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Thermal Conductivity and Degradation Kinetics
of Copper Nanoparticle-Reinforced Polypropylene Composites:
Towards Thermally Enhanced Active Food Packaging

This study investigates the thermal conductivity and degradation kinetics of copper nanoparticle (Cu NP)-
reinforced polypropylene (PP) composites as potential materials for thermally enhanced food-packaging
applications. Cu NP-PP nanocomposites were prepared by twin-screw extrusion at 0, 1, 2, 5,
and 10 wt% Cu NP. Thermal conductivity (A) was measured using the transient hot-wire method
(ASTM D5930; n = 5 specimens per composition), while thermal stability was characterised by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC; n = 3 per composition). Mi-
crostructure and phase composition were examined by FE-SEM, EDS, and XRD. Cu NP incorporation raised
lambda from 0.18 +/- 0.02 W/m/K (pure PP) to 0.47 +/- 0.05 W/m/K at 10 wt% — a 2.6-fold enhancement
consistent with percolation network formation (phi_c ~0.004, t = 1.87). Multi-rate Kissinger kinetic analysis
of TGA data (four heating rates: 5, 10, 15, 20 C/min) yielded apparent activation energy (Ea) increasing from
168 +/- 4 kJ/mol to 189 +/- 5 kJ/mol, corroborated by Ozawa-Flynn-Wall (OFW) isoconversional analysis,
and accompanied by a 17 C rise in onset degradation temperature. DSC confirmed Cu NPs act as heterogene-
ous nucleation sites, increasing crystallinity from 41.7 +/- 0.8 % to 50.2 +/- 1.2 % and crystallisation tempera-
ture by 7 C. The principal novelty of this work is the quantitative percolation threshold determination
(phi_c, t) and formal multi-rate Kissinger kinetic analysis for the Cu NP-PP system, providing physical pa-
rameters absent from prior studies. Antimicrobial efficacy and barrier properties were not directly measured;
therefore, the packaging relevance is contextualised using published data from analogous systems, and specif-
ic future experiments are identified. The mechanisms underlying thermal-conductivity enhancement are dis-
cussed in terms of percolation theory, phonon transport, and interfacial Kapitza resistance. Limitations related
to copper migration and food-contact compliance are also acknowledged.

Keywords: copper nanoparticles, polypropylene nanocomposites, thermal conductivity, percolation theory,
degradation Kinetics, Kissinger model, active food packaging, heterogeneous nucleation, phonon transport,
antimicrobial packaging

Introduction

Active food packaging materials represent a major frontier in food science and polymer engineering, par-
ticularly in emerging economies where post-harvest food losses impose severe socioeconomic burdens [1, 2].
The Food and Agriculture Organization (FAO) estimates that approximately one-third of all food produced
globally is lost or wasted annually, with Sub-Saharan Africa losing up to 40 % of perishable products between
harvest and consumption [3]. Effective antimicrobial packaging that simultaneously confers thermal stability
and barrier enhancement can substantially extend product shelf life without cold-chain dependence [4].

Foodborne pathogens—including Salmonella enterica, Escherichia coli O157: H7, and Listeria
monocytogenes—remain leading causes of morbidity in developing nations, where cold-chain failures
amplify microbial proliferation risks [5, 6]. Conventional polypropylene (PP) packaging, while economically
accessible, provides no intrinsic antimicrobial function and exhibits limited thermal conductivity
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(A= 0.18 W-m™-K™), constraining both thermal management and the efficiency of high-temperature pro-
cessing steps such as hot-fill sterilisation [7, 8].

Copper nanoparticles (Cu NPs) represent a cost-effective alternative to silver NPs with broad-spectrum
antimicrobial efficacy operating through reactive oxygen species (ROS) generation, direct membrane disrup-
tion, and intracellular Cu ion release that denatures essential enzymes [10, 11]. Globally, Cu-based antimi-
crobial materials have been validated across healthcare textiles, surface coatings, and polymer composites in
European, American, and Asian contexts [12, 13].

The thermal conductivity of polymer nanocomposites is governed by multiple phenomena. Above a
critical percolation threshold (¢c), interconnected filler networks form continuous thermal pathways through
the insulating polymer matrix [14, 15]. The effective medium approximation (EMA) and interfacial Kapitza
resistance (RK) at the Cu NP—PP interface are critical modelling parameters [16]. Cu NPs possess intrinsic
A=~401 W-m™-K™', but partial surface oxidation to CuO/Cu,0 (A = 30-76 W-m™!-K™") attenuates theoretical
conductivity gains and modulates antimicrobial ion-release kinetics [17, 18].

Thermal degradation of PP proceeds via random chain scission initiated by hydroperoxide decomposi-
tion [19]. Metal nanoparticles can modulate this through: (i) radical-trapping at particle surfaces; (ii) hetero-
geneous nucleation increasing crystallinity and restricting chain mobility; and (iii) metal oxide catalytic di-
version of hydroperoxide decomposition pathways [20, 21]. The Kissinger method enables rigorous extrac-
tion of apparent activation energy (Ea) from multiple heating-rate TGA data [22].

This study addresses specific gaps identified in the literature. Prior Cu NP-PP composite studies
(e.g., Wu et al. [8]; Cheng et al. [20]) report bulk thermal or mechanical property changes but do not deter-
mine the percolation threshold (phi_c) or the conductivity scaling exponent (t) that physically characterise
the filler network. Similarly, available kinetic studies of PP degradation either omit Cu NP loading effects or
apply only single-rate TGA, precluding reliable Ea determination. The present work therefore makes
the following novel physical contributions: (i) first quantitative percolation threshold determination
(phi_c ~0.004 vol fr., t = 1.87 +/- 0.12) for the Cu NP-PP system, benchmarked against 3D percolation theo-
ry; (ii) first multi-rate Kissinger analysis (four beta values) of Cu NP-PP degradation kinetics, yielding Ea
values with full uncertainty quantification and OFW cross-validation; (iii) mechanistic integration of perco-
lation, phonon-transport, and Kapitza resistance frameworks into a unified physical description; and (iv) ex-
plicit separation of experimentally confirmed results from properties (antimicrobial efficacy, oxygen barrier,
migration) requiring dedicated future study. We hypothesise that Cu NPs enhance lambda through percola-
tion network formation and improve thermal stability via heterogeneous nucleation and radical scavenging,
supported by comprehensive statistical analysis [23-25].

Experimental

2.1. Materials

Polypropylene homopolymer (PP; Mw = 350,000 g-mol™; MFI = 10 g/10 min at 230 °C/2.16 kg;
isotacticity > 96 %) was supplied by LyondellBasell Industries (Rotterdam, Netherlands). Copper nanoparti-
cles (50-100 nm; purity > 99.5 %; BET surface area =~ 8-12 m?-g™') were synthesised by aqueous-phase
chemical reduction of CuSO,-5H,O using NaBH, as reductant, with polyvinylpyrrolidone (PVP,
Mw = 40,000 g-mol™!; Sigma-Aldrich) as capping agent under nitrogen atmosphere [26]. Synthesised Cu
NPs were collected by centrifugation, washed three times with anhydrous ethanol, and dried at 60 °C under
vacuum (< 0.1 mbar) for 12 h.

2.2. Composite Synthesis and Sample Preparation

Prior to extrusion, PP pellets and Cu NPs were dried at 80 °C and 60 °C respectively for 24 h under
vacuum. Cu NP—PP composites were prepared by melt compounding using a co-rotating twin-screw extruder
(Leistritz Micro-18; L/D = 40:1) at screw speed 150 rpm and barrel temperature profile:
160-190-200-210 °C (feed to die). Compositions of 0, 1, 2, 5, and 10 wt% Cu NP were investigated. Cu
NPs were pre-dispersed in a small quantity of PP powder by ball milling (5 min, 200 rpm) before addition to
the feed hopper. Extrudate strands were water-cooled and pelletised. Composite pellets were injection-
moulded (ENGEL Victory 200/50; mold 60 °C; barrel 220 °C) into test specimens: 5 x 10 x 30 mm?
(thermal conductivity) and 3 x 3 x 25 mm® (TGA/DSC). The synthesis and characterisation workflow is
illustrated in Figure 1.
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Figure 1. Cu NP-PP Nanocomposite Synthesis and Multi-Technique Characterisation Workflow

PROCESSING WORKFLOW

CHNIQUES & PARAMETERS MEASURED

Crystallinity & Thermal Transitions i\ Thermal Conductivity (W-mK!)
Tm, Tc, AHm (J-g~*), Xc (%) using AH'm = 207 J-g~* Transient hot-wire - ASTM D3930 / 180 22007-2 - 25-100 °C
oy i i Percolation o B - . -

Elemental Mapping (Cu, 0 distribution) Phase Analysis & Crystallite Size
07.2 £ 0.4 mass’ - 0: 2.8 + 0.4 at% - Cu0/Cu:0 surface oxide shell C Cu (JCPDS 04-0836) - PP a-phase - Cuz0 (111) at 20 = 36.4°

Figure 1. Schematic of Cu NP—-PP nanocomposite synthesis and multi-technique characterisation workflow.
Cu NPs = Copper nanoparticles; PP = Polypropylene; TGA = Thermogravimetric Analysis;
DSC = Differential Scanning Calorimetry; A = Thermal Conductivity; FE-SEM/EDS = Field-Emission
Scanning Electron Microscopy / Energy Dispersive Spectroscopy; XRD = X-ray Diffraction.

2.3. Thermal Conductivity Measurement

Thermal conductivity (1) was measured using a Linseis TCA 500 thermal constants analyser employing
the transient hot-wire method in accordance with ASTM D5930 and ISO 22007-2. Five specimens per com-
position were tested at 25, 50, 75, and 100 °C. Thermal conductivity was extracted from:

A=Q/ [4n - (dT/d(In t))], (1)
where Q is the heat input per unit length (W-m™) and dT/d(In t) is the slope of temperature rise versus loga-

rithm of time. Interfacial thermal resistance (Kapitza resistance, RK) was estimated using the modified effec-
tive medium approximation:

Aeff /dm =[1 + 20B(1-Bi)] /[1 — ¢p(1-Bi)], 2
where Am is the matrix thermal conductivity, ¢ is filler volume fraction, B = (Ap — Am)/(Ap + 2Am), and Bi =

Rkam/r is the interfacial Biot number. The percolation threshold (¢c) was determined by fitting conductivity
data to the power-law model:

Aeff =dm - (¢ — gc)™t (9 > ¢0), ©)
where t is the conductivity exponent (theoretical value = 2 for 3D networks [14]).
2.4. Thermogravimetric Analysis and Degradation Kinetics

TGA was performed using a TA Instruments Q50 analyser at heating rates beta = 5, 10, 15, and
20 C/min from 30 to 800 C under nitrogen (40 mL/min). Onset degradation temperature (Tonset; 5 % mass
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loss), peak degradation temperature (Tpeak; from DTG maximum), and residual mass at 800 C were extract-
ed from thermograms. The Kissinger method was applied to extract the apparent activation energy (Ea) as
follows. For each composition, four TGA runs at different heating rates beta_i (i = 1...4) were performed on
independent samples. The peak degradation temperature Tpeak, i (in Kelvin) was identified at the maximum
of the DTG (d[mass]/dT) curve for each beta_i. The Kissinger linear regression equation is:

In(B/Tpeak?) = In(AR/Ea) — Ea/(R-Tpeak), (@)

where beta is heating rate (K/min), R = 8.314 J/mol/K, and A is the pre-exponential factor. A plot of
In(beta/Tpeak"2) versus 1/Tpeak yields a straight line with slope -Ea/R and intercept In(AR/Ea). Ea was de-
termined by linear least-squares regression of the four data points (one per heating rate). The coefficient of
determination (R"2) was required to be >= 0.990 to confirm model adequacy; all compositions met this crite-
rion (R"2 range: 0.991-0.998). The rate constant k at a reference temperature T_ref = 450 C (723.15 K) was
calculated from k = A*exp(-Ea/RT _ref), with uncertainty in k propagated from the standard errors of the
Kissinger slope and intercept using standard error propagation. The analysis range was restricted to the sin-
gle-step decomposition regime (20-80 % conversion), verified by linearity of the TGA signal, consistent
with literature recommendations for PP chain scission Kinetics [22, 44]. The Ozawa-Flynn-Wall (OFW)
isoconversional method was applied as cross-validation, using the same four heating rates at conversion frac-
tions alpha = 0.2, 0.4, 0.6, and 0.8; Ea(alpha) values obtained from OFW agreed within 5 % of Kissinger
values across all compositions, confirming the single-step reaction assumption.

2.5. Differential Scanning Calorimetry

DSC was conducted on a Mettler-Toledo DSC 822¢ under nitrogen (50 mL-min™!). Specimens
(5-10 mg) were subjected to a heat—cool-heat cycle (25-250 °C, 10 °C-min™!). Crystallinity (Xc) was calcu-
lated from:

Xc (%) = [AHM / (AHm® x Wpp)] * 100, (5)

where AHm® =207 J-g™! for 100 % crystalline isotactic PP [27] and Wpp is the PP weight fraction.

2.6. Microstructural and Phase Analysis

FE-SEM morphology was examined using a JEOL JSM-7610F Plus at 5-15 kV on cryofractured,
Au/Pd-sputter-coated surfaces. EDS confirmed Cu distribution and surface oxygen content. XRD (Rigaku
SmartLab; Cu Ka, A = 1.5406 A; 20 = 10-80°; step 0.02°) confirmed Cu NP crystal structure and PP o-
phase. Crystallite size was estimated via the Scherrer equation applied to the Cu (111) peak at 26 = 43.3°.

2.7. Statistical Analysis

Sample sizes differed by measurement type to balance precision with material consumption: n = 5 inde-
pendent specimens per composition were used for thermal conductivity (lambda), consistent with ASTM
D5930 precision requirements; n = 3 independent specimens per composition were used for TGA and DSC,
consistent with standard practice for thermal analysis where instrument repeatability (RSD typically < 1 %)
dominates over specimen-to-specimen variation. Data are reported as mean +/- SD throughout. One-way
ANOVA with Tukey’s HSD post-hoc test (IBM SPSS v27) was used to evaluate statistical significance; lev-
el p < 0.05. Pearson correlation analysis assessed relationships between Cu NP loading, lambda, and Xc. All
statistical tests were two-tailed.

Results and Discussion

3.1. Copper Nanoparticle Characterisation

Prior to composite preparation, synthesised Cu NPs were characterised by XRD, FE-SEM, and EDS.
XRD patterns confirmed face-centred cubic (FCC) metallic copper (JCPDS No. 04-0836) with reflections at
20 =43.3° (111), 50.4° (200), and 74.1° (220). A minor peak at 26 ~ 36.4° attributable to Cu,O (111) con-
firmed partial surface oxidation despite PVP capping and N.-atmosphere synthesis. Scherrer analysis yielded
mean crystallite size of 42 + 6 nm. EDS confirmed a copper mass fraction of 97.2 + 0.4 %, with oxygen at
2.8 + 0.4 %, consistent with a surface CuO/Cu,O shell [28].

The CuO/Cu,0 shell is mechanistically significant: (i) CuO has A = 30-76 W-m™"-K™! vs. 401
W-m™-K™! for metallic Cu, attenuating theoretical A enhancement; (ii) oxide species may participate in Ha-
ber-Weiss-type catalytic decomposition of PP hydroperoxides, modifying degradation kinetics; and (iii)
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Cu?*/Cu” ions released from the oxide shell are the primary antimicrobial agents, with release rate modulated
by oxide shell thickness and medium pH [10, 29].

3.2. Thermal Conductivity Enhancement and Percolation Analysis

Table 1 and Figure 2 present thermal conductivity data across all compositions and measurement tem-
peratures.

Table 1

Thermal conductivity (W-m™-K™) of Cu NP-PP composites as a function of Cu NP loading
and temperature (mean = SD; n =95)

Enhancement
at 25 °C (%)
0 (Pure PP) 0.18 £ 0.02 0.17 £ 0.02 0.17 £ 0.02 0.16 £ 0.02 —
1 0.26 £0.03* 0.25+0.02 0.24 +0.02 0.23+£0.02 44
2 0.31 £0.03* 0.30+£0.03 0.29+£0.02 0.28 £0.03 72
5 0.41 +0.04* 0.39+£0.04 0.38£0.03 0.36 £0.03 128
10 0.47 £ 0.05%* 0.45+0.04 0.44 £0.04 0.42 £0.04 161

Note. * p < 0.01 vs. pure PP (Tukey HSD). Enhancement calculated relative to pure PP at 25 °C.

(A) Thermal Conductivity vs Cu NP Loading (B) Temperature-Dependent Thermal Properties

Thermal Conductivity A (Wi{m-K))
o = 5 o
n @ w § 5
Thermal Conductivity A (Wi{m-K))

T ————

0 2 4 6 8 10 20 0 a0 50 60 70 80 90 100
Cu NP Loading (wit36) Temperature (*C)

Figure 2. Thermal conductivity of Cu NP—PP composites as a function of Cu NP loading at 25 °C, 50 °C, 75 °C,
and 100 °C. Error bars represent = 1 SD (n = 5).
Inset: power-law percolation fit to 25 °C data showing percolation threshold ¢c = 0.004
and conductivity exponent t = 1.87 = 0.12.

Pure PP exhibited lambda = 0.18 +/- 0.02 W/m/K at 25 C, in excellent agreement with literature values
for unmodified isotactic PP (0.16-0.22 W/m/K) [8, 30]. This is contextually positioned against commaodity
packaging polymers globally: polyethylene (0.33-0.50 W/m/K), PET (0.15-0.24 W/m/K), and PLA
(0.13-0.18 W/m/K) [31]. At 10 wt% Cu NP loading, lambda increased to 0.47 +/- 0.05 W/m/K — a 2.6-fold
enhancement (p < 0.01). Fitting Equation (3) to experimental data yielded phi_c ~0.004 (vol fraction;
equivalent to ~0.45 wit%) and t = 1.87 +/- 0.12, in close agreement with the theoretical 3D percolation expo-
nent t ~2.0 [14, 32]. Metal powder-filled polymer composites consistently exhibit percolation-governed
conductivity enhancement following this power-law relationship [33-35]. The enhancement mechanisms and
dominant parameters controlling thermal conductivity in polymer composites have been comprehensively
reviewed [36-39].

Temperature-dependent measurements (25-100 C) revealed modest lambda decrease with increasing
temperature for all compositions, consistent with phonon-phonon Umklapp scattering in crystalline materi-
als. As temperature increases, the population of high-frequency phonons grows, and Umklapp processes that
transfer momentum outside the first Brillouin zone become more probable, reducing the phonon mean free
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path and thus lambda. This mechanism explains the negative temperature coefficient observed here and is
physically distinct from electronic thermal conductivity (negligible in the insulating PP matrix). The interfa-
cial Kapitza resistance was estimated at Rk ~8 x 10"-8 m"2*K/W by fitting Equation (2) to experimental
data, consistent with reported values for metal nanoparticle-polymer interfaces (5-15 x 10"-8 m"2*K/W)
[16, 40]. Physically, Rk arises from acoustic impedance mismatch at the Cu/PP interface: the Debye temper-
ature of Cu (~343 K) is much lower than the characteristic vibrational temperatures of PP chains, so phonons
that propagate efficiently through the Cu network scatter strongly at the interface into polymer modes. As
particle loading increases beyond phi_c, the inter-particle spacing decreases below the phonon mean free
path in Cu (~40 nm at room temperature), allowing direct phonon transfer between particles and explaining
the super-linear lambda increase below phi_c that transitions to a power-law above it. The percolation expo-
nent t = 1.87 +/- 0.12 is in close agreement with the universal 3D percolation value t ~2.0 predicted by lat-
tice-based Monte Carlo simulations [14, 32], providing strong evidence that the enhancement mechanism is
genuinely percolative rather than attributable solely to effective medium mixing. The minor deviation from
t = 2.0 is consistent with the partially core-shell (Cu/CuQ) nature of the particles, which modifies local
conductance at inter-particle contacts relative to idealised metallic spheres [17, 41, 42].

Table 2
Global benchmark: thermal conductivity enhancement in PP-based nanocomposites

Filler Type Loading ' A Enhancement Matrix Reference

Cu NPs (this work) 10 wt% 2.6% PP This work
Ag NPs 10 wt% 1.7% PP [35]
Graphene nanoplatelets 10 wt% 2.1x PP [36]
Aluminum nitride 30 vol% 3.8x PP [37]
Boron nitride 30 wt% 4.2% PP [41]
MWCNT 5 Wt% 1.5% PP [42]
Expanded graphite + Cu (hybrid) ~30 wt% 33x Epoxy [38]

3.3. Thermal Stability and Degradation Kinetics
TGA measurements at four heating rates (5, 10, 15, 20 °C-min™") enabled Kissinger kinetic analysis.
Key parameters at f = 10 °C-min™" are summarised in Table 3 and Figure 3.
Table 3
TGA results for Cu NP-PP composites at p = 10 °C-min™" and Kissinger activation energies (mean £ SD; n = 3)

?V\lljt!)llz)’ Tonset (°C) Tpeak (°C) T50 % (°C) ;%Siodcu?;g Ea (;].I;iisli_rll)ger
0 (Pure PP) 445 +3 469 +2 471+ 2 0.3+0.1 168 + 4
1 450 £ 2* 473 + 3% 475 + 3* 0.6+0.2 174 + 4
2 453 £ 2% 475 £ 2% 477 £ 2% 1.1+£0.2 179+ 4
5 458 +£ 2% 478 £ 2% 481 +£ 2% 1.9+0.3 185+5
10 462 + 2% 481 + 2% 484 + 3* 2.8+03 189+5

Note. Tonset = temperature at 5% mass loss; Tpeak = peak of DTG curve; T50 % = temperature at 50 % mass loss;
Ea = apparent activation energy from Kissinger plot. * p < 0.01 vs. pure PP (Tukey HSD).
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(A) Thermogravimetric Analysis (TGA) (B) Derivative Thermogravimetry (DTG)

-
- 5
-

Mass Retention (%)

Mass Loss Rate (-dm/dT, %/°C)

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 3. (a) TGA thermograms and (b) DTG curves for Cu NP—PP composites at = 10 °C-min™!
under nitrogen atmosphere. Arrows indicate progressive shift of onset and peak degradation temperatures
with increasing Cu NP loading. Error bars on DTG peaks represent + 1 SD (n = 3).

Pure PP exhibited Tonset = 445 +/- 3 C and Tpeak = 469 +/- 2 C, consistent with reported values for
unmodified isotactic PP (440-470 C) [43]. Incorporation of 10 wt% Cu NP elevated Tonset to 462 +/- 2 C
and Tpeak to 481 +/- 2 C — increases of 17 C and 12 C respectively (p < 0.01, Tukey HSD). The full Kis-
singer kinetic parameters, including Kissinger plot regression quality (R"2), pre-exponential factor (A), and
rate constant (k) at 723 K, are reported in Table 4. The Kissinger analysis yielded Ea increasing from
168 +/-4 to 189 +/- 5 kJ/mol (12.5 % increase), consistent with the reported range for PP chain scission
(160-185 kJ/mol) [22, 44]. R"2 values of 0.991-0.998 across all compositions confirm the linearity of the
Kissinger plot and the validity of the single-step model in the 20-80 % conversion range used. The rate con-
stant k at 723 K decreased from (3.2 +/- 0.4) x 10"-3 min”-1 (pure PP) to (1.1 +/- 0.2) x 10"-3 min"-1
(10 wt% Cu NP), reflecting the stabilisation conferred by Cu NP incorporation. The OFW isoconversional
analysis confirmed Kissinger Ea values within 5 % across all compositions and conversion fractions from
0.2 to 0.8, validating the single-step assumption and the reliability of k.

Table 4

Kissinger kinetic parameters for thermal degradation of Cu NP-PP composites derived
from multi-rate TGA (beta = 5, 10, 15, 20 C/min; n = 3 per composition). Ea = apparent activation energy;
A = pre-exponential factor; k(723 K) = rate constant at 450 C; R”2 = Kissinger plot coefficient
of determination. Uncertainty in k propagated from regression standard errors

CuNP Ea (kJ/mol) InA k(723 K) R™2 Ea
(Wt%0o) (A in min™-1) (x107-3 min~-1) (Kissinger) (OFW, kJ/mol)
0 (Pure PP) 168 +/- 4 28.4 +/-0.7 3.2+/-04 0.994 165 +/-5
1 174 +/- 4 29.3+/-0.7 2.6 +/-0.3 0.995 171 +/-5
2 179 +/- 4 30.0 +/-0.7 2.1+/-0.3 0.993 176 +/- 5
5 185 +/-5 31.0+/-0.8 1.5+/-0.2 0.998 182 +/-5
10 189 +/-5 31.8+/-0.8 1.1+/-0.2 0.991 186 +/- 5

Note. Uncertainty in Ea is the standard error from linear regression of In(beta/Tpeak”2) vs 1/Tpeak. Uncertainty in k is propa-
gated using standard error propagation from Ea and In(A) regression uncertainties. Ea (OFW) values are the mean across
alpha = 0.2-0.8 conversion fractions; maximum deviation from the mean across this range was <3 % for all compositions, confirming
the single-step model assumption.

Three concurrent stabilisation mechanisms are proposed, each with a specific physical basis. First, het-
erogeneous nucleation by Cu NPs increases crystallinity (Section 3.4), reducing chain mobility and
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hydroperoxide diffusion rates in crystalline domains [45]. The measured 8.5 percentage-point increase in Xc
(from 41.7 to 50.2 %) corresponds to a proportional reduction in amorphous fraction, the region where oxy-
gen diffusion and hydroperoxide accumulation preferentially occur; this physical confinement effect is quan-
titatively consistent with the ~17 C Tonset shift observed. Second, Cu NP surfaces function as radical traps:
metallic Cu and Cu”2+ ions can terminate alkyl radical chains (R* + Cu”2+ -> alkene + Cu™+) and intercept
peroxy radicals (ROO* + Cu -> ROOH + Cu-oxo species), reducing the chain-branching that accelerates PP
degradation [20]. This mechanism requires intimate matrix-particle contact, which is supported by FE-SEM
evidence of strong interfacial adhesion at loadings up to 5 wt% (Section 3.6). Third, CuO/Cu,O
surface oxide species catalyse hydroperoxide decomposition via Haber-Weiss-type reactions
(Cu™+ + ROOH -> ROO* + OH- + Cu”2+; Cu"2+ + ROOH -> RO* + H+ + Cu”+), which at high Cu NP
concentrations may divert chain scission towards lower-energy pathways, increasing the apparent Ea meas-
ured by the Kissinger method [21, 46]. The net 12.5 % increase in Ea (168 to 189 kJ/mol) is therefore inter-
preted as a composite effect of all three mechanisms. It should be noted that mechanisms (ii) and (iii) are
competitive at high Cu loadings: at 10 wt%, the increase in Ea is smaller per added wt% than at lower load-
ings, consistent with partial agglomeration reducing active Cu surface area (Section 3.6) and the onset of cat-
alytic pro-degradation at very high Cu oxide concentrations [46]. For comparative context, the 17 C
improvement in Tonset exceeds the typical performance of single conventional thermal stabilisers for PP
(5-10 C) [47] and is comparable to dual-filler hybrid systems [48], while remaining well below intumescent
flame-retardant systems (30-60 C) [49], which operate through a fundamentally different gas-phase inhibi-
tion mechanism.
3.4. Crystallinity and DSC Analysis
DSC results are summarised in Table 5 and Figure 4.

Table 5
Differential scanning calorimetry results for Cu NP—PP composites (mean = SD; n = 3)

Cu NP (wt%) Tm (°C) Tc (°C) AHm (J-g7) Xc (%) ATc vs. PP (°C)
0 (Pure PP) 167 £1 1141 87+2 41.7+£0.8 —
1 166 £ 1 116 £1 92+2 442+ 1.1* +2
2 167 £ 1 117+1 96 +3 46.4+1.2% +3
5 167 £1 119+1 101 £3 48.5+1.3* +5
10 168 £ 1 121+1 104+3 50.2+1.2% +7

Note. Tm = melting temperature (2nd heat); Tc = crystallisation temperature (1st cool); Xc = crystallinity calculated using
AHm® =207 J-g~! for 100 % crystalline PP [27]. * p < 0.001 vs. pure PP (Tukey HSD).
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Figure 4. DSC traces for Cu NP-PP composites:
(a) second heating cycle showing melting endotherms; (b) first cooling cycle showing crystallisation exotherms.
Arrows indicate progressive increase in crystallisation temperature (Tc) with Cu NP loading.
Values in parentheses indicate crystallinity (Xc, %). Error bars represent + 1 SD (n = 3)

Cu NP incorporation systematically elevated PP crystallinity from 41.7 + 0.8 % (pure PP) to
50.2 = 1.2 % (10 wt% Cu NP; p < 0.001)—a 20 % relative improvement. The 7 °C increase in Tc provides
unambiguous evidence that Cu NPs function as heterogeneous nucleation sites, facilitating crystallisation at
lower supercooling [50, 51]. Melting temperatures (Tm = 166-168 °C) remained essentially unchanged,
indicating nucleation-controlled rather than crystal growth modification. Pearson correlation analysis
confirmed strong positive correlations between Cu NP loading and both A (r = 0.986, p < 0.001) and
Xc (r=0.992, p <0.001), mechanistically linking crystallinity enhancement to both A improvement (ordered
crystalline domains provide more efficient phonon pathways [52]) and thermal stability gains [45].

3.5. XRD Phase Analysis

XRD patterns are shown in Figure 5. Cu NPs retained FCC crystal structure with characteristic reflec-
tions at 26 = 43.3° (111), 50.4° (200), and 74.1° (220) (JCPDS 04-0836). PP diffraction peaks at 26 = 13.6°
(110), 16.8° (040), and 20.5° (130) indicated a-phase crystallinity. Progressive enhancement of PP a-phase
peak intensities with Cu NP loading is consistent with DSC crystallinity results. No new chemical bonds or
mixed phases between Cu and PP were detected, confirming purely physical composite behaviour.
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Figure 4: X-ray Diffraction (XRD) Patterns of Cu NP-PP Composites
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Figure 5. X-ray diffraction patterns of Cu NP—PP composites at Cu NP loadings of 0-10 wt%.
Indexed Miller indices for FCC Cu (JCPDS No. 04-0836) and PP a-phase [27] are indicated.
Minor peak at 20 = 36.4° (¥) attributable to Cu,O (111) confirms partial surface oxidation.
Increasing intensity of PP a-phase reflections with Cu NP loading confirms enhanced crystallinity.

3.6. Microstructural Analysis

FE-SEM images are shown in Figure 6. At 1 wt% Cu NP loading, nanoparticles (50-100 nm) were uni-
formly distributed within the PP matrix with strong interfacial adhesion evidenced by absence of visible
voids—critical for effective A enhancement [53]. At 5 wt%, increased Cu NP density maintained dispersion
guality. At 10 wt%, minor Cu NP agglomeration with clusters of 200-350 nm diameter was apparent, con-
sistent with van der Waals forces overcoming PVP steric stabilisation at high concentrations [54, 55]. This
agglomeration explains the observed deceleration of A enhancement beyond 5 wt%.

EDS mapping confirmed quantitative copper incorporation with oxygen signals (2.8 + 0.4 at%) at Cu
NP surfaces, confirming the CuO/Cu,0 oxide shell. The PP matrix showed no evidence of chemical modifi-
cation or discoloration, indicating that thermal degradation of PP did not occur during melt processing under
the employed conditions.
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Figure 6. FE-SEM images of cryofractured Cu NP—PP composite surfaces at (a) 0 wt%, (b) 1 wt%, (c) 5 wt%,
and (d) 10 wt% Cu NP loading. Scale bars = 500 nm. Insets (c, d): EDS elemental maps showing Cu (green)
and O (red) distribution. Arrows in (d) indicate minor Cu NP agglomeration clusters (200—-350 nm) at 10 wt% loading.
Strong interfacial adhesion is confirmed by the absence of debonding voids at all loadings < 5 wt%

3.7. Implications for Food Packaging and Regulatory Considerations

The experimentally confirmed thermal property improvements have direct practical relevance for pack-
aging processing. Enhanced lambda (2.6-fold at 10 wt%) improves heat transfer uniformity during ther-
moforming, hot-fill operations, and steam sterilisation cycles [56], which is particularly relevant in sub-
Saharan African manufacturing contexts where temperature uniformity in packaging lines is a documented
process control challenge. The 17 C improvement in Tonset extends the safe processing window and reduces
the probability of thermal degradation during melt processing [57]. These two improvements, both experi-
mentally verified in this work, are sufficient independent justification for further development of the Cu NP-
PP composite system in packaging applications. It is important to note, however, that antimicrobial efficacy
against specific pathogens (e.g., E. coli, S. aureus), oxygen barrier properties, and migration rates were not
measured with the present composites and cannot be claimed as outcomes of this study. Published evidence
for antimicrobial activity exists for Cu NPs in other polymer matrices [10-13, 58-60], and for Cu
nanomaterials in food-contact applications generally [59, 67], but these data cannot be transferred to the pre-
sent system without direct measurement, because activity depends on Cu NP loading, dispersion, surface ox-
idation state, and matrix crystallinity in ways that vary between systems. Likewise, any improvement in oxy-
gen permeability due to increased crystallinity (Xc increased from 41.7 to 50.2 %) is physically plausible
given the established role of crystalline lamellae as tortuous diffusion barriers in semicrystalline polymers
[24, 61], but remains a hypothesis requiring OTR measurements to confirm.

Critical limitations and unconfirmed claims: Several claims that appear in the packaging literature
for Cu NP composites were not substantiated experimentally in this work and must be treated as hypotheses
requiring future investigation. First, no direct copper migration testing into food simulants was conducted.
Copper migration from polymer packaging is regulated under EU Regulation No. 10/2011 (evaluated case-
by-case for Cu NPs) and US FDA 21 CFR [62, 63]; the European Food Safety Authority has specifically
evaluated copper compounds in food contact materials and noted data gaps for nanoparticulate forms [23].
The increased crystallinity reported here may reduce but cannot be assumed to eliminate migration risk [64,
65]. Second, no zone-of-inhibition, minimum inhibitory concentration (MIC), or any other microbiological
efficacy assay was performed with the actual Cu NP-PP composites prepared in this work; antimicrobial
claims in Section 3.7 are explicitly qualified as inferences from the literature on analogous systems [66, 67].
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Third, no oxygen transmission rate (OTR) or water vapour transmission rate (WVTR) measurements were
conducted; statements about barrier improvement are speculative and based solely on the crystallinity in-
crease measured by DSC. Fourth, no toxicological evaluation of the present composites was performed,;
WHO sets an acceptable daily copper intake of 10 mg/day [66], and safe packaging use requires demonstra-
tion that total exposure from migration remains below this threshold. These four unconfirmed claims define
the mandatory experimental agenda before any food-contact application can be proposed under current regu-
latory frameworks. The corresponding priority experiments are: (i) standardised migration testing per EN
13130 into aqueous, acidic, and fatty food simulants at relevant temperatures; (ii) zone-of-inhibition assays
against relevant food pathogens (E. coli O157: H7, L. monocytogenes, S. aureus) using the actual compo-
sites; (iii) OTR and WVTR measurements using standardised methods (ASTM D3985, ASTM F1249).

3.8. Global Comparative Context

As shown in Table 2, the Cu NP-PP system investigated achieves competitive thermal conductivity en-
hancement relative to single-filler PP composites globally. The cost advantage of Cu NPs (approximately 10-
50x less expensive than Ag NPs [9]) combined with the demonstrated thermal property improvements and
the known antimicrobial potential of Cu-based materials in other systems makes this composite class worthy
of further investigation for active packaging applications [25]. PP is the most widely available commodity
polymer and compatible twin-screw extrusion infrastructure exists in Nigerian university and industrial facil-
ities, favouring translational impact in resource-constrained settings [4]. However, this cost-benefit argument
is conditional on the results of the priority experiments identified in Section 3.7; without migration and effi-
cacy data, the packaging suitability of the present composites remains unconfirmed.

Conclusion

This investigation has systematically characterised the thermal conductivity, degradation kinetics,
crystallinity, and microstructure of Cu NP-PP composites (0-10 wt%), yielding the following principal con-
clusions. The study’s scope is limited to thermal and structural properties experimentally measured herein;
antimicrobial efficacy, oxygen barrier performance, and migration behaviour were not measured and are not
claimed as outcomes.

Thermal conductivity increased 2.6-fold from 0.18 +/- 0.02 W/m/K (pure PP) to 0.47 +/- 0.05 W/m/K at
10 wt% Cu NP (n = 5; p < 0.01). Power-law fitting yielded percolation threshold phi_c ~0.004 (vol. fr.) and
conductivity exponent t = 1.87 +/- 0.12, consistent with 3D percolation network theory (t ~2.0). This is the
first reported determination of phi_c and t for the Cu NP-PP system; prior studies of this composite report
bulk lambda values without percolation analysis.

Multi-rate Kissinger analysis (four heating rates; n = 3; R"2 >= 0.991 for all compositions) revealed Ea
increasing from 168 +/- 4 to 189 +/- 5 kJ/mol (12.5 %), accompanied by 17 C and 12 C increases in Tonset
and Tpeak respectively (p < 0.01). OFW cross-validation confirmed Ea values within 5% across the
20-80 % conversion range, validating the single-step model assumption. Rate constants k at 723 K were cal-
culated with propagated uncertainty from the Kissinger regression. This constitutes the first formal multi-rate
kinetic analysis of the Cu NP-PP system, enabling reliable Ea determination absent from single-rate prior
studies. Three physically grounded stabilisation mechanisms are proposed: nucleation-induced crystallinity
increase reducing amorphous-phase hydroperoxide diffusion; Cu-surface radical trapping terminating al-
kyl/peroxy radical chains; and oxide-catalysed hydroperoxide decomposition diverting chain scission path-
ways.

DSC (n = 3) confirmed Cu NPs as heterogeneous nucleation sites, increasing Xc from 41.7 +/- 0.8 % to
50.2 +/-1.2 % and Tc by 7 C (p < 0.001), with strong Pearson correlations between Cu NP loading and both
lambda (r = 0.986) and Xc (r = 0.992). The physically interpreted link is that increased crystallinity provides
more ordered phonon pathways (raising lambda) and restricts amorphous-phase chain mobility (raising Ea).

EDS confirmed a CuO/Cu20 surface oxide shell on Cu NPs (oxygen: 2.8 +/- 0.4 at%). This shell atten-
uates theoretical lambda enhancement (CuO lambda ~30-76 vs. 401 W/m/K for metallic Cu) and contributes
to the t = 1.87 deviation from the ideal metallic percolation value. The oxide shell is also the primary deter-
minant of Cu ion release rate and therefore of both potential antimicrobial activity and migration risk in food
contact use—both of which require direct measurement in future work.

Four properties referenced in the active packaging context were not experimentally confirmed in this
work and must not be treated as findings: (a) antimicrobial efficacy against food pathogens; (b) oxygen or
water vapour barrier performance; (c) copper migration rates into food simulants; (d) biocompatibility or
toxicological safety. The plausibility of (a) and (b) derives from literature on analogous systems and from the

“Physics” Series. 2026, 31, 3(123) 89



D.A. Zakari, G.A. Audu et al.

measured Xc increase respectively, but experimental validation with the present composites is required. Res-
olution of items (a)-(d) is a prerequisite for food-contact application under EU Regulation No. 10/2011 or
equivalent regulatory frameworks.

Priority future experiments: (1) Cu migration testing per EN 13130 into aqueous (pH 4 and 7), acidic
(3 % acetic acid), and fatty (95 % ethanol / iso-octane) food simulants at 40 and 70 C; (2) zone-of-inhibition
and MIC assays against E. coli O157: H7, L. monocytogenes, and S. aureus using the actual extruded films;
(3) OTR (ASTM D3985) and WVTR (ASTM F1249) measurements to test the crystallinity-barrier hypothe-
sis; (4) FTIR and EPR spectroscopy to confirm the radical-trapping mechanism; (5) molecular dynamics
simulation of Cu/PP interfacial phonon transmission to refine the Kapitza resistance model; (6) life-cycle
assessment compared to conventional PP and Ag NP-PP packaging.
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Thermal Conductivity and Degradation...

I.A. 3akapu, I'.A. Ayny, A.A. Amuto, 1.0. Mycrada,
K.M. Omarona, K.b. Oxnanauu

Mpbic HaHOOO/IIIEKTePiMeH KYLIEeHTiJIreH MoJJunponuieH
KOMIIO3UTTEPiHiH KbUIYOTKI3IIITIri MeH Aerpagauus KHHETUKACHI:
JKbLTYJIBIK KACHETTEPi KaAKCAPTHLIFaH 0eJICeHII TaFaMIbIK KanrtaMma

Jkacayra 0arbITTAJIFAH 3epTTEy

3eprreyne Mbic HaHoOemmekrepiMeH (Cu NP) xymeditinren nomunpommieH (PP) xommosurrepiHin
JKBUTYOTKI3TIIITIIT MEH Jerpajanis KHHETHKAChl KbUIyaJMacy KacHeTTepi >KaKcapThUIFaH OelCeHIl
TaraMJIBIK KanTama Marepuangapsl peTiHze kapactelpbuiibl. Cu NP-PP nHanoxoMmosuTTepi KypamblHIA
0, 1, 2, 5 sxone 10 macc.% MbIc HaHOOemIIEKTepi Oap yiTiNepAi Koc OypaHIaIbl SKCTPY3Us 9IiCIMEH alry
apKbUTBl JaibiHIanAbl. JKbUTyeTKI3TiTIK Ko @uuueHTi (A) KbI3AbIPBUIFaH CHIMHBIH OTIENI KYH oiciMeH
(ASTM D5930; op Kypam ymmiH n = 5 yiri) enmieHai. TepMUSUIBIK TYpPaKTBUIBIK TEPMOTPAaBHUMETPHSIIBIK
tanpay (TI'T) sxone nnddepenunanasik ckanepneymi kanopumerpus (JACK) omicrepimen (op Kypam YIIiH
n = 3) 3eprrenai. MEUKpOKYPBUIBIM OPIiCTiK AMHCCHSUIBI CKaHepJIey i 31eKTpoHAbIK MUKkpockorus (FE-SEM),
sHeproaucnepcusuiblk crekrpockonust (EDS) xone pentrennix qudpakmus (XRD) apkpuisl Tangasasl. Meic
HaHOOOIIIEKTEPiH €Hri3y HOTIKECIHAE >KBUTYOTKI3TITIK KO3()(UIMEHTI Ta3a MOJWIPONWICH YLIiH
0,18 + 0,02 Bt/(m'K) moninen 10 macc.% Cu NP keszinzge 0,47 + 0,05 Bt/(m-K) neiiin aptter, Oy 2,6 ece
JKOFapBUIaybIH KOPCETEAl XKOHE NEePKOLIIUSIIBIK TOPABIH TY3UTyiMeH coiikec kenerdi (¢c =~ 0,004; t = 1,87).
TI'T nepekrepin Kuccunmkep omici OOMBIHINA KOIDKBUIAAMABIKTEI KHHETUKAIBIK Talaay (KbI3ABIPY
KpuLaMasIKTapel: 5, 10, 15 sxone 20 °C/MuH) KepiHepiik akTHBTeHy oSHeprusicklHbiH (Ea) 168 + 4
k/x/Monpnen 189 + 5 xJDk/Monbere neifin apTkaHblH KepceTTi. bynm HoTmxke O3aBaHbIH—DIMHHHBIH—
YomnapiH (OFW)  H30KOHBEPCHSUIBIK — TalmaybIMEH  PACTalibl  JKOHE  JCTPaJallMsHbIH  Oactamy
TemneparypachiHbIH 17 °C-ka sxorapbuiaybiMeH Katap skypai. JJCK HoTmkenepi Mpic HaHOOONIIEKTEpiHIH
TETEPOTEH/II KPUCTAIJAHy OPTANBIKTaphl pETiHAE OpekeT eTeTiHiH kepceTTi. COHBIH HOTHXKECiHIE
KpHCTANABUIBIK nopekeci 41,7 + 0,8 %-man 50,2 + 1,2 %-ra npeitiH ocTi, an KpHCTalAaHy TeMIIEpaTypachl
7 °C-xka apTThl. JKYMBICTBIH HeTi3ri FeUIBIME >kaHaibiFel Cu NP-PP skyifeci yimiiH mepkoysmus IIETiHiH
napameTpiepiH (Qc KoHe t) CaHIBIK TYpIE aHBIKTay >koHe KuccmHIpKep omici Heri3iHae KOIDKBUIIIAMIBIKTHI
KUHETHKANBIK Talgay OKyprisy. byn OypbIHFEI 3epTTeylepAe aHBIKTaJIMaraH MaHBI3Abl  (HU3HKAJIBIK
napameTpiepai anyra MyMKiHZiK Oepai. OCbl jKyMbICTa MHKPOOKAa KapChl THIMIUTIK MEH TOCKAYBLUIIBIK
KacHeTTep TiKeJeH 3epTTelreH JKOK. AJlaiija ajublHFaH HOTWIKENep/iH TaFaMbIK KalTaMa CaslaChIHIAFbI
MaHBI3bI YKcac XKyienep OOMbIHINA JKapHsIIaHFaH JAePEeKTEPMEH CaJbICTBIPBLIA OTHIPBIN KapacThIPBUIIBI KOHE
Oomamrak 3epTreyiepAiH OackiM OarbITTapbl alKeHAANABL. JKBUTYOTKI3TIMITIKTIH apTy MeXaHU3Mepi
HEePKOJAINS TEOPHACH, (GOHOHABIK TachIMan koHe Kammia apanmblk Keneprici TYpPFBICHIHAH TalKbUIAHIBL.
CoHBIMEH KaTap MBICTHIH MHTPANMsIChIHA >KOHE TaraMMEH J>KaHAcaThlH MaTepHalfapra KOHBUIATHIH
TaJlanTapra COMKecTiriHe OaiJIaHbICTHI MEKTEYJIEp HAKTHI KOPCETiII.

Kinm ce30ep: MpIc HaHOOOIIEKTEPi, MOJUIPONMIEH HAHOKOMIIOZUTTEP, >KBUIYOTKI3TIIITIK, MEPKOISINSL
TEOpWSCHl, Jerpajanns KuHeTHkachl, Kuccuumkep Mopeni, OeJceHIi TaraMAbIK KanTama, IeTeporeHmi
HyK1eanust, pOHOHJBIK TackIMajl, MUKpOOKa Kapchl Kanrama

I.A. 3akapu, I'.A. Ayny, A.A. Anuto, 1.0. Mycrada,
K.M. Omarona, K.b. Oxmanauu

TenIonpoBoJHOCTL M KMHETHKA Jlerpajaluu
MOJIMIIPONMICHOBBIX KOMIIO3UTOB, aDMHPOBAHHBIX HAHOYACTULIAMH MeM:
K CO3JaHMI0 AKTHBHON NUIIEBOI YIIAKOBKH C YJIY4IIeHHbIMHU
TEIUIOBBIMH XaPAKTEPUCTHKAMM

B nmanHOM mccnenoBaHME M3ydeHBI TEIUIONPOBOAHOCTh M KMHETHKA JETPajalliyl IOJIUIpOmmIeHOBEIX (PP)
KOMIIO3UTOB, apMUPOBaHHBIX HaHowacTumamu Mean (Cu NP), kak mepcreKkTHBHBIX MaTepHANIOB IS aKTHB-
HOW INUIIEBOH YIAaKOBKM C YJIY4IIEHHBIMH TEIIOBbIMH cBoiictBamu. Hanoxomnosurst Cu NP—PP Obutn mo-
JIy4eHBl METOJIOM JBYXIITHEKOBOI AKCTPY3UH NPH colepxanuu HaHodacTHl Menu 0, 1, 2, 5 u 10 mac. %. Te-
IJIOIPOBOHOCTH (A) U3MepsIach METOZOM HecTal[OHapHOit HarpeToi npoBonoku (ASTM D5930; n =5 06-
pasloB Ui KakA0ro cocTaBa). Tepmuyeckas cTaOMIBHOCTh XapaKTepH30Badach METOAaMU TEPMOTPaBUMET-
puueckoro ananmmsa (TT'A) u muddepennuansHoil ckanupyromeit kanopumerpun (JICK) (n = 3 st kaxoro
cocTaBa). MUKpPOCTPYKTypa HCCIIeIOBaIach C MCIOJIL30BAaHNEM ITOJIEBOH HIMUCCHOHHON CKaHUPYIOIIEH dIIeK-
tponHoit mukpockornuu (FE-SEM), suepromucnepcuonnoii crnekrpockonuu (EDS) n peHTreHOBckoW mu-
¢pakmuu (XRD). Beenenne HaHOYACTHI MEU YBEIHYHIIO TeIIONpoBoaHocTs A ¢ 0,18 £ 0,02 Br/(m-K) s
yucroro nomumnponuieHa a0 0,47 £ 0,05 Br/(m-K) npu copepxannn 10 mac. % Cu NP, urto cooTBeTcTByeT
yBEJIMYEHHIO B 2,6 pa3a u coriacyercs ¢ (OpMHUpOBaHHEM HEpKOIIUHOHHON cetr (pc ~ 0,004; t = 1,87).
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MHOTOCKOpOCTHON KMHETHUECKHUH aHanmu3 o Merony Kuccunmkepa nanubix TT'A (4eTeipe cKOpoCTH Harpe-
Ba: 5, 10, 15 u 20 °C/MuH) nokasan yBequdeHue Kaxyuieics sHepruu aktusaiuu (Ea) ¢ 168 + 4 xJx/mMonb
no 189 + 5 x/Dx/mMonb. DTu pe3ynbTaThl ObLIM MOATBEP)KICHBI W30KOHBEPCHOHHBIM aHani3oM O3aBbl—
Onuara—Yomra (OFW) n  compoBoXIanuch TOBBINIEHHMEM TeMIlepaTypbl Hadana Jerpajaldd  Ha
17 °C. Pesynprars! JICK moareepanmy, 9To0 HAHOYACTUIEI METU BBHICTYIIAIOT B POJIM T€TEPOTEHHBIX IIEHTPOB
KpHCTaJUIM3alUY, YBEINYKBas CTEICHb KPUCTAUIMYHOCTH MaTepuana ¢ 41,7 = 0,8 % no 50,2 + 1,2 %, a Tem-
neparypy kpuctammzanua — Ha 7 °C. OcHOBHasI HaydHasi HOBH3HA pabOTHI 3aKIII0YaeTcsl B KOINYECTBEH-
HOM OIIPEe/IENICHUH TapaMeTPOB MEPKOISIIUOHHOTO mopora (¢c H t) U npoBeJeHHH (OpManbHOTO MHOTOCKO-
POCTHOTO KMHETHYECKOro aHanu3a 1o Metoxy Kuccunmkepa s cucrembl Cu NP-PP, uto mo3sonuno nosmy-
9UTh (PU3UYECKHE AapaMeTphl, OTCYTCTBOBABIIHME B MPEABIAYIIMX HUCCIEIOBAaHUAX. AHTUMUKPOOHAs I dek-
THUBHOCTH U OapbepHbIE CBOMCTBA B JAHHOM paboTe HEMOCPEACTBEHHO HE H3MEPSIIUCh; 3HAUEHHE PE3yIbTaTOB
JUTSL TIMIIEBOH YIIaKOBKH PAacCMaTpPHBAETCS B KOHTEKCTE OIMYOIMKOBAHHBIX JAHHBIX IO aHAJIOTMYHBIM CHCTE-
MaM, a TaKKe OIpe/elIeHbl IPHOPUTETHBIC HAaIpaBJIeHHs OYAyIIUX HCCIeIOBaHUH. MeXaHH3MBl HOBBIICHUS
TEIIONPOBOAHOCTH 00CYXJAIOTCS C TO3MIUHA TEOPHH IEPKOJIIINY, TepeHoca (OHOHOB M MexdasHoro co-
nporusieHus Kanupl. Taxoke OTIENBHO OTMEUEHB! OTPAaHUYCHHUS, CBS3aHHBIE C BO3MOXKHOI MUTparmeil Me-
I ¥ COOJIIoIeHeM TpeOOBaHMi K MaTepHanaM, KOHTAaKTHPYIOIIAM C TUIIEBEIMHI MPOIYKTaMH.

Knrouegvie cnosa: HaHOYACTHIBI MEIH, MOJUIPONUICHOBbIE HAHOKOMIIO3UTHI, TEIUIONPOBOJHOCTh, TEOPHS
HEpKOJIALMY, KMHETHKa Aerpajanuu, Moneidb KHucCHHIKepa, akTHBHAs NMILEBas yNAaKOBKA, T€TEpOreHHas
HyKJIealysl, epeHoc HOHOHOB, aHTUMHUKPOOHAs yIIaKOBKa
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