no significant distinction between these values for both samples. In addition, contact angles for the three liquids were all less than 90°, implying an amphiphilic character for both samples. This was consistent with literatures, where the contact angles of talc for water, formamide and diiodomethane were determined as 79, 43 and 42°, respectively(WU et al., 1996). Douillard et al.(DOUILLARD et al., 2002) also reported advancing contact angles of 60, 42 and 38° for water, formamide and diiodomethane, respectively. 
Insert Table 2
4.2 Surface energy parameters
4.2.1 OWK method














The surface free energy calculation using OWK method and with MATLAB/C toolbox are listed as Appendix 1 in Supplementary Materials. For the calculation using MATLAB function, the unknowns were obtained indirectly. The result array c equaled  and , and thus c2 need be further calculated to obtain  and . For TCF, the =6.2937 and =3.9636, and thus c2 was calculated to obtain = 39.6 and =15.7. For CTCF, the =6.2533 and =3.7719, and thus the = 39.1 and =14.2. For the calculation using C function, the two parameters  and  were obtained directly. Comparing the two algorithms, it can be found that the obtained results were consistent, although the assembly statements of C function was longer.
4.2.2 vOCG method















[bookmark: OLE_LINK76]The surface free energy calculation using vOCG method in combination of MATLAB and C function are listed as Appendix 2 in Supplementary Materials. For the calculation using MATLAB function, the three unknowns ,  and  were also obtained indirectly. For TCF, the =6.2937, =1.2870 and =6.0780, and thus c2 was calculated to obtain =39.6, =1.7 and =36.9. For CTCF, the =6.2533, =1.0786 and =6.3932, and thus the =39.1, =1.2 and =40.9. For the calculation using C function, the three parameters were obtained directly. 
4.2.3 Wu method




[bookmark: OLE_LINK77][bookmark: OLE_LINK81]The surface free energy calculation using Wu method and within MATLAB and C are listed as Appendix 3 in Supplementary Materials. For both calculations using MATLAB and C function, the unknowns were obtained directly. The results were consistent and for TCF, the =40.2 and =15.4; for CTCF, the =39.7 and =14.0. 
4.2.4 Comparison
For each method, the surface free energy parameters calculated using MATLAB and C toolbox were consistent, confirming the reliability of two developed algorithms. However, as compared to the MATLAB function, the assembly statements of C function was longer, although the unknowns can be obtained directly using this toolbox. 






[bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK245][bookmark: OLE_LINK246][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK84][bookmark: OLE_LINK153][bookmark: OLE_LINK202][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK259][bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK88][bookmark: OLE_LINK124]The calculated surface free energy parameters are detailed in Table 2. It can be observed that the  determined by the OWK, vOCG and Wu method were consistent. The values for both samples contributed a major part (>71%) of the total surface energy (). As a comparison, the CTCF showed a lower value, which might be ascribed to its more uniform surface after loading with DR 28. The results were consistent with that from (IGC) analysis (Yao et al., 2016), where the calculated  fell into the range of 121.6-170.6 mJ/m2 for TCF and 51.1-76.8 mJ/m2 for CTCF across the surface coverages (0.5-10%). It is worth noting that, the  determined by the contact angle measurement were lower than those using IGC analysis. From a theoretical point of view, the results obtained from IGC and contact angle measurement are somewhat different. Ticehurst et al.(TICEHURST, et al., 1994) reported that the  results from the two methods cannot be identical, because of the distinction in their theoretical approaches. However, Planinšek et al.(PLANINŠEK et al., 2001) found a good correlation between results obtained from the two methods. Thus, a satisfactory solution to this question would require further study comparing data obtained from both methods. In fact, IGC analysis performed to determine  is mostly carried out under infinitely dilute conditions, where minimal doses of molecular probes are used. Therefore, any information obtained from IGC under these conditions will mainly concern the most active sites of the solid surfaces, which may constitute only a small fraction of the surface examined. In addition, IGC evaluates mainly high energy sites, which is associated with preferential interactions of injected probes with these sites on the heterogeneous surface of stationary phase(AHFAT et al., 2000; PAPADOPOULOU, et al., 2010). 







[bookmark: OLE_LINK140][bookmark: OLE_LINK142][bookmark: OLE_LINK481][bookmark: OLE_LINK482][bookmark: OLE_LINK447][bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK599]Compared to , the component contributed less to , implying a lower polarity for both samples. The values determined by three methods were not distinct. As a comparison, the CTCF showed a lower value. The results were consistent with that from IGC analysis (Yao et al., 2016), where the  fell into the range of 28.8-40.0 mJ/m2 for TCF and 18.1-34.6 mJ/m2 for CTCF. As a comparison, the  values calculated by the contact angle methods were also lower. A difference in  between the two methods was reported as well(SHEN et al., 1999), a result that can be expected because an infinite IGC operates at zero surface coverage of the probe molecules, and predominantly detects high energy sites(JACOB et al., 1994). Thus, the  values obtained by IGC will often be larger than those obtained by contact angle methods, as the latter detect surface sites of all energy levels and thus determine an average energy level for the solid surface. 







[bookmark: OLE_LINK52][bookmark: OLE_LINK191][bookmark: OLE_LINK192]As the  is a combination of  and , the lower  and  for CTCF added up to a lower . The results were consistent with that from IGC analysis (Yao et al., 2016), where the  values were in the range of 150.4-210.6 mJ/m2 for TCF and 69.2-111.4 mJ/m2 for CTCF. In this study, the TCF had a relatively smaller particle size and larger BET specific surface area, which might contributed to its higher surface energy.

Knowledge of the surface energies between filler particles would allow an objective decision to be made about the extent of filler-polymer interaction. The extent of the interaction between filler particles could be quantified by WC. According to Eq. 5, WC equals 2. The CTCF showed lower WC as compared to TCF, which could reduce the filler particle-particle interactions, allowing its better dispersion in a polymer matrix and thus leads to an increase in composite performance. To confirm this, the mechanical properties of ABS matrix filled with both fillers were investigated as well.
4.3 Mechanical properties of ABS composites
The mechanical properties of neat ABS and ABS composites were displayed in Fig. 3. It can be observed that the tensile strength of the specimens decreased almost linearly when TCF and CTCF were incorporated into ABS matrix. The values decreased from 43.7 to 28.7 MPa and from 42.9 to 29.8 MPa for ABS/TCF and ABS/CTCF composites, respectively, with the filler loading increasing from 2 to 40 wt.%. The tensile strength is more dependent on the filler-matrix interaction. This poor adhesion created weak interface regions, resulting in debonding and frictional pullout. The decrease in the polymer matrix content in the composite as a function of the increase in the filler content was also responsible for the low tensile strength. 
[bookmark: OLE_LINK35][bookmark: OLE_LINK41]For tensile modulus, an increasing trend was displayed with the incorporation of TCF and CTCF, especially with a filler loading greater than 20 wt.%. The tensile modulus increased by 101 and 52% for TCF and CTCF, respectively, with the filler loading increasing from 2 to 40 wt.%. 
As similar to the trend recorded for tensile strength, there was an overall decrease in flexural strength. It decreased from 83.6 (for neat ABS) to 60.1 and 60.6 MPa for TCF and CTCF, respectively, with a filler content of 40 wt.%. This behavior was different from the relationship between strength and filler content, as can be expected according to the ‘rule of mixtures’ models (KALAPRASAD et al., 1997). 
In contrast to flexural strength, the flexural modulus of the composites increased with an increase in filler content. The modulus increased by 63.3 and 58.2% for TCF and CTCF, respectively, when the filler amount was increased to 40 wt.%. These increments could be attributed to the enhanced stiffness of the composite. 
The elongation at break in tensile strength of ABS composites displayed a decreasing trend as the filler loading increased. The values decreased from 24.7 to 2.2% for TCF and from 13.3 to 2.1% for CTCF, when the filler incorporation increased from 2 to 40 wt.%. This decrement was ascribed to the low elongation of filler that restricted the flow of polymer molecules past one another. 
For the ABS composites filled with TCF and CTCF, impact strength showed a significant decreasing trend with an increase in filler content. The presence of filler in the ABS matrix creates points of stress concentration, thus providing sites for crack initiation. Another reason for the decrement in impact strength might be the stiffening of polymer chains due to bonding between filler and matrix.
[bookmark: OLE_LINK369][bookmark: OLE_LINK370]The mechanical properties study showed that incorporation of TCF and CTCF could increase the tensile modulus and flexural modulus of the ABS matrix, but it decreased the tensile strength, flexural strength, elongation at break and impact strength. Therefore, the inclusion of TCF and CTCF mainly played a reinforcing role. In addition, as compared to TCF, the CTCF played a more effective reinforcing effect.
5. Conclusion



[bookmark: OLE_LINK61][bookmark: OLE_LINK68][bookmark: OLE_LINK85][bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK208][bookmark: OLE_LINK211]Two algorithms for solids surface characterization with MATLAB/C toolbox were developed and validated by the surface property determination of TCF and CTCF. The surface free energy parameters for both samples calculated using two algorithms were consistent. As compared to the MATLAB function, the assembly statements of C function was longer, although the unknowns could be obtained directly using this toolbox. The lower  and  for CTCF added up to a lower  value, which could reduce filler particle-particle interactions, and thus lead to an increase in composite performance. The mechanical performance of ABS composites showed that the incorporation of TCF and CTCF played mainly a reinforcing role in the filled ABS, and a better mechanical performance for CTCF was confirmed. The absence of toxic metals, coupled with suitable mechanical performance, makes CTCF a candidate filler for the masterbatch industry.
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