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CRYSTALLINITY DETERMINATION Introduction A variety of natural and synthetic polymers are well known to crystallize on cooling from the melt or from solution. In fact, roughly 1/2 to 2/3 of useful polymers are crystalline or crystallizable. Unlike many low molecular weight organic compounds and inorganic crystals, polymeric materials are semicrystalline and the extent of crystallinity formation is critically important in determining ultimate physical properties, and hence suitability for particular applications (see SEMICRYSTALLINE POLYMERS). Degrees of crystallinity vary over a wide range between crystallizable polymers, as well as within a given polymer system. The crystallinity developed is dependent on average molecular weight and distribution (which inﬂuence crystallization kinetics), crystallization/processing conditions (and its relationship to the glass-transition temperature, T g , of the polymer), and the chemical structure of the chains [ﬂexible like polyethylene (PE) and poly(ethylene oxide) (PEO), or more rigid like poly(ethylene terephthalate) (PET) and poly(ether ether ketone)]. Structural regularity of the chain is also of paramount importance: ie, whether the chains contain comonomer units, stereoirregularity, etc. This article provides an overview of common methods for determining degrees of crystallinity in polymer systems, focusing on isotropic materials.



X-ray Diffraction Traditional Approaches. For many purposes, relative degrees of crystallinity (sometimes referred to as the crystallinity index) are sufﬁcient and a number of approximate wide-angle X-ray diffraction (WAXD) methods have been reported and utilized. Before the advent of modern computational tools, WAXD patterns were simply resolved into contributions from crystalline and amorphous reﬂections, and a “polynomial” background (1). The degree of crystallinity was then calculated as Ic /(Ic + Ia ), where Ic is the diffracted intensity from all resolved crystalline reﬂections, Ia the diffraction intensity under the amorphous halo, and (Ic + Ia ) the total intensity. This was an improvement over older work where peak separation was carried out arbitrarily (eg, by simply constructing a line between intensity minima; this results in lower determined crystallinity). Similar approaches are used today to obtain relative degrees of crystallinity from WAXD experiments, but modern curve resolving routines are frequently employed. Of course, the “raw” WAXD data must be of sufﬁciently high quality, having low signal-to-noise ratio (ie, the data must be obtained at sufﬁciently slow angular scan speeds or for sufﬁciently long count times), to permit reliable curve ﬁtting. If one is interested in absolute values of the crystallinty, it is important to multiply (ie, correct) the observed diffraction peaks by Lorentz and polarization factors to obtain a more accurate estimate of the total intensity diffracted by the crystalline phase (2). Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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Fig. 1. Resolution of the WAXD pattern of a multiphase POM/PS/PPO blend. The experimental WAXD pattern of the ternary blend is represented by the full bold line and that of the amorphous component by the dashed line. The result after subtraction is given by the dotted line and this can be considered as the WAXD pattern of the POM phase alone. The full ﬁne line represents normalization to 100% POM. From Ref. 3



As an example, determination of the crystallinity index of polyoxymethylene (POM) in a ternary blend with polystyrene (PS) and poly(phenylene oxide) (PPO) is presented (3). Although the latter polymer in this mixture is crystallizable, it does not do so under the processing conditions used in Reference 3. Degrees of crystallinity were estimated as the ratio of the integrated areas under the POM (100) and (105) diffraction peaks (A110 and A105 , respectively) to the total integrated diffracted intensity, ie, X c,WAXD = (A110 + A105 )/(A110 + A105 + Aa ), where Aa is the area under the amorphous halo (see Fig. 1). In this case, the amorphous halo was ﬁt using a Lorentzian function and the crystalline reﬂections with a Pearson function, using commercial peak ﬁtting software. As another example, see the WAXD pattern for a monoclinic isotactic polypropylene (PP) in Figure 2. In this case, the amorphous halo of the semicrystalline material was obtained by scaling the diffraction pattern of noncrystalline atactic PP to obtain the best ﬁt to the experimental spectrum. The authors of Reference 2 demonstrated that the WAXD pattern of isotactic PP at a temperature (T) greater than the melting point (T m , 180◦ C in this case) was the same as that from atactic PP at the same temperature. The entire diffracted intensity from the crystalline reﬂections (Ic ) was determined, and the crystallinity determined from Ic /(Ic + Ia ). The use of traditional WAXD in the determination of degrees of crystallinity for some other semicrystalline polymers can be found in References 4–8. As a result of the high X-ray ﬂux available at synchrotron X-ray sources such as that at the National Synchrotron Light Source at Brookhaven National Labs, WAXD patterns (and hence degrees of crystallinity) can be determined during the course of crystallization at a speciﬁc temperature, or at programmed heating or cooling rates (see SYNCHROTRON RADIATION). Data is typically acquired over
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Fig. 2. X-ray diffraction patterns taken at room temperature: (a) isotactic polypropylene crystallized at 145◦ C and (b) a sample of atactic polypropylene. From Ref. 2.



a limited angular range in such experiments, and a crystallinity index or relatively crystallinity is generally the best one can do. In addition, such capabilities are often linked with small-angle X-ray scattering (SAXS) instrumentation allowing one to follow the development of the lamellar microstructure in real time, along with crystallinity development. References 9–13, and the references therein, provide details of such experiments on a variety of crystallizing polymer systems. As an example, Figure 3 shows the sequence of WAXD patterns acquired (one every 30 s) during isothermal crystallization of high molecular weight PEO using a specially designed sample holder to allow for a rapid jump between the melt temperature and selected crystallization temperatures (T c ) (14). Degrees of crystallinity were determined using a curve-ﬁtting program where the diffraction proﬁle was separated into three crystalline PEO reﬂections and an amorphous halo (10). The apparent degree of crystallinity was deﬁned as the ratio of the area under the resolved crystalline peaks to the total unresolved area. The ﬁrst several patterns in Figure 3 originate from amorphous PEO. Crystallization begins subsequently and is largely complete at a time φ c .
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Thermal Analysis Probably the most widely used technique for determining degrees of crystallinity is differential scanning calorimetry (see THERMAL ANALYSIS). This is due to the ready availability of such instrumentation, rapid turn around time, and apparent simplicity. The heat of fusion is measured experimentally and the weight-fraction degree of crystallinity deﬁned as:  Xc,DSC = Hf Hf0



(3)



where H f is the measured heat of fusion (strictly, referred to temperature T) and H f 0 is the heat of fusion of the 100% crystalline polymer (again, strictly, determined at T). Since H f is measure at the melting point and H f 0 is estimated at comparable temperatures, it is important to recognize that X c,DSC is therefore deﬁned near T m , not at ambient temperature where values from other analytical methods are usually determined. The main experimental problem encountered in measuring heats of fusion is the construction of an appropriate baseline delineating the melting endotherm from the underlying heat capacity contribution. The general equation relating measured heat capacity to thermal measurement is (23) H = Xc · Hc + (1 − Xc )Ha + (dXc /dT) Hf



(4)



where H is the measured heat capacity and the subscripts c and a refer to the crystalline and amorphous states, respectively. In the melting region, the last term in equation 4 dominates and in the vast majority of the cases in the literature, a straight line is used to connect the onset to the last trace of melting. For relatively sharp-melting materials, the error involved in using a ﬂat baseline is typically small. Some polymers, on the other hand, may melt over a wide temperature range, and it can be difﬁcult to determine where melting actually begins. In addition, appreciable baseline curvature can arise from instrumental factors or changes in heat capacity with temperature. As a result, the simple linear baseline construction is not necessarily correct. To avoid potential inconsistencies and uncertainties noted above, three similar methods have been proposed in literature. A brief summary of these approaches is provided below, and the interested reader is encouraged to consult the original publications. Although by all accounts these are preferred methods, they are not routinely applied in the literature. The ﬁrst of these is now often referred to as the total enthalpy method (24,25). In one version, the crystallinty is determined as follows (25). At a temperature T 1 below where melting begins, the total heat capacity can be written simply as H1 = Xc,1 · Hc,1 + (1 − Xc,1 )Ha,1



(5)



where X c,1 is the crystallinity at T 1 and H c,1 and H a,1 are the heat-capacity contributions from the crystalline and amorphous components, respectively, at T 1 . At a temperature T 2 where the sample is completely molten: Cp,2 = Cp,a,2 . By
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difference, 0



H2,1 = H2 − H1 = Ha(2,1) + Hf,1 · Xc,1



(6)



where H a(2,1) = H a,2 − H a,1 and H f,1 0 is the enthalpy required to convert 1 g of completely crystalline material into 1 g of completely amorphous material at T 1 . Solving for X c,1 leads to Xc,1 = m · H2,1 − b



(7)



where m = ( H f,1 0 ) − 1 and b = H a(2,1) / H f,1 0 . Equation 7 demonstrates that the degree of crystallinity at T 1 is related to the total enthalpy absorbed between T 1 and T 2 (measured from the DSC trace). The advantage of this method is that it provides the correct crystallinity at T 1 regardless of the path the polymer takes to T 2 . However, the disadvantage is that H a(2,1) and H f,1 0 must be known to calculate X c,1 . A similar approach for determining X c,1 has been proposed by Mathot and Pijpers (26,27). Finally, the so-called “First Law method” has been proposed by Hay and co-workers (28,29). This involves two measurements: (1) a DSC experiment that determines the enthalpy change on heating from T 1 to T 2 (>T m ) and (2) a virtual experiment determining the enthalpy change on cooling from T 2 to T 1 without crystallization taking place. The difference between steps 1 and 2 leads to a residual enthalpy; ie, the heat of fusion of the sample at T 1 · H f 0 reported in the literature is normally determined near the equilibrium melting point (T m 0 ) but to determine X c,1 , H f,1 0 is needed. It has been shown that the latter can be obtained from the experiments as  0 = Hf0 −



Hf,1



Tm0 T1



(Ha − Hc ) dT



(8)



where H a and H c are the heat capacities of the completely amorphous and crystalline states, respectively. Once H f,1 0 is determined from equation 8, Xc,1 can be calculated readily. References 23 and 30 remain the best sources of a collection of H f 0 values, but there has been considerable work on a variety of polymers since their publication and it is recommended to verify particular values by reference to more recent literature. Since perfectly crystalline materials are rarely available, H f 0 values must be estimated, typically by an “extrapolation” method. For example, a series of samples of a particular polymer can be crystallized to varying degrees, and the experimental H f measured along with the sample densities. The measured H f values are then plotted vs density (or equivalently, speciﬁc volume) and the data linearly extrapolated to the density of the perfectly crystalline version of the polymer in question (19) [a value which is generally well established (see a following section)]. This extrapolation can be rather lengthy, especially for polymers of low crystallinity. In a similar fashion, measured H f values are plotted vs lc − 1 and H f 0 is obtained by extrapolating to lc − 1 → 0 (31). Crystalline lamellar thicknesses are typically determined from SAXS experiments, although other
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methods like the Raman longitudinal acoustic mode or microscopic techniques (ie, transmission electron or atomic force) are sometimes used. For polymers for which a series of analogs of various low molecular weights are available (eg nalkane analogs for linear PE), measured heats of melting of the analogs can be plotted vs n − 1 (where n = number of C atoms in an n-alkane) and H f 0 for the polymer obtained by extrapolation of the measured heats to n − 1 → 0 (32). Finally,



H f 0 has been estimated from the melting point (dissolution temperature) depression observed in the presence of a miscible diluent (33). Particularly care must be exercised when using this latter approach to use equilibrium dissolution temperatures (ie, extrapolated values representing the dissolution of a perfect crystal of the polymer at a particular diluent concentration), not simply experimentally measured quantities. Readers interested in additional background on Thermal Analysis (qv) techniques applied to polymeric materials, may see, for example, References 34–36.



Vibrational Spectroscopy Infrared (IR) and Raman spectroscopies have been used for decades to routinely characterize polymeric and other materials. Vibrational Spectroscopy (qv), particularly Fourier transform IR (FTIR), has been used extensively to probe crystalline and amorphous conformations in a wide variety of polymers, as well as to determine a measure of the crystallinity of such materials. In the FTIR spectra of crystalline polymers, one or more absorption bands are often observed that disappear when crystallization is inhibited. Provided these bands can be genuinely assigned to 3-D crystalline order, and if the absorbance of this band in the specimen under examination is in the range for which the Beer–Lambert Law is applicable, then A = log(I0 /I) = ac · Xc,ir · ρ · t



(9)



where A is the absorbance or optical density, I0 and I the incident and transmitted intensities, respectively, t the specimen thickness, ρ the overall density, and ac the absorption coefﬁcient of the 100% crystalline material. Since fully crystalline specimens are rarely available, ac must be estimated, as will be discussed shortly. If the spectrum contains bands indicative of noncrystalline material, an expression similar to equation 9 can be written for the amorphous component. Infrared bands should only be designated as crystalline bands if they disappear on melting, are predicted from group theory, and X-ray or other data proves the polymer to be crystalline. Only in a few rare cases have true crystalline bands been observed; for example, the 720–730 cm − 1 CH2 rocking doublet of crystalline PE is a reﬂection of a genuine crystallinity effect, as the splitting results from intermolecular interaction of segments in the orthorhombic unit cell (37). More frequently, reported “crystalline” bands are associated with a preferred crystalline conformation that may also be present (in lower concentration) in the noncrystalline phase. As an example of crystallinity determination by FTIR, the procedure used in Reference 38 for polyethylene is summarized here. The infrared spectrum of a solution-crystallized sample of polyethylene in the region of its CH2 rocking (and
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Fig. 6. FTIR spectrum of a solution-crystallized polyethylene (NIST standard SMR 1482, M w = 1.36 × 104 ) in the CH2 rocking and bending (scissoring) regions. Pictured are the crystalline and amorphous components in each of these regions, as resolved using a band ﬁtting procedure. From Ref. 38.



bending) modes is shown in Figure 6. The crystallinity was calculated from the ratio of the integrated intensities (absorbances) of the crystalline component in the CH2 rocking region (I722 + I730 ) to the total absorbance in this region. The latter is determined by I722 + I730 + γ I723 , where I723 is the contribution from the amorphous component, and γ is included to account for the fact that intrinsic intensities of the crystalline and amorphous bands are not equal (γ = ac /aa , where aa is the absorption coefﬁcient of the amorphous component). The value of γ was determined to be ∼1.2 in this case. Degrees of crystallinity were determined for a variety of polyethylene samples using this method and found to be the same within experimental uncertainty as those derived from DSC experiments on the same samples. This result led these authors to conclude that this FTIR method measures the “core crystallinity,” as does DSC (38). A similar approach has been used to determine the crystallinity of poly(εcaprolactone) by FTIR, in which γ was measured by monitoring changes in the absorbances of the amorphous and crystalline components of the carbonyl band during isothermal crystallization (39). In many cases in the literature a “crystallinity index” is effectively determined, either because true crystalline or amorphous IR bands are rarely available and/or γ is assumed to be equal to 1. However, such an index may prove to be suitable for a variety of purposes.
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Fig. 7. Grazing incidence reﬂection FTIR spectra (p-polarized) of PEO (pyrene endlabeled) ultrathin ﬁlms on oxidized silicon with different thicknesses (crystallized isothermally at 40◦ C). The negative bands are typical of grazing incidence reﬂection spectra on nonmetallic surfaces. From Ref. 42.



There is widespread interest in thin and ultrathin (thickness 
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