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Abstract

Multilayer plastic packaging realizes high barrier performance through laminated heterogeneous
structures, but the heterogeneous structure has severe end-of-life challenges caused by the interfacial
incompatibility of materials and the poor recyclability. This study proposes the inverse design of
functionally graded PLA-nanoclay composite films by reinforcement learning as a monolithic
alternative to traditional multilayer systems. Twin-screw extrusion is designed as a continuous control
Markov decision process, and proximal policy optimization (PPO) is implemented to arrive at an ideal
spatial distribution of nanoclay under the coupling of oxygen barrier efficiency and mechanical
stiffness. Model predictions suggest that the optimized reinforcement profile moves to surface-enriched
gradient form with more nanoclay near external interfaces, and less concentrated in the core region.
This type of graded architecture is predicted to reduce oxygen permeability by ~55-65% compared to
neat PLA, as well as offer a further ~12-18% reduction compared to uniformly dispersed composites
with comparable average filler loading. At the same time, stiffness amplification is controlled by the
matrix-dominated core. In terms of monolithic graded products, a comparative lifecycle cost analysis
indicates that monolithic graded architecture can decrease total lifecycle costs by eliminating the
elimination of end-of-life disposal penalty and by ensuring the value recovery of the material. Although
the results are obtained without experimental validation of the models by using established models of
permeability and micromechanics, the results illustrate the potential of reinforcement learning for
spatially optimized composite design under coupled performance and economic constraints.

Keywords: Deep reinforcement learning, functionally graded materials, bio-nanocomposites, circular
economy, gas barrier properties, inverse design

INTRODUCTION
High-Barrier Flexible Packaging and
Functional Requirements

Flexible polymeric packaging materials are part
and parcel of modern food preservation and
distribution systems [1]. Their performance is
directly linked to product stability, augmentation of
shelf life and effectivity of logistics in global
supply chains [2]. Oxygen sensitive products, such
as processed food items, dairy and nutraceuticals,
ready-to-eat meals, etc., require packaging
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structures that can reduce the gas ingress of oxygen
and at the same time ensure mechanical flexibility,
seal integrity and withstand the compressive
stresses due to handling. Achieving these combined
properties for lightweight film structures has
traditionally involved the incorporation of several
materials into a single composite structure [3].

© STM Journals 2026. All Rights Reserved

S1547



Journal of Polymer & Composites
Volume 14, Special Issue 2
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

Multilayer plastic films meet these needs by combining discrete polymeric and metallic layers each
representing a particular functional capacity [4]. Polyethylene is used for sealability and moisture
resistance, polyethylene terephthalate has mechanical strength and dimensional stability, oxygen
transmission is strong and requires nearly impermeable, aluminum foil or special barrier polymer. By
combining materials with complementary properties, multilayer films can be used to obtain barrier
performance that single polymers would not be capable of obtaining with maintained processability
from lamination or co-extrusion [5].

This architectural strategy has set standards for performance in terms of oxygen transmission rate
(OTR), mechanical stiffness and puncture resistance. However, the structural benefits brought by
material heterogeneity create some constraints when assessing the end of life material recovery and
circularity.

Structural Incompatibility and End-of-Life Constraints

Multilayer films consist of chemically dissimilar constituents that are held together by adhesive
interfacials having the property to resist delamination under mechanical and thermal stress. These
adhesive tie-layers form permanent interfacial bonds that do not allow separation of the constituent
materials after use [6]. Mechanical techniques for recycling are based on compatibility of melting of
polymer phases; heterogeneous laminates with different polymer phases and metallic foils cannot be
reprocessed without their separation. Such separation is technically complicated and economically
inefficient in a large scale [7].

As regulatory frameworks prioritize recyclability elements and extended producer responsibility,
packaging materials are no longer just measured by their functional performance, but also by their
simplicity in structural components, as well as to get along with existing recycling infrastructure [8].
The incompatibility that exists in laminated systems has therefore constituted a limiting factor in the
transition towards circular flows of materials. This overthrowing of structural complexity, while
maintaining barrier capability, is a key engineering challenge in flexible packaging design.

Barrier Enhancement in Monolithic Polymer Matrices

Monolithic polymer films have advantages in recyclability because of the material uniformity;
however, most single-phase polymers do not provide the barrier performance standards that the
multilayer laminates have established [9]. Polylactic acid (PLA), with a renewable carbohydrate
feedstock, has come into play because of its possibility of processing with conventional extrusion
systems as well as its relatively large elastic modulus when compared to other biodegradables. Despite
these attributes, the intrinsic-oxygen permeability of PLA is an order of magnitude higher than that of
metallized laminates which is the limitation in replacing PLA in applications sensitive to oxygen [10].

Incorporation of high aspect ratio inorganic nanoplatelets such as organo-modified montmorillonite
(OMMT) as pathway of reduction of gas diffusion. When dispersed in a polymer matrix, impermeable
platelets serve to increase the length of the diffusion path due to the introduction of tortuous transport
pathways [11]. The decrease in relative permeability is in proportion to platelet aspect ratio and volume
fraction as outlined in known diffusion models. However, even at high filler loadings, the mechanical
response of polymer matrix changes in a uniform dispersion. Increased concentration of filler causes
limitation to chain mobility, increase in stiffness and decrease in elongation at break. For those reasons,
barrier enhancement by adding homogeneous nanofillers often leads to embrittlement [12].

Permeability reduction is coupled with mechanical degradation, which limits the property space that
can be achieved with uniformly filled nanocomposites. A strategy that is able to separate barrier
enhancement spatially from bulk deformation behavior is thus demanded to overcome this limitation.
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Figure 1. Structural comparison of multilayer laminate and graded nanocomposite film. (a)
Conventional discrete multi-layer laminate (Heterogeneous); (b) Proposed functionally graded bio-

nanocomposite (Homogeneous).
Source: Adapted from [14].

Functionally Graded Nanocomposite Architecture

Spatial control of the concentration of reinforcement over the thickness of the film provides a
structural variation to providing dispersion at the interface uniformly. In functionally graded
nanocomposite the concentration of nanoplatelets is continuously changed from surface to the interior
of the film. Regions near external surfaces, where the oxygen diffusion sense begins to occur, may be
enhanced with higher filler concentrations to increase with tortuosity and to decrease permeation.
Simultaneously, the core of the films can maintain a lower filler concentration, which retains the matrix-
dominated deformation behavior and the mechanical compliance [13].

This shape of the architecture has the advantage of maintaining the same polymer matrix throughout
the cross section; there are no discrete adhesive interfaces as occurs in multilayer laminates. Structural
continuity gives freedom of redistribution of reinforcement avoiding phase boundaries compromising
the recyclability. The graded configuration therefore represents monolithic system with spatially tailor-
made properties and not assemblage of dissimilar materials [ 14].

Figure 1 illustrates the contrast between a conventional multilayer laminate composed of discrete
bonded layers and a graded nanocomposite film exhibiting continuous variation in nanoparticle
concentration across thickness. The graded system preserves matrix continuity while redistributing
reinforcement density spatially.

Process - Structure Coupling and Optimization Challenges

The realization of functionally graded nanocomposite architectures by melt processing requires the
precise control of processing details of the extrusion process, which is responsible for the filler
distribution. In twin-screw extrusion, the variables like screw speed, temperature profile, shear rate, and
gravimetric feed rate are influential to melt viscosity, residence time, and particle migration behaviour
[15]. The resulting spatial distribution of reinforcement results from the interplay between coupled
thermal, rheological, and diffusive phenomena through the processing domain [16].

Conventional parameter tuning strategies using a sequential approach based on experimentation
cover a limited region of this high-dimensional control space. Small changes in the processing
conditions can lead to significant changes of local filler concentration and evolution of microstructure
such that the optimization of the properties is difficult to be carried out systematically. As a result, it is
not efficient and uncertain to obtain the desired gradient profile with traditional methods [17].
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Formulating the extrusion process as a continuous control problem allows the determination of a
direct relationship between the process variables and the spatial material distribution. When coupled
with physically informed models for diffusion processes and both mechanical and micromechanical
behavior, this model enables the assessment of properties response under constrained processing
conditions [18].

A reinforcement learning-based optimization strategy enables systematic exploration of the coupled
process—structure—property space. Through suitable process parameters, under the perfect operation of
feedback, and by continuously adjusting the parameters, the best control policies may be identified for
generating spatially varying reinforcement profiles. This approach serves to design a new range of
coated nanocomposite films that have barriers and mechanical compliance capabilities within the same
material system.

BACKGROUND AND RELATED WORK
Recycling Limitations of Multilayer Flexible Packaging

Multilayer plastic films have been extensively researched for their efficiency in creating a barrier and
mechanical strength but its end-of-life management has remained a challenge [19]. Laminated
structures made from polyethylene and polyethylene terephthalate, polyamide, ethylene-vinyl alcohol
and aluminum foil use adhesion binding to achieve interlayer binding [20]. Incompatibility of these
constituents (from a thermodynamic point of view) blocks the remelting of the final product during
mechanical recycling. Researches to analyze the recycling flows have never missed counting low
figures on recovery rates of multilayer flexible packaging compared to monolayer films, which can be
attributed mostly to the heterogeneity of materials and the difficulty in separating them [21].

Advanced delamination procedures ranging from solvent-based separation and thermal procedures
have been suggested to recover constituent layers [22]. While technically feasible on a laboratory scale,
the above approaches suffer from additional energy demand and added complexity of operation.
Economic analyses have shown that separating is often more expensive than the market value of
recovered materials [23]. As regulatory frameworks have come into play and focus more on
recyclability and extended producer responsibility, structural simplification of packaging materials has
become a design priority.

Nanoclay-Reinforced Polymer Composites for Barrier Enhancement

The introduction of layered silicates nanofillers into polymer matrices has been extensively explored
as a way of reducing gas permeability [24]. High aspect rationess in the platelets like montmorillonite
provides tortuous diffusion paths, where the effective length of transport for the gas molecules is
increased. Theoretical descriptions of permeability reduction attempt to use tortuosity-based models,
such as the Nielsen formulation, and extensions. Experimental results on PLA-OMMT systems found
great reduction of oxygen transmission rate at moderate filler contents, provided a good exfoliation and
dispersion of the filler is achieved [25].

Despite barrier improvement, along with barrier filler concentration, mechanical consequences
accompany. Uniform dispersion of nanoclay usually enhances the elastic modulus but reduces the
elongation on break because of the limited mobility of the polymer chains and stress concentration at
filler matrix interfaces [26]. Several investigations report about brittle failure behavior of filler loadings
higher than critical values. Attempts to reduce the embrittlement by making plastics more plasticized
or by using compatibilization have yielded partial improvements and often increased the formulation
complexity [27]. The strong permeability reduction which is associated to a persistent coupling with
the mechanical stiffness is always the limiting factor in the design of nanocomposites film in a
monolithic structure [28].
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Table 1. Thermophysical and mechanical parameters used for simulation initialization.

Property Symbol PLA (4043D) OMMT (Cloisite 30B) Unit
Density p 1.24 1.98 g/cm?
Elastic modulus E 35 178 GPa
Poisson’s ratio v 0.36 0.20 -
Aspect ratio o - 100 L/t
Oxygen permeability Poz 2.54 ~0 (Impermeable) cc-mm/(m?-day)

Source: authors own illustration

Functionally Graded Polymer and Composite Structures

Functionally graded materials (FGMs) have been extensively explored for the achievement of spatial
variation of properties by controlled distribution of constituents. In composite systems, this means that
such transitions can be made gradually by controlling the mechanical, thermal, and transport behaviors
that are effective in order to lessen the stress concentration and improve the overall performance of the
structural systems [29]. In the domain of polymer-based materials, graded architectures have been
investigated that can be expected to modulate surface hardness, impact resistance, and thermal
conductivity needs whilst preserving the bulk compliance [30].

Several different processing methods have been developed to create graded structures in polymer
composites, such as controlled co-extrusion, diffusion-driven particle migration methods, centrifugal
methods, and layer-by-layer assembly. These techniques make it possible to vary the concentration of
fillers across the thickness, thus providing for localized reinforcement without offering discrete
interfaces. As compared to conventional multilayer systems, graded architectures maintain the
continuity of material and eliminate the issue of interfacial incompatibility, which is useful for
mechanical integrity as well as recyclability purposes [31].

In the case of barrier materials, spatial distributions of the nanofillers provide a way to selectively
improve resistance to gas diffusion. Increasing filler concentration towards external surfaces can yield
higher tortuosity levels of diffusion pathways, whereas the filler fraction in the core region remains low,
keeping the ductility high and stiffness amplification low. This approach is permitted by a more efficient
use of reinforcement through a better correspondence of materials distribution to the functional
requirements.

Despite these advantages, most polymer nanocomposite films are still based on homogeneous filler
dispersion owing to the processing simplicity and the low spatial distribution control [32]. Existing
works on graded polymer nanocomposites have mainly focused on empirical fabrication and
characterization with little concern for systemic optimization of gradient profiles. Recent studies have
started to address the role of spatially resolved reinforcement in the enhancement of multifunctional
performance, specifically in the case where multiple properties, like a barrier and mechanical properties,
need to be optimized simultaneously [11].

These developments show the importance of developing design frameworks that enable us to find
optimal configurations of the gradient configurations in a systematic way rather than through trial-and-
error approaches. Integrating process control and predictive modeling is a pathway to achieving targeted
spatial architectures in polymer nanocomposites for better performance without adding more
complexity to the materials.

Reinforcement Learning in Materials Processing and Inverse Design

Applied in materials design and process optimization, machine learning approaches have seen an
increasing rate of application. Supervised learning techniques have been used to predict mechanical
properties based on compositional descriptors and evolutionary algorithms have been used for
parameter optimization in extrusion and additive manufacturing [33]. Reinforcement learning offers a
different plotting mechanism for sequential decision making for systems with dynamic evolving states.
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Applications of reinforcement learning in materials engineering can be found in the field of additive
manufacturing [34], considering the adaptive process control [35], microstructure prediction in alloy
system, as well as the application of autonomous experimentation platforms [36]. In polymer
processing, reinforcement learning has been applied and shown for temperature control and minimizing
defects [37]. However, the use of reinforcement learning in the spatial microstructure control of
extrusion is still limited [38]. Existing implementations usually emphasize scalar property optimization
as opposed to inverse design of thickness-dependent compositional gradients [39, 40, 41, 42].

Research Gap

Prior work also sets the basis with 3 independent foundations barrier enhancement by reinforcement
with nanoclays, structural benefits of graded materials, and reinforcement learning process
optimization. However, these domains have seldom been amalgamated in a common computational
make. Specifically, there is little exploration of algorithmically controlled gradient formation in
nanocomposite films for detaching the barrier performance from the mechanical embrittling. Moreover,
the formulation of extrusion as a continuous control problem that would link process parameters and
filler distribution in space has not been explored to a large extent.

The present study helps to fill this gap by the development of a reinforcement learning framework
which helped optimize, on a direct basis, extrusion control variables in order to produce desired filler
gradient based on diffusion and micromechanical limitations. This combination of graded composite
design and process-level learning creates an ordered method for the evaluation of monolithic high
barrier films as alternatives for conventional multilayer laminates.

PROCESS MODELING AND REINFORCEMENT LEARNING FRAMEWORK
Constituent Material Parameters

The simulation environment is initialized employing experimentally reported properties of
commercially available materials in order to guarantee physically-realistic boundary conditions. The
continuous matrix phase is defined as Polylactic Acid (PLA) grade 4043D (NatureWorks LL.C) which
was used because of its semicrystalline behavior and suitability for film extrusion. The dispersed
reinforcement phase consists of organo-modified montmorillonite (OMMT), more precisely Cloisite
30B, by means of the surface modification of the montmorillonite with quaternary ammonium in order
to achieve the compatibility with polyester matrices.

The thermophysical and mechanical parameters for the initial conditions of the model are
summarized in Table 1. These values remain stationary under optimization thus limiting the
reinforcement learning agent to the adjustment of spatial filler distribution and process variables instead
of intrinsic material properties.

The nanoclay platelets are modeled by using an effective aspect ratio equal to 100 in accordance to
partially exfoliated layered silicate systems. The oxygen permeability of the nanoclay phase is taken to
be negligible compared with the permeability of the polymer matrix, as is consistent with its
impermeable platelet structure. Density differences between matrix and reinforcement are included in
the lifecycle cost model to cover the economic effects due to mass. These parameters specify material
boundary conditions inside them the permeability and micromechanical models as presented later are
run.

Process Representation and Property Evaluation

The extrusion process is represented by a stochastic environment in which nanoclay concentration in
the space changes with the controlled parameters of processing. And the goal is to find process
parameters to produce a desired thickness-dependent filler distribution with acceptable mechanical
compliance.
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Barrier performance is assessed from a tortuosity-based permeability relation based on the Nielsen
formulation where relative permeability decreases as a function of volume fraction of filler and effective
aspect ratio of the platelet. Mechanical stiffness is estimated based on micromechanical approximation
through Halpin-Tsai relations by relating local filler concentration to the composite modulus. These
constitutive relations give a computationally-effective mapping between spatial distribution of filler and
resulting barrier and mechanical properties.

The simulation environment thus translates the actions of processes into local concentration profiles
of the filler and estimating the relevant performance measures based on already known models of the
diffusion and composite mechanics.

Markov Decision Process Formulation
The outcome of the extrusion system is modelled as a continuous control Markov Decision Procedure
(MDP). At every time step ¢, the state is described by the state vector:

St = [lfmelty TdiEy ¢local] (1)

Where, melt viscosity, die temperature, and local filler fraction describe the instantaneous process
condition.

The continuous action vector is defined as:

At = [NscreW, Qﬁller] (2)

Where,

Nserew TEpresents screw rotation speed and QOrier denotes nanoclay feed rate. These actions influence
shear intensity and material throughput, thereby modifying filler dispersion and spatial distribution.
The optimization objective is to maximize cumulative discounted reward:

J(0) = E[L{=0Y"R,] 3)

Where, vy is the discount factor and R; is a scalar reward defined to promote barrier enhancement
while limiting stiffness increase.

The reward function is expressed as:
1
Ry = w;A (;) — Wy AE — wsg Cprocess 4)

Where,

P denotes permeability, £ denotes elastic modulus, and Cprocess represents penalties associated with
extreme operating conditions. Weighting coefficients regulate the trade-off between barrier
improvement and mechanical compliance.

Closed-Loop Reinforcement Learning Architecture
The reinforcement learning framework works in closed form between the process model and the
optimization agent.

As shown in Figure 2, the policy network produces raw continuous actions which are bound within
the feasible operating limits prior to application to the extrusion environment. It is via the environment
that the updated state vector and reward signal is returned based on computed barrier and mechanical
responses. This iterative interaction allows control policies to be further honed.

Actor - Critic Network and PPO Optimization

Policy optimization is done with Proximal Policy Optimization (PPO) which is chosen for stability
within continuous action fields. The neural net is composed of two fully connected hidden layers each
having 64 neurons and has hyperbolic tangent activation functions. A shared representation of the
features branches out into policy and value heads in Figure 3.
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Figure 3. Topology of the Actor-Critic Neural Network mapping rheological inputs to extrusion control
parameters.
Source: Authors own illustration

The output of the policy head is the mean and standard deviation parameters (p,c) for every
dimension of action, where there is grounding for the screw speed and filler feed rate as Gaussian
sampling distributions. The value head is used to estimate the state-value function V{(s) which is used
to calculate advantage estimates during the training step.

Policy updates maximize the clipped surrogate objective:
LELP(6) = E,[min(r,(6)A,, clip(r:(6),1—€,1 + €)4;)] (5)

Where,

1(0) is the ratio of updated to previous policy probabilities and A; is the generalized advantage
estimate. The clipping mechanism limits abrupt parameter changes and stabilizes training.
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Table 2. PPO training hyperparameters.

Parameter Value
Learning rate 3x10*
Discount factor (y) 0.99
Clipping parameter (€) 0.2
Batch size 64
Update epochs per iteration 10
Hidden layer size 64 neurons
Activation function tanh
Training episodes 2000
Independent seeds 5

Source: Authors own illustration
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Figure 4. Convergence behaviour of the DRL agent.
Source: Authors own illustration

Training Configuration and Hyperparameters

Training was done for 2000 episodes with several random seeds that were independent from each
other to address convergence stability. Continuous actions were within experimentally feasible
operating ranges before they were executed. Optimization was done using mini batch gradient update.
The main aspects of the hyperparameters are summarized in Table 2.

These parameters were selected to balance convergence stability and computational efficiency.

RESULTS
Reinforcement Learning Convergence and Stability

The convergence process of the Proximal Policy Optimization (PPO) agent was tested in 2000
training episodes with 5 different random initial seeds. The evolution of the cumulative reward as a
function of the number of training episodes is provided in Figure 4.

The cumulative reward grows quickly for the first 600-800 episodes, which is a sign of efficient
exploration of the control space. Beyond approximately 1200 episodes, the learning curve begins to
plateau, suggesting convergence of the control policy toward a stable solution.
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Table 3. Convergence Statistics (Final 200 Episodes).

Metric PPO agent Random search

Mean cumulative reward 492 £ 11 -182+ 15

Standard deviation (across Seeds) 9.8 14.3

Episodes to plateau (~95% max reward) |~1350 Not reached
10.0%

8.0% 1 High filler region High filler region
/ \

6.0% A

Volume fraction (%)

4.0% | Low filler region
2.0% |
0.0% |
2.0% ) } !
0.0 0.2 0.4 0.6 1.0

Normalized film thickness (z/L)

Figure 5. Spatial distribution of reinforcement phase.
Source: Authors own illustration

The fact that the confidence band is relatively narrow with all the different seeds indicates low
sensitivity of stochastic initialization and consistent learning behavior. In contrast, the random search
baseline has continuously low reward values with no identifiable improvement during the period in
which it is trained. This shows the benefit of structured policy optimisation to deal with the nonlinear
process-structure property relationships of the system. A quantitative summary of the convergence
characteristics is presented in Table 3, which is based on the last 200 training episodes.

The PPO agent has a mean cumulative reward of 492 + 11, which is significantly better than the
random search baseline (-182 + 15). This low standard deviation between seeds is one more way of
confirming how robust the learned policy really is. Additionally, the PPO agent reaches approximately
1350 episodes to achieve 95% of its maximum reward, while the baseline fails to show that its learners

show signs of convergence. These are steady and reproducible learning dynamics under defined
conditions of training.

Emergent Filler Gradient Architecture

The optimized spatial distribution of nanoclay volume fraction through the normalized film thickness
is shown in Figure 5.

The learned profile has a strong surface-enriched gradient where filler concentrations are higher near
both external interfaces, and there is a low concentration in the central area. The volume fraction is
approaching ~ 8 - 9% at the surfaces, while the core becomes stable at minimal filler content. The
distribution is symmetric with respect to the mid-thickness, which suggests uniform reinforcement
allocation at each of the diffusion interfaces.

As compared with a uniformly distributed nanocomposite with the same mean filler incorporation
fraction, the optimal configuration results in the redistribution of reinforcement towards more functional
areas. The concentration of nanoclay near the surface increases the resistance against gas diffusion by
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increasing tortuosity at the main sites of entry. At the same time, keeping the filler fraction in the core
low promotes matrix-dominated mechanical behavior and so reduces the stiffness amplification.

This spatial redistribution shows that barrier performance can be enhanced at no additional filler
dosage. Instead of uniform reinforcement, the optimized architecture employs localized concentration
to make more efficient use of materials. The resulting gradient configuration is the resultant balance of
transport resistance versus mechanical compliance within a single continuous matrix.

Predicted Barrier Performance

The optimized reinforcement profile was analyzed by a tortuosity-based permeability model in order
to analyze the effect on oxygen transport. The non-uniformity of the spatial distribution of nanoclay
will lead to the position dependence of resistance to diffusion, with the greatest contribution of the
barrier at the positions closest to the external interfaces, where the concentration of filler is high.

The model predicts that the graded architecture reduces oxygen permeability by approximately 55—
65% as compared to the neat PLA with local filler fraction and platelet orientations assumptions. In
comparison to a uniformly dispersed nanocomposite of the same average filler loading (4%), the graded
configuration gives an additional 12-18% reduction in permeability.

This is an improvement caused by the nonlinearity of the filler concentration and diffusion resistance
relationship. Localized enrichment of nanoclay near the surfaces increases the effective tortuosity of
the primary diffusion routes, so the enhancement of the barrier is more efficient than uniform dispersion.
As a result, the same amount of reinforcement is used quite effectively through spatial redistribution
instead of increased loading.

These results suggest that spatial control of the reinforcer can lead to substantial improvement in the
performance of barriers, without adding extra passivation to the material, which can serve as a viable
pathway for the design of high-performance monolithic films.

Mechanical Response Implications

The mechanical response of the graded nanocomposite was determined with micromechanical
approximations of the relation between the local filler concentration and elastic modulus. The
reinforcement of nanoclay causes a total increase in stiffness compared to neat PLA. However, the level
of this increase is dependent upon the spatial distribution of the filler.

For a uniformly dispersed composite material with a filler loading of 4%, the predicted increase in
the modulus is about 18-22%. In contrast, the optimised set-up of a graded configuration gives rise to a
more moderate increase of ca. 10-14%. This reduction in stiffness amplification has been attributed to
the low filler concentration that is retained in the core region, in which thick deformation behavior is
controlled mainly by the polymer matrix.

Since the central region plays a large role in the overall mechanical compliance of thin films,
maintaining a matrix-dominated central region is beneficial to reduce the stiffening effect of nanoclay
reinforcement. At the same time, surface enrichment is guaranteed so that barrier performance will not
be compromised.

These results suggest that spatially graded reinforcement allows one to partially decouple barrier
enhancement and mechanical stiffening so that a higher level of functional performance can be obtained
without compromising flexibility.

Integrated Performance Trade-Off
The resulting combined effects of barrier performance and mechanical stiffness for various material
configurations are summarized in the Table. 4.
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Table 4. Comparative performance summary.

Metric Neat PLA Uniform 4% composite Optimized gradient
Relative permeability 1.00 0.58 0.48
Modulus increase (%) 0 +20% +12%
Average filler fraction 0% 4% 4%

Source: Authors own synthesis
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Figure 6. Comparative lifecycle cost (LCC) analysis.

Source: Authors own illustration

The graded nanocomposite configuration shows better barrier performance than both the neat PLA
and the homogeneous composite. For the same average filler loading, the graded architecture gets lower
values of predicted permeability while controlling the increased elastic modulus relative to the uniform
system.

This behavior can be attributed to the more efficient use of reinforcement (spatial redistribution).
Thus, having filler closer to the surfaces improves gas diffusion resistance, whereas having less filler
in the center core ensures that mechanical compliance is maintained. As a result, a balanced combination
of barrier performance and flexibility is provided by the graded structure.

Overall, the findings can be taken to mean that spatially controlled reinforcement is a more effective
strategy for concurrently addressing competing functional requirements in the case of thin-film polymer
systems than uniform filler dispersion.

TECHNO-ECONOMIC ASSESSMENT
Comparative Lifecycle Cost Analysis

To assess the economic aspects of a change from conventional multilayer laminate packaging to the
optimized functionally graded bio-nanocomposite (FGBN), a comparative lifecycle cost analysis was
performed. The cost model includes the following four main steps: cost of raw material, cost of
processing energy, cost of end-of-life (EoL) management fee, and material value recovery through
recycling.

As shown in Figure 6, the traditional multilayer plastic (MLP) structure has a total lifecycle cost of
about $2600/ton. Although the cost of the raw material of petrochemical laminates is still lower than
that of bio-based systems, the heterogencous laminated structure makes it impossible to recycle
mechanically. As a result, there is a high end-of-life penalty in landfill taxes and waste handling fees.
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Table 5. Lifecycle cost component breakdown (USD per ton).

Cost Component Conventional MLP Proposed FGBN
Raw Material Cost 1200 1800

Processing Energy 600 400

End-of-Life Penalty (Landfill/Tax) 800 0

Recycling Credit (Value Recovery) 0 —250

Total Lifecycle Cost 2600 2000

Source: Authors own illustration

In contrast, the raw material cost of the FGBN (proposed) architecture is higher because of the use
of PLA matrix and nanoclay reinforcement. However, since the system is monolithic as opposed to
adhesive-bonded, it can be mechanically recycled without delamination. Incorporating a conservative
recycling credit lowers the net lifecycle cost. The detailed cost breakdown, which was used to generate
Figure 6, is summarised in Table 5.

The cost redistribution from Table 5 suggests that the main difference in economic performance
between the two systems is an end-of-life handling cost rather than a result of the initial purchase price
of the material. While the bio-based nanocomposite will have a higher initial investment in materials,
the removal of disposal penalties and the addition of recycling value will add value, resulting in a
savings of about $600 per ton of total lifecycle expenditure compared with a conventional multilayer
laminate.

Structural and Manufacturing Implications

Conventional multilayer packaging is usually composed of several bonded layers, such as PET,
aluminum foil, adhesive interlayers, and polyethylene sealant. Each interface adds extra process steps
like lamination, adhering, and quality checking. These steps add to the complexity of operation and add
to indirect manufacturing costs.

The graded nanocomposite architecture eliminates adhesive interfaces by giving barrier enhancement
through controlled filler distribution in a single matrix phase. This is a structural simplification
according to which the complexity of the Bill of Materials is also reduced by removing solvent-based
lamination procedures. Manufacturing energy expenditure is therefore not so much reduced when
compared to laminated systems.

End-of-Life Liability and Regulatory Exposure

The economic separation between the two systems gets more pronounced under regulatory
frameworks involving taxation on landfills or extended producer responsibility (EPR) on non-
recyclable packaging. Multilayer laminates with their heterogeneous structure often appear to be a non-
recyclable material.

In contrast, the feature of a monolithic FGBN architecture allows mechanical recycling without phase
separation. The recycling credit included in Table 4 appropriately reflects the retained material value
and not the disposal cost. Consequently, lifecycle cost sensitivity is highly dependent on waste policy
and not just the cost of polymer feedstock.

DISCUSSION
Interpretation of Gradient Formation

The optimized reinforcement profile shows a very consistent tendency towards surface-enriched filler
distribution. This result is in line with the major role of boundary regions in controlling transport
phenomena, as the diffusion of the gases is the initiator and is most susceptible to the local resistance.
Increased filler concentration at external interfaces creates enhanced tortuosity of initial diffusion
routes, giving an outsize contribution to overall barrier performance.
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The appearance of a symmetric gradient developed across the film thickness suggests that the
optimization process is strongly determined by physical mechanisms of transportation and not by
arbitrary spatial bias. The corresponding configuration represents an efficient area of reinforcing, where
material is concentrated in those areas that give the greatest contribution to functional performance.
This behavior brings out the significance of the spatially resolved design in systems where the
performance is determined by the directional transport processes.

Decoupling Barrier Enhancement from Stiffness Increase

Uniform dispersion of nanoclay generally causes the direct coupling of barrier improvement and
stiffness improvement, resulting from a reduction in polymer chain mobility. In contrast, this
relationship is modified in the graded configuration by redistribution of reinforcement across the
thickness. A reduced filler concentration in the core region maintains matrix-dominated deformation
behaviour, which is critical for the maintenance of flexibility and resistance to brittle failure.

At the same time, surface-enriched regions have high resistance to gas diffusion without significantly
affecting bulk mechanical response. This spatial separation of functional roles allows some decoupling
of barrier performance and stiffness because it is hard to achieve in homogeneous systems. The results
suggest that geometric distribution of reinforcement is an additional design variable that makes it
possible to achieve a better balance of competing material requirements without having to increase the
total amount of filler.

Integration of Technical and Economic QOutcomes

The graded nanocomposite structure presents a cohesive way of relating the performance of the
material to the lifecycle analysis. If discrete interfaces related to multilayer laminates are eliminated,
the system can simplify the composition of the structure while maintaining the required performance
functionality. This structural continuity (compatibility with mechanical recycling processes) helps
ensure independence from separation-intensive end-of-life treatments.

From an economic point of view, the shift of disposal costs to material recovery emphasizes the need
to take lifecycle stages into consideration when designing materials. While the costs of materials may
be greater for the bio-based systems, the potential for recyclability brings in value recovery mechanisms
that can compensate for the costs. The performance optimization matches lifecycle efficiency
psychology that spatial engineering materials may contribute to as part of technical and economic
sustainability.

Sensitivity and Model Limitations

The present study is based on physics-informed computational modelling, and there is no
experimental validation of the prediction of the above-mentioned graded architectures. Two approaches
are used to evaluate, on the one hand, barrier performance using tortuosity-based models, and on the
other hand, to estimate the mechanical response by micromechanical approximations. Although these
models are well established, deviations could occur in practical systems, as they result, e.g., from
incomplete exfoliation of nanoclay platelets, aggregation effects, and non-uniform orientation in the
polymer matrix.

The extrusion process is modelled by means of a reduced order formulation that is interpreted in
terms of the most important process variables, however, without necessarily taking into account other
factors such as the screw geometry and the distribution of residence time, nor complex thermo-
rheological interactions. These factors can affect the migration and dispersion behaviour of the particles
and, potentially, lead to the formation of the expected gradient profiles in industry.

In addition, the techno-economic assessment is based on representative assumptions on material
costs, recycling infrastructure, and regulatory conditions. Distinct policies and market conditions of the
regions can be a factor shaping the absolute economic results.
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The experimental realization of graded PLA-nanoclay film on the basis of controlled extrusion
processing is the target of future investigations. Validation of the predicted architectures in terms of
oxygen transmission measurements, mechanical testing, and morphological characterization would give
critical insight into the practical feasibility of the proposed approach.

Broader Implications for AI-Guided Materials Design

The application of reinforcement learning to spatially distributed material design goes beyond the
application to conventional optimizations of scalar parameters. By using material architecture as a
continuous variable, the design space is extended to spatial distributions that cannot be easily accessed
by using standard approaches. These changes allow more efficient exploration of trade-offs between
competing functional properties.

The methodology can be extended to other material systems where one's performance depends on
spatial heterogeneity, such as applications in thermal management, moisture barriers, and electrically
functional composites. Integration of process modelling with learning-based optimization offers one
route to data-driven manufacturing strategies where material properties can be designed by controlled
processing conditions.

CONCLUSION

This work describes a reinforcement learning based framework for the inverse design of functionally
graded PLA-nanoclay composite films for high-barrier packaging applications. By setting up twin-
screw extrusion as a continuous control optimization problem, the distribution of reinforcement in space
is also regarded as a design variable that can be controlled, instead of a fixed material parameter. This
is the kind of approach that will allow exploration of process-structure-property relationships in a
systematic way in a physically informed modeling environment.

The optimized reinforcement profile displays the surface-enriched gradient profile, defined by the
high concentration of nanoclay near the external interfaces and therefore low concentration in the core
region. Model predictions show that such spatial redistribution can cause an appreciable reduction in
the oxygen permeability in comparison to both neat PLA and uniformly dispersed nanocomposites with
equal average filler loading. At the same time, the graded configuration controls the increase of stiffness
by maintaining a matrix-dominated core, which allows the partial decoupling of barrier performance
from mechanical stiffening.

The results further show that spatial control of reinforcement is a more efficient strategy than uniform
filler dispersion in balancing competing functional requirements. In addition to the performance
advantages, the monolithic character of the graded architecture removes interfacial incompatibilities
linked to multilayer architectures that contribute to the compatibility with mechanical recycling and
reduced lifecycle impacts.

While the current results come from computational modeling based on previously established
relations of the permeability and micromechanics, they lay the ground for future experimental
validation. Controlled extrusion studies and characterization on oxygen transmission and mechanical
response, along with filler morphology of the Boethius method, are required to evaluate the
practicalization of the predicted gradient architectures.

The proposed framework emphasizes the opportunities of reinforcement learning as a tool for spatial
resolution of materials design, which goes beyond the area of optimizing homogeneous systems. The
methodology may be useful for a wider class of polymer composite systems where performance is
controlled with the help of spatial variation, with potential to combine data-driven designing and
manufacturing processor innovation.
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