


Supplementary Material
High-Accuracy Prediction of Complex Permittivity in Ternary Composites Using Parameters Provided by Binary Systems

Table S1. Formulations of PANI/PU composites with different PANI loadings
	Sample
	Polyurethane/wt%
	PANI/wt%

	PANI/PU-5
	95
	5

	PANI/PU-10
	90
	10

	PANI/PU-15
	85
	15

	PANI/PU-20
	80
	20

	PANI/PU-25
	75
	25



[bookmark: _Hlk238048456]Table S2. Formulations of PANI/CIP/PU composites with different PANI and CIP loadings
	Sample
	Polyurethane/wt%
	PANI/wt%
	CIP/wt%

	P-CIP-1
	70
	7.5
	22.5

	P-CIP-2
	70
	10
	20

	P-CIP-3
	70
	15
	15

	P-CIP-4
	70
	20
	10

	P-CIP-5
	70
	22.5
	7.5

	P-CIP-6
	70
	30
	0



[bookmark: _Hlk238048512]Table S3. Formulations of PANI/paraffin composites with different PANI loadings
	Sample
	Paraffin/wt%
	PANI/wt%

	PANI-1
	90
	10

	PANI-2
	80
	20

	PANI-3
	70
	30

	PANI-4
	60
	40

	PANI-5
	50
	50



Table S4. Prediction Error Metrics for the Real Permittivity of Ternary Composites
	ε'
	RMSE
	MAE
	NRMSE

	P-CIP-1
	0.2951
	0.2215
	0.0993

	P-CIP-2
	0.3606
	0.2813
	0.1171

	P-CIP-3
	0.3721
	0.3091
	0.0887

	P-CIP-4
	0.3733
	0.2872
	0.0718

	P-CIP-5
	0.6156
	0.5332
	0.0981

	P-CIP-6
	0.4145
	0.3079
	0.0562



[bookmark: _Hlk238215238]Table S5. Prediction Error Metrics for the Imaginary Permittivity of Ternary Composites
	ε''
	RMSE
	MAE
	NRMSE

	P-CIP-1
	0.1753
	0.1478
	0.1371

	P-CIP-2
	0.3641
	0.2233
	0.3512

	P-CIP-3
	0.3277
	0.2529
	0.1594

	P-CIP-4
	0.3771
	0.2315
	0.1274

	P-CIP-5
	0.5613
	0.3672
	0.1786

	P-CIP-6
	0.7486
	0.6423
	0.1895



[bookmark: _Hlk238476637]Table S6. Prediction Error Metrics for the Imaginary Permittivity of Ternary Composites
	Sample
	
 (S/m)
	

	

	

	
 (s)

	PANI
	2
	377.48
	1
	0.61
	
1.7510-10



Table S7. Densities of the constituent materials used for volume-fraction conversion and mixing-law calculations
	Sample
	PANI
	CIP
	Paraffin
	PU

	Density（g/cm3）
	1.2
	5.9
	0.9
	1.1


All density values listed in Table S7 were experimentally measured using compacted specimens and were used for the volume-fraction conversion in the mixing-law calculations.
[image: ]
[bookmark: _Hlk238050854]Fig. S1. XPS characterization of PANI: high-resolution spectra of (a) C 1s, (b) N 1s, (c) O 1s, (d) S 2p, and (e) Cl 2p, and (f) the survey spectrum.
The survey spectrum confirms the presence of C, N, O, S, and Cl in PANI-1. The C 1s spectrum contains contributions from C–C and C–N-related species at 284.78 and 286.98 eV, respectively. The N 1s components at 399.08 and 400.78 eV are assigned to –NH– and protonated –NH+ species. Meanwhile, the O 1s peak and S 2p doublet indicate the presence of S–O-containing species, whereas the Cl 2p doublet confirms chloride species. These results demonstrate the characteristic chemical structure and protonated state of the synthesized PANI.
[image: ]
Fig. S2. FTIR spectra of (a) PU and PANI/PU binary composites with different PANI contents and (b) PU and PANI/CIP/PU ternary composites with different filler contents.
All samples exhibit the characteristic absorption bands of PU, including the aliphatic –CH2/–CH3 stretching vibrations at 3000–2800 cm-1, C=O stretching vibration near 1700 cm-1, –CH₂/–CH₃ deformation vibrations, and C–O–C stretching vibrations in the fingerprint region. After the incorporation of PANI and carbonyl iron, the main characteristic bands remain essentially unchanged, although variations in band intensity and profile are observed, particularly within 1600–1000 cm-1, owing to overlapping vibrations and interfacial interactions among the components. The absence of new absorption bands or pronounced peak shifts indicates that the binary and ternary composites are formed predominantly through physical blending without altering the principal chemical structure of the PU matrix.
The depolarization factor along the x direction can be expressed as:

           (S1)







[bookmark: _Hlk229041334]where ,  and  are the characteristic dimensions along three mutually orthogonal directions. The other depolarization factors, Ny and Nz, can be obtained by interchanging  with , and  with , respectively, in the above integral. The depolarization factors satisfy:

                          (S2)
Different equivalent particle geometries can be introduced by using different sets of depolarization factors. Specifically, the needle-like geometry is described by Nx = Ny = 1/2 and Nz = 0; the flaky geometry is represented by Nx = 1 and Ny = Nz = 0; and the spherical geometry corresponds to Nx = Ny = Nz = 1/3. In this study, spherical, flaky, and needle-like equivalent geometries were compared to evaluate the influence of morphology assumptions on the retrieved intrinsic permeability.
The Maxwell–Garnett (MG) mixing law (S3) is a classical effective-medium model used to calculate the effective permittivity of composites containing fillers dispersed in a continuous matrix. It establishes a quantitative relationship between the macroscopic dielectric response and the intrinsic permittivities and volume fractions of the constituent phases, while accounting for local polarization effects.

              （S3）
The Bruggeman (BR) mixing law (S4) is a symmetric effective-medium model that treats the matrix and filler phases equivalently. It predicts the effective permittivity of a composite from the intrinsic permittivities and volume fractions of its constituents and is commonly used for systems with relatively high filler contents or less distinct matrix–filler boundaries.

             （S4）
The Coherent Potential (CP) mixing law (S5) is a self-consistent effective-medium model that determines the effective permittivity by considering each constituent as an inclusion embedded in the equivalent composite medium. By accounting for the collective polarization response of different phases, it can describe the dielectric behavior of composites over a range of filler contents.

            （S5）
[image: ]
[bookmark: _Hlk238119820]Fig. S3. Frequency-dependent complex permittivity of CIP/PU composites and extracted effective intrinsic permittivity of CIP: (a) real and (b) imaginary permittivity of composites containing 10–80 wt.% CIP at 10 wt.% intervals; (c) effective intrinsic complex permittivity of CIP extracted using the platelet-shaped Maxwell–Garnett model.
As shown in Fig. S3(a,b), both the real and imaginary permittivities of the CIP/PU composites generally increase with CIP loading, reflecting the enhanced polarization and dielectric-loss contributions of the filler. Considering the flaky morphology of CIP, the platelet-shaped Maxwell–Garnett model was employed to extract its effective intrinsic complex permittivity. The extracted real permittivity gradually decreases from approximately 58 to 50 over 2–18 GHz, whereas the imaginary permittivity remains at approximately 5–8 with weak fluctuations. This physically reasonable frequency response supports its use as an independent input for the subsequent ternary mixing model.
[image: ]
Fig. S4. Fitting performance of the platelet-form Bruggeman (BR) model for PANI/PU composites: experimental and fitted values of (a) real and (d) imaginary permittivity; (b, e) frequency-dependent residuals; and (c, f) residual distributions.


[bookmark: _Hlk238214267]The BR model reproduces the overall frequency dependence of the PANI/PU composites, with R2 values of 0.9824–0.9979 for  and 0.9098–0.9921 for . Nevertheless, the residuals exhibit composition- and frequency-dependent systematic deviations, particularly for PANI/PU-20 and PANI/PU-25, rather than being randomly distributed around zero. Therefore, although the BR model captures the general dielectric response, its overall robustness is inferior to that of the MG model and it was not selected for subsequent parameter extraction and prediction.
[image: ]
Fig. S5. Fitting performance of the spherical-form Bruggeman (BR) model for PANI/PU composites: experimental and fitted values of (a) real and (d) imaginary permittivity; (b, e) frequency-dependent residuals; and (c, f) residual distributions.


The spherical BR model captures the overall dielectric dispersion, yielding R2 values of 0.9913–0.9956 for  and 0.9061–0.9968 for . However, the residuals show pronounced composition-dependent offsets, particularly for PANI/PU-5 and PANI/PU-25, and are not centered consistently around zero. These systematic deviations indicate limited adaptability across different filler contents. Consequently, the spherical BR model provides a less reliable overall description than the MG model and was not selected for subsequent calculations.
[image: ]
Fig. S6. Fitting performance of the platelet-form Coherent Potential (CP) model for PANI/PU composites: experimental and fitted values of (a) real and (d) imaginary permittivity; (b, e) frequency-dependent residuals; and (c, f) residual distributions.


The platelet-form CP model reproduces the general frequency-dependent dielectric response, with R2 values of 0.9825–0.9979 for  and 0.9014–0.9825 for . However, evident composition-dependent deviations are observed, particularly for PANI/PU-20 and PANI/PU-25, while the residual distributions are shifted from zero. Thus, the CP model shows limited consistency across different filler contents and provides a less robust overall fit than the MG model.
[image: ]
Fig. S7. Fitting performance of the spherical-form Coherent Potential (CP) model for PANI/PU composites: experimental and fitted values of (a) real and (d) imaginary permittivity; (b, e) frequency-dependent residuals; and (c, f) residual distributions.
The spherical CP model reasonably describes the real permittivity, yielding R2 values of 0.9825–0.9979, although composition-dependent residuals remain. In contrast, it fails to reproduce the imaginary permittivity, with markedly low R2 values of 0.0817–0.1681 and residual distributions substantially shifted from zero. These results demonstrate that the spherical CP formulation cannot reliably describe the dielectric-loss response of the PANI/PU system and is clearly inferior to the selected MG model.
[image: ]
Fig. S8. Fitting performance of the platelet-form Maxwell–Garnett (MG) model for PANI/PU composites: experimental and fitted values of (a) real and (d) imaginary permittivity; (b, e) frequency-dependent residuals; and (c, f) residual distributions.


The platelet-form MG model captures the overall dielectric dispersion, with R2 values of 0.9814–0.9975 for  and 0.8841–0.9899 for . However, systematic deviations remain, particularly for the real permittivity of PANI/PU-25 and the imaginary permittivity at low and high filler contents. The shifted residual distributions indicate that this formulation cannot provide consistently accurate fitting across all compositions and is therefore inferior to the optimal MG formulation selected for subsequent analysis.
[image: ]
Fig. S9. Fitting performance of the spherical-form Maxwell–Garnett (MG) model for PANI/PU composites: experimental and fitted values of (a) real and (d) imaginary permittivity; (b, e) frequency-dependent residuals; and (c, f) residual distributions.

The spherical MG model provides acceptable fitting for several intermediate PANI contents but exhibits substantially reduced accuracy at the composition boundaries. In particular, the R2 values for  decrease to 0.4141 and 0.8870 for PANI/PU-5 and PANI/PU-25, respectively, while composition-dependent deviations are also evident in the residual distributions. Although the imaginary permittivity is described relatively well, the inconsistent performance across filler contents demonstrates that the spherical MG formulation is unsuitable for subsequent parameter extraction and prediction.
[image: ]
Fig. S10. Cross-matrix prediction performance of the needle-form Bruggeman (BR) model for PANI/paraffin composites: experimental and predicted values of (a) real and (b) imaginary permittivity.


The needle-form BR model captures the general dielectric dispersion of the PANI/paraffin composites, particularly at higher PANI contents. However, pronounced deviations occur for the low-loading samples, with R2 decreasing to 0.8402 for  and 0.5883 for . The strong composition dependence indicates limited cross-matrix transferability compared with the selected MG model, and therefore the BR model was not adopted for subsequent ternary prediction.
[image: ]
Fig. S11. Cross-matrix prediction performance of the needle-form Coherent Potential (CP) model for PANI/paraffin composites: experimental and predicted values of (a) real and (b) imaginary permittivity.


The needle-form CP model reproduces the frequency-dependent permittivity of the composites at relatively high PANI contents. However, substantial deviations are observed at low filler contents, with R2 decreasing to 0.5121 for  and 0.6711 for . The prediction accuracy depends strongly on composition, indicating insufficient cross-matrix transferability compared with the selected MG model. Therefore, the CP model was not used for subsequent ternary prediction.
[image: ]
Fig. S12. XRD patterns of (a) pristine PU and PANI/PU binary composites with different PANI loadings and (b) pristine CIP and representative PANI/CIP/PU ternary composites. The standard diffraction positions of α-Fe are provided according to PDF No. 00-006-0696.
As shown in Fig. S12(a), pristine PU exhibits a broad diffraction halo centered at approximately 20°, indicating its predominantly amorphous structure. After the incorporation of PANI, the PANI/PU composites retain the broad amorphous feature, accompanied by a weak shoulder at approximately 25°, which is associated with the short-range ordering of PANI chains. The absence of additional sharp diffraction peaks suggests that PANI is incorporated into the PU matrix without generating new crystalline phases. In Fig. S12(b), pristine CIP displays characteristic diffraction peaks at approximately 44.7°, 65.0°, and 82.3°, corresponding to the (110), (200), and (211) planes of body-centered cubic α-Fe, respectively, in agreement with PDF No. 00-006-0696. These characteristic reflections remain discernible in the PANI/CIP/PU ternary composites without an evident shift in peak position, whereas their relative intensities vary because of matrix encapsulation and compositional dilution. These results demonstrate that the crystalline structure of CIP is preserved during composite preparation and that no detectable crystalline by-products are formed.
[image: ]
Fig. S13. Fracture-surface SEM images of the PANI/CIP/PU ternary composites: (a) P-CIP-1, (b) P-CIP-2, (c) P-CIP-3, (d) P-CIP-4, and (e) P-CIP-5; (f) SEM image of pristine CIP particles. All scale bars represent 2 μm.
As shown in Fig. S13(a–e), the fillers are predominantly embedded within and covered by the PU matrix, producing relatively compact fracture surfaces without extensive interfacial voids or macroscopic phase separation. Variations in surface roughness and localized particle-rich regions among the samples reflect the changes in composite composition and interparticle spacing. The pristine CIP particles in Fig. S13(f) exhibit an irregular flattened morphology with distinct platelet-like features, supporting the platelet approximation adopted for CIP in the morphology-dependent ternary MG model. Overall, the microstructural observations support the treatment of PU as the continuous phase and PANI and CIP as dispersed functional phases.
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