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Epoxy Adhesive Materials as Protective Coatings: Strength
Property Analysis Using Machine Learning Algorithms

Izabela Miturska-Barańska 1 and Katarzyna Antosz 2,*

1 Department of Production Computerisation and Robotisation, Faculty of Mechanical Engineering, Lublin
University of Technology, Nadbystrzycka 36, 20-618 Lublin, Poland; i.miturska@pollub.pl

2 Faculty of Mechanical Engineering and Aeronautics, Rzeszow University of Technology,
35-959 Rzeszow, Poland

* Correspondence: katarzyna.antosz@prz.edu.pl

Abstract: This study analyzed the mechanical properties of epoxy adhesive materials used
as functional coatings, focusing on how physical modifications impact their microstructure
and strength. Compositions based on Epidian 5, 53 and 57 resins were cured using TFF,
Z-1, or PAC curing agents and modified with various fillers: mineral (CaCO3 calcium
carbonate), active (activated carbon filler, CWZ-22), and nanostructured (montmorillonite,
ZR-2) fillers. The best results were achieved with calcium carbonate (10–20 wt%) in Epidian
5 or 53 resins cured with TFF or Z-1, yielding tensile strength up to 64 MPa, compressive
strength up to 145 MPa, and bending strength up to 123 MPa. Activated carbon and
nanofillers showed moderate improvements, particularly in more flexible matrices. To
support property prediction, machine learning algorithms were applied and successfully
modeled the mechanical behavior based on composition data. The most accurate models
reached R2 values of 0.93–0.95 for compression and bending strength. While the models for
compression and bending strength demonstrated high accuracy, the tensile strength model
yielded lower predictive performance, indicating that further refinement and expanded
input features are necessary. Shapley analysis further identified curing agents and fillers as
key predictive features. This integrated experimental and data-driven approach offers an
effective framework for optimizing epoxy-based coatings in industrial applications.

Keywords: material characterization; SEM; machine learning algorithms; SVM; NN
algorithm

1. Introduction

Modern engineering structures increasingly demand materials that can simultane-
ously fulfill structural and protective roles. In mechanically and chemically aggressive
environments, coatings serve as a vital barrier to moisture, corrosion, UV radiation, and
mechanical damage. Depending on their chemical composition and technical function,
coatings can perform barrier, adhesive, electro-insulating, or self-healing functions [1,2].

Among these, epoxy adhesive systems are particularly versatile. Traditionally used
as structural adhesives, they are also employed as protective coatings for substrates such
as steel, concrete, and composites. These two-component polymeric systems form cross-
linked networks with excellent adhesion, chemical resistance, and thermal stability after
curing. Their properties can be tailored through appropriate selection of curing agents and
fillers [3,4].

Materials 2025, 18, 2803 https://doi.org/10.3390/ma181228031
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In various engineering applications—including construction, marine, automotive, and
energy—epoxy coatings are valued for their adaptability and durability. They also serve as
the foundation for smart coatings and hybrid materials [5].

One established method for enhancing epoxy performance is physical modification
using mineral, active, or nanostructured fillers. These improve characteristics such as
modulus, toughness, and barrier performance. Fillers like calcium carbonate, activated
carbon, and montmorillonite have demonstrated measurable influence on microstructure
and mechanical behavior [4–6]. However, the effectiveness of such modification depends
on filler dispersion and interaction with both the resin and curing agent.

Thus, the use of various types of fillers—both macro-, micro-, and nano-structural,
which in specific proportions can significantly improve the mechanical, thermal, and
tribological properties of composite systems—is a key strategy for modifying epoxy resins.
Studies by Karthikeyan and Naveen [4] have shown that mineral additives such as CaCO3

can improve elastic modulus and compressive strength, while active carbon fillers (e.g.,
CWZ-22) can have beneficial effects on vibration damping and thermal conductivity. On
the other hand, the use of nanofillers—such as montmorillonite of the ZR-2 NanoBent
type—can achieve better barrier properties and significant reinforcement at a low mass
proportion (1–5%) [7].

Scanning electron microscopy (SEM) is often used to assess the resin–filler interface,
as poor dispersion can result in porosity or reduced mechanical performance [8]. At the
same time, traditional mechanical testing of new formulations is often time-consuming and
expensive.

Another challenge remains the rapid and reliable evaluation of the mechanical prop-
erties of new compositions, which traditionally requires time-consuming and expensive
experimental testing. To address this, machine learning (ML) algorithms are increasingly
employed to predict and optimize material properties. These include linear models, ran-
dom forests, and neural networks, which can identify key formulation parameters and
forecast strength, durability, or failure [9–11]. For example, Yan et al. [9] used the ML
model to predict the tribological properties of epoxy coatings modified with nanoparticles,
achieving high prediction accuracy. Other researchers [10] developed regression models to
evaluate the strength of adhesive bonds depending on resin type, filler type, and curing
method, indicating the potential of AI in the design of new materials.

Despite the numerous studies on epoxy resins and the widespread interest in the topic
of modification of polymeric materials, there is still a lack of research that comprehensively
combines experimental strength analysis, microstructural characterization, and predictive
modeling of mechanical properties for epoxy protective coatings. This is particularly
true for resins in the Epidian group, which are widely used in industry, but insufficiently
described in the context of ML-supported physicochemical modifications.

Due to the challenges in directly testing thin coatings, model samples of standardized
geometry were used, allowing consistent evaluation of compositional effects. This type
of approach allows unambiguous evaluation of the influence of epoxy resin, curing agent,
and filler type on mechanical properties, eliminating uncontrolled factors related to the
substrate, uneven film thickness, or curing conditions in thin films. Although the samples
used do not fully replicate the in-situ operating conditions of the coatings, they provide a
reliable model to evaluate the material properties as such. A similar approach is commonly
used in the literature on adhesion and coating testing of epoxy materials [12–14].

In response to the indicated research gap, the purpose of this study was to conduct a
multivariate analysis of epoxy adhesive materials used as protective coatings, taking into
account the following:
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• the effect of resin type, curing agent type, and filler concentration and type on me-
chanical properties;

• evaluation of microstructure using scanning electron microscopy (SEM);
• construction and validation of regression models that enable prediction of strength

parameters based on material composition.

The overarching goal of the paper is therefore to integrate experimental approaches
with machine learning algorithms in the context of functional adhesive coatings based on
Epidian epoxy resins.

2. Numerical Methods and Data Algorithms in Epoxy Materials
Engineering

Advances in epoxy materials today are no longer solely the result of experimental
research. Increasingly, the development of adhesion and coating technologies is based
on the integration of classical laboratory approaches with computational methods and
data analysis. In particular, numerical methods and machine learning algorithms are
finding application in adhesion materials engineering as tools for predicting, optimizing,
and deeply understanding the effects of chemical composition and microstructure on the
mechanical and performance properties of epoxy composites.

The development of this field is made possible by the increasing availability of ex-
perimental data, the digitization of research, and the growth of computing power. Of
key importance here are regression algorithms, classification methods, and data mining
techniques that allow identification of non-obvious relationships between variables such as
resin type, curing agent type, filler concentration, or composite preparation method. The
most commonly used algorithms are linear and multivariate regression, Ridge and LASSO
regression, decision trees, and ensemble models such as random forests (random forest).
More advanced applications also use deep neural networks (DNNs) and convolutional
neural networks (CNNs), especially for microscopic image analysis (e.g., SEM) [15–17].

In the engineering of epoxy adhesion materials, data-driven predictive models make it
possible, among other things, to predict tensile strength, flexural and compressive strength,
and to assess degradability under service conditions. In a study by Yan et al. [9], the use of
a machine learning model made it possible to predict the tribological properties of epoxy
coatings with high accuracy based on material composition and curing conditions. Another
work (e.g., Jang et al. [10]) has demonstrated the effectiveness of regression in evaluating
the effect of fillers on the mechanical parameters of structural adhesives.

Particularly important in the case of epoxy resins is to take into account the microstruc-
tural variability resulting from the type of fillers (mineral, active, nano) and their dispersion
in the polymer matrix. The use of numerical methods makes it possible to quantitatively
analyze this variability and account for it in model predictions. Data-based models can also
be coupled with microscopic observations, allowing not only the classification of structural
defects but also their automatic assignment to technological parameters [6,18]. Figure 1
shows a modern approach to the analysis and design of epoxy materials using computa-
tional tools and artificial intelligence methods. The diagram illustrates how extensively
numerical methods and data algorithms support modern epoxy engineering—from prop-
erty analysis and prediction to intelligent design of materials with preplanned parameters.
It also points to the growing integration of experimental approaches with digital analytical
tools as part of the so-called digital transformation of materials research.

3



Materials 2025, 18, 2803

Figure 1. Numerical methods and data algorithms in epoxy engineering.

In this study, machine learning models were used to support the analysis of the
influence of input variables on the mechanical properties of epoxy composites. Such a
choice, despite its simplicity, is fully justified—especially for studies where sample size
is limited and the goal is to understand the influence of specific formulation parameters.
These models, properly calibrated and validated, make it possible to predict strength
properties based on material composition, supporting both experimental analysis and
practical application of materials in surface engineering.

The use of numerical methods and data algorithms in the engineering of epoxy
adhesive materials not only speeds up the testing process but also enables the development
of functional coatings with engineered properties tailored to the requirements of specific
working environments. This represents a clear step toward so-called smart materials design
and the digital transformation of materials research.

3. Materials and Methods

3.1. Materials and Their Properties

The study used epoxy composite compositions based on three different Epidian
resins: Epidian 5, Epidian 53, and Epidian 57 (CIECH S.A., Sarzyna, Poland), which differ
in the degree of chemical modification, viscosity, and elasticity after curing. Epidian 5
epoxy resin is a classic, low-viscosity bisphenol resin with a wide range of engineering
applications. Epidian 53 epoxy resin, which is an ester-modified resin, is characterized
by higher hardness and heat rejection. Epidian 57 epoxy resin, on the other hand, con-
tains additives that improve the plasticity of the composition, making it more flexible
after crosslinking.

Three different curing agents were used: TFF Mannich’s principal, Z-1 aminoamide
and the PAC traditional polyamide curing agent (CIECH S.A., Sarzyna, Poland). Each
of them is characterized by a different crosslinking mechanism and reaction time, which
translates into different final properties of the material. Crosslinking reactions were carried
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out under room conditions, according to the manufacturers’ recommended ratios, keeping
the appropriate gelation and curing times.

The properties of the used materials are summarized in Tables 1 and 2.

Table 1. Physical and chemical properties of the epoxy resins used in the study [19–23].

Properties Epidian 5 Epoxy Resin Epidian 53 Epoxy Resin Epidian 57 Epoxy Resin

Epoxy number 0.48–0.52 mol/100 g ≥0.41 mol/100 g ≥0.40 mol/100 g
pH value ok. 7 ok. 7 ok. 7

Viscosity at 25 ◦C 20,000–30,000 mPa·s 900–1500 mPa·s 13,000–19,000 mPa·s
Density in 20 ◦C 1.16 g/cm3 1.11–1.15 g/cm3 1.14–1.17 g/cm3

Flash temperature 266 ◦C 58 ◦C 134 ◦C
Temperature
auto-ignition 490 ◦C 460 ◦C 455 ◦C

Melting point 30–50 ◦C Not applicable Not applicable

Initial boiling point not marked—distribution 141 ◦C >215 ◦C
does not boil

Table 2. Properties of the curing agents used in the tests [23,24].

Properties
Mannich’s Principle
(TFF Curing Agent)

Amine Curing Agent
(Z-1 Curing Agent)

Polyamide Curing Agent
(PAC Curing Agent)

Viscosity at 25 ◦C max. 10,000 mPa·s 20–30 mPa·s 10,000–25,000 mPa·s
Density in 20 ◦C 1.15–1.20 g/cm3 0.978–0.983 g/cm3 1.10–1.20 g/cm3

Amine number 500–700 mg KOH/g min. 1100 mg KOH/g 290–360 mg KOH/g
Gelation time (example for
composition with Epidian

5 at 20 ◦C, for 100 g
sample)

17 min 33 min 180 min

The content in the epoxy compositions of the curing agents used was selected on
the basis of the recommended stoichiometric ratios (Table 3), according to the type of
epoxy resin.

Table 3. Used amount of curing agents in epoxy compositions.

Epoxy Resin
Curing Agent (Parts by Weight per 100 Parts by Weight of Epoxy Resin)

TFF Epoxy Resin Z-1 Epoxy Resin PAC Epoxy Resin

Epidian 5 (E5) 26 part-weight. 12 part-weight. 80 part-weight.
Epidian 53 (E53) 22 part-weight. 10 part-weight. 80 part-weight.
Epidian 57 (E57) 22 part-weight. 10 part-weight. 80 part-weight.

In order to evaluate the effect of physical modification of the epoxy compositions,
the compositions were enriched with three types of fillers: nanofiller (montmorillonite
type NanoBent ZR2) (Zakłady Górniczo-Metalowe “Zębiec” S.A., Zębiec, Poland), min-
eral (calcium carbonate—CaCO3) (Zakłady Przemysłu Wapienniczego Trzuskawica S.A.,
Siatkówka, Poland) and activated (activated carbon CWZ-22) (PPH STANLAB SP. Z O.O.,
Lublin, Poland). Fillers were introduced into the resins at different ratios: 5%, 10% and
20% by weight for CaCO3 and CWZ-22, and 1%, 3% and 5% by weight for montmorillonite.
Their selection was based on the previous literature reports indicating their cor- cussive
effects on the mechanical and barrier properties of the epoxies.
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The properties of the fillers used in the study are summarized in Tables 4–6. Tables 7–9
present the compositions of the compositions tested in the study.

Table 4. Properties of NanoBent ZR2 montmorillonite [25].

Properties ZR2 NanoBent

Form cream-colored lamellar powder
Water content ≤3.0% weights

Roasting loss at 650 ◦C 25–30% weights
Swelling in Xylene >20% volume

Vapor sorption of white spirit 48 h >20% weights
Bulk density <0.5 g/cm3

CEC ion exchange capacity of bentonite
raw material

min. 80 mmol/100 g dry bentonite raw
material

Table 5. Basic physical and chemical properties of CaCO3 used in the study [26].

Properties CaCO3 Calcium Carbonate

Form light gray solid of various sizes: lumps or fine
powder

Fragrance odorless
pH 9.2 (at 25 ◦C)

Melting point >450 ◦C (decomposition temperature—825 ◦C)
Flammability non-flammable

Explosive limits non-explosive (free of any chemical structures
associated with explosive properties)

Relative density 2.711 g/cm3 (at 20 ◦C)
Solubility in water 14 mg/dm3 (at 25 ◦C)

Viscosity not applicable (solid with melting point > 450 ◦C)

Explosive properties non-explosive (free of any chemical structures
associated with explosive properties)

Oxidizing properties

non-oxidizing (based on chemical structure, the
substance does not contain excess oxygen or any
structural group tending to react exothermically

with combustible material)
Decomposition temperature 825 ◦C

Bulk density (0.7–1.4)·106 g/m3 (at 20 ◦C)

Electrostatic properties the substance does not generate electrostatic
charges

Table 6. Basic properties of CWZ-22 activated carbon [27].

Properties CWZ-22 Activated Carbon

Form solid, dusty black color
Fragrance odorless

pH about 6 (50 g/L H2O as suspension, 20 ◦C)
Melting point no data, sublimation about 3700 ◦C

Explosive limits no data
Relative density about 2 g/cm3

Solubility in water in water: insoluble in organic solvents: no data
Bulk density about 400·103 g/m3
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Table 7. Tested compositions based on epoxy resin Epidian 5.

No
Epoxy Resin Curing Agent Filler

Epidian 5
Epidian

53
Epidian

57
TFF Z-1 PAC ZR-2 CaCO3 CWZ-22

1 100 0 0 26 0 0 0 0 0
2 100 0 0 26 0 0 1 0 0
3 100 0 0 26 0 0 3 0 0
4 100 0 0 26 0 0 5 0 0
5 100 0 0 26 0 0 0 5 0
6 100 0 0 26 0 0 0 10 0
7 100 0 0 26 0 0 0 20 0
8 100 0 0 26 0 0 0 0 5
9 100 0 0 26 0 0 0 0 10

10 100 0 0 26 0 0 0 0 20
11 100 0 0 0 12 0 0 0 0
12 100 0 0 0 12 0 1 0 0
13 100 0 0 0 12 0 3 0 0
14 100 0 0 0 12 0 5 0 0
15 100 0 0 0 12 0 0 5 0
16 100 0 0 0 12 0 0 10 0
17 100 0 0 0 12 0 0 20 0
18 100 0 0 0 12 0 0 0 5
19 100 0 0 0 12 0 0 0 10
20 100 0 0 0 12 0 0 0 20
21 100 0 0 0 0 80 0 0 0
22 100 0 0 0 0 80 1 0 0
23 100 0 0 0 0 80 3 0 0
24 100 0 0 0 0 80 5 0 0
25 100 0 0 0 0 80 0 5 0
26 100 0 0 0 0 80 0 10 0
27 100 0 0 0 0 80 0 20 0
28 100 0 0 0 0 80 0 0 5
29 100 0 0 0 0 80 0 0 10
30 100 0 0 0 0 80 0 0 20

Table 8. Tested compositions based on epoxy resin Epidian 53.

No
Epoxy Resin Curing Agent Filler

Epidian 5 Epidian 53
Epidian

57
TFF Z-1 PAC ZR-2 CaCO3 CWZ-22

1 0 100 0 22 0 0 0 0 0
2 0 100 0 22 0 0 1 0 0
3 0 100 0 22 0 0 3 0 0
4 0 100 0 22 0 0 5 0 0
5 0 100 0 22 0 0 0 5 0
6 0 100 0 22 0 0 0 10 0
7 0 100 0 22 0 0 0 20 0
8 0 100 0 22 0 0 0 0 5
9 0 100 0 22 0 0 0 0 10

10 0 100 0 22 0 0 0 0 20
11 0 100 0 0 10 0 0 0 0
12 0 100 0 0 10 0 1 0 0
13 0 100 0 0 10 0 3 0 0

7
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Table 8. Cont.

No
Epoxy Resin Curing Agent Filler

Epidian 5 Epidian 53
Epidian

57
TFF Z-1 PAC ZR-2 CaCO3 CWZ-22

14 0 100 0 0 10 0 5 0 0
15 0 100 0 0 10 0 0 5 0
16 0 100 0 0 10 0 0 10 0
17 0 100 0 0 10 0 0 20 0
18 0 100 0 0 10 0 0 0 5
19 0 100 0 0 10 0 0 0 10
20 0 100 0 0 10 0 0 0 20
21 0 100 0 0 0 80 0 0 0
22 0 100 0 0 0 80 1 0 0
23 0 100 0 0 0 80 3 0 0
24 0 100 0 0 0 80 5 0 0
25 0 100 0 0 0 80 0 5 0
26 0 100 0 0 0 80 0 10 0
27 0 100 0 0 0 80 0 20 0
28 0 100 0 0 0 80 0 0 5
29 0 100 0 0 0 80 0 0 10
30 0 100 0 0 0 80 0 0 20

Table 9. Tested compositions based on epoxy resin Epidian 57.

No
Epoxy Resin Curing Agent Filler

Epidian 5 Epidian 53 Epidian 57 TFF Z-1 PAC ZR-2 CaCO3 CWZ-22

1 0 0 100 22 0 0 0 0 0
2 0 0 100 22 0 0 1 0 0
3 0 0 100 22 0 0 3 0 0
4 0 0 100 22 0 0 5 0 0
5 0 0 100 22 0 0 0 5 0
6 0 0 100 22 0 0 0 10 0
7 0 0 100 22 0 0 0 20 0
8 0 0 100 22 0 0 0 0 5
9 0 0 100 22 0 0 0 0 10

10 0 0 100 22 0 0 0 0 20
11 0 0 100 0 10 0 0 0 0
12 0 0 100 0 10 0 1 0 0
13 0 0 100 0 10 0 3 0 0
14 0 0 100 0 10 0 5 0 0
15 0 0 100 0 10 0 0 5 0
16 0 0 100 0 10 0 0 10 0
17 0 0 100 0 10 0 0 20 0
18 0 0 100 0 10 0 0 0 5
19 0 0 100 0 10 0 0 0 10
20 0 0 100 0 10 0 0 0 20
21 0 0 100 0 0 80 0 0 0
22 0 0 100 0 0 80 1 0 0
23 0 0 100 0 0 80 3 0 0
24 0 0 100 0 0 80 5 0 0
25 0 0 100 0 0 80 0 5 0
26 0 0 100 0 0 80 0 10 0
27 0 0 100 0 0 80 0 20 0
28 0 0 100 0 0 80 0 0 5
29 0 0 100 0 0 80 0 0 10
30 0 0 100 0 0 80 0 0 20
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So, in this study, compositions labeled as in Table 7 were prepared and tested.

3.2. Preparing Samples for Testing

Preparation of the compositions was carried out using a mechanical mixer (Güde,
Wolpertshausen, Germany) with a dispersing disc mixer. The flow of the process of
preparation of epoxy compositions was carried out according to the following methodology
(Figure 2):

• Weighing the specified amount of resin;
• Adding a filler (for modified compositions) to the epoxy resin in the appropriate

amount;
• Mechanical stirring of the composition components for a period of 3 min at a speed of

460 rpm;
• Adding curing agent to the resin mixed with the filler in appropriate amounts;
• Mechanical mixing of the components of the composition at a speed of 460 rpm for a

period of 3 min;
• Venting the epoxy composition over a period of 3 min.

Figure 2. Flowchart of the test sample preparation process.

For unmodified compositions, the step of introducing the filler into the resin
was omitted.

Weighing of the components of the epoxy compositions was performed using a KERN
CKE 3600-2 laboratory balance (Kern, Albstadt, Germany) with a measurement accuracy of
0.01 g.

9



Materials 2025, 18, 2803

For practical and metrological reasons, strength tests were carried out on model
specimens with controlled geometries (prisms and rollers), conforming to PN-EN ISO
standards. This approach allows an unambiguous assessment of the influence of the type of
epoxy resin, curing agent, and filler on mechanical properties, while eliminating variables
related to the type of substrate, uneven application, or film thickness. The resulting data
reflect the actual material parameters and are widely used in the literature as authoritative
predictors of functional coating behavior under operating conditions [28–30].

The compositions were then vented in a vacuum chamber to eliminate air bubbles.
Venting was carried out using a CPS model VP6D two-stage vacuum pump (CPS, Miami, FL,
USA). The finished mixtures were poured into silicone molds, conforming to the dimensions
of the samples specified in the applicable PN-EN ISO standards. The dimensions and
geometry of the prepared samples are shown in Figure 3.

(a) 

 

 
(b) 

 
(c) 

 

Figure 3. Shape and dimensions of the sample of epoxy compositions for testing (a) tensile strength
(according to PN EN ISO 527-2 standard) [31], (b) compressive strength (according to ISO 604
standard) [32], and (c) bending strength (according to ISO 178:2003 standard) [33].

After one-step curing under laboratory conditions, the samples were seasoned for
seven days invariably at 23 ± 2 ◦C at 23 ± 3% humidity to stabilize the network structure.
After this time, strength tests were carried out and SEM photos were taken.

A series of 5 samples was prepared for each adhesive composition.
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3.3. Material Testing

During the research, the strength properties of the epoxy compositions were tested.
Tensile strength, compressive strength, and bending strength were tested and their structure
was analyzed using scanning electron microscopy.

Tensile tests of epoxy compositions were carried out on a Zwick Roell Z150 testing
machine (Zwick/Roell, Wroclaw, Poland) in accordance with PN EN ISO 527-1 (Plastics—
Determination of mechanical properties in static tension) [31]. The crosshead traverse
speed during the test was 5 mm/min, and the tensile modulus test speed was 1 mm/min.
The initial test force was 30 N.

Compressive strength tests of the epoxy compositions were also performed on a Zwick
Roell Z150 testing machine (Zwick/Roell, Wroclaw, Poland). These tests were carried out
in accordance with ISO 604 (Plastics—Determination of Compressive Properties). This
standard describes a method for determining, under certain conditions, the compression
properties of plastics [32]. The assumed crosshead traverse speed during the test was
10 mm/min, and the compression modulus test speed was 1 mm/min. The initial test force
was 20 N.

Bending strength tests were performed on a Zwick Roell Z2.5 testing machine
(Zwick/Roell, Wroclaw, Poland) in accordance with DIN-EN ISO 178 (Plastics—
determination of bending properties). This standard refers to a freely supported beam
loaded at mid-span, i.e., three-point bending [33]. The test speed was 10 mm/min, and the
initial test force was 5 N.

Microscopic examination of epoxy composition samples was studied using a TES-
CAN MIRA 3 GMX SE scanning electron microscope (SEM) (Tescan Orsay Holding, Brno-
Kohoutovice, Czech Republic). The accelerating voltage was 10 kV.

3.4. Machine Learning Approach

This study employed a machine learning approach to support the prediction and
analysis of the mechanical properties of epoxy adhesive compositions. Several supervised
learning algorithms were tested to identify the most effective predictive models for tensile
strength, compressive strength, and bending strength. The initial modeling phase involved
developing and comparing multiple machine learning methods, including linear regression,
support vector machines (SVMs), decision trees, random forests, and artificial neural
networks (ANNs). Each algorithm was trained and validated using experimental data,
including information on resin type, curing agent, filler type and concentration, and
corresponding mechanical strength results.

For each model type, a range of hyperparameters were explored using grid search
and cross-validation techniques to optimize performance. For neural networks, variations
in the number of layers, the number of neurons per layer, and the activation functions
(e.g., ReLU) were tested, as well as different regularization strengths. For SVM mod-
els, kernel types (linear, polynomial, and radial basis function (RBF)) and regularization
parameters (C and gamma) were tuned.

While various algorithms were investigated, the study focuses on the models that
performed the best prediction for each mechanical property. Specifically, neural network
models achieved the highest accuracy in predicting tensile and bending strength, whereas
the SVM model was most effective in predicting compression strength.

Support vector machine (SVM) is a supervised learning algorithm that constructs an
optimal hyperplane to separate data points in a high-dimensional space. In regression tasks
(SVR), the objective is to identify a function that differs from the actual target values by
no more than a specified margin (ε), while maintaining the flattest possible model. SVMs
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are particularly effective at capturing non-linear relationships by using kernel functions
(e.g., radial basis functions), which project input data into higher-dimensional feature
spaces. In this study, the SVM model produced the most accurate predictions for compres-
sion strength, demonstrating its effectiveness in datasets involving complex and context-
dependent interactions between variables [34,35].

Artificial neural networks (ANNs) are computational models inspired by the structure
of the human brain. They consist of layers of interconnected nodes (neurons) that transform
input data via weighted connections and activation functions. ANNs are well suited to
modeling nonlinear relationships and capturing patterns in large, complex datasets. In this
research, neural networks with different architectures (two and three hidden layers) and
ReLU activation were used [34,35].

These models were selected based on the different indicators: R2, the mean absolute
error (MAE), the mean absolute percentage error (MAPE), the mean squared error (MSE),
and the root mean squared error (RMSE) [34–36].

The coefficient of determination (R2) shows what proportion of the variation of the
dependent variable is explained by the model, and we estimate as follows:

R2 = 1− ∑k
i=1(yi − ŷi)

2

∑k
i=1(yi − ȳ)2 (1)

where ȳ = 1
k ∑k

i=1 yi.
The mean absolute error (MAE) quantifies the average magnitude of errors between

predicted and actual values, measured using the l1 norm. It is computed using the
following formula:

MAE =
1
k

k

∑
i=1
|yi − ŷi

∣∣∣∣∣ (2)

The mean absolute percentage error (MAPE) quantifies the average magnitude
of absolute errors as a percentage of the actual values and is computed using the
following formula:

MAPE =
1
k

k

∑
i=1

|yi − ŷi|
max( ε, |yi|) (3)

where ε > 0 is a small positive constant introduced to prevent undefined behavior when y
is zero.

The Mean Squared Error (MSE) quantifies the average of the squared differences
between predicted and actual values, serving as a standard metric for evaluating model
accuracy. It is computed using the following formula:

MSE =
1
k

k

∑
i=1

(yi − ŷi)
2 (4)

The root mean squared error (RMSE) quantifies the typical magnitude of error by
measuring the average deviation between predicted and actual values.

RMSE =

√√√√1
k

k

∑
i=1

(yi − ŷi)
2 (5)

The final results and the interpretation of feature importance, including Shapley
analysis, were based exclusively on these top-performing models [37]. This methodological
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approach ensured both model transparency and relevance to the physical behavior of the
tested materials.

4. Results and Discussion

In this chapter, the obtained results of the strength tests will be presented, as well as
the analysis of the taken SEM images of the breakthroughs of the samples.

4.1. Strength Test Results

Epoxy compositions used as protective layers—regardless of the substrate (metallic,
concrete, or composite)—must meet several key conditions: provide adhesion, resistance to
cracking and deformation, and impermeability to aggressive agents. Therefore, mechanical
analysis, including tension, bending, and compression, provides information not only
on structural strength but also on the material’s behavior as a functional barrier under
operating conditions. The purpose of the strength study was to determine the effect of
epoxy resin type, curing agent type, and filler grade and concentration on the mechanical
properties of epoxy compositions that can act as protective coatings.

The mechanical properties of the tested epoxy compositions are shown in Figures 4–6.
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Figure 4. Cont.
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Figure 4. Tensile strength of epoxy compositions (a) based on Epidian 5 epoxy resin, (b) based on
Epidian 53 epoxy resin, and (c) based on Epidian 57 epoxy resin.

Figure 4 shows the tensile strength of the epoxy compositions. The best parameters
were achieved for compositions containing Epidian 5 resin and TFF curing agent, especially
in the presence of 10–20 wt% calcium carbonate (CaCO3). Tensile strengths exceeding
60 MPa in these compositions indicate effective stress transfer between the matrix and filler
phases, which agrees with the results of Nwoye et al. [38], who confirmed an increase in
mechanical resistance as a result of CaCO3 in epoxy systems.

In the case of compositions containing active fillers (CWZ-22), despite the good
dispersion observed in SEM analysis, lower strength values were obtained. This indicates
that activated carbons, despite their developed specific surface area and favorable contact
with the matrix [39–41], do not provide mechanical strengthening of the structure. Their
effect is mainly limited to improving functional properties such as thermal conductivity or
resistance to chemicals.

Compositions with montmorillonite nanofiller ZR-2 showed a different behavior. At
low concentrations (1–3%), especially in flexible matrices (e.g., E57/PAC), a moderate
increase in strength was observed, which can be explained by better dispersion of the
particles in the resin structure. This phenomenon has also been described by Foroutani
et al. [13], indicating a relationship between mechanical properties and dispersion quality
of nano-aluminosilicates. For higher concentrations of ZR-2 (5%), however, the effects were
less favorable—agglomeration dominated, causing local weakening.

Compression test results (Figure 5) confirmed the high efficiency of the mineral rein-
forcement. The highest values—reaching up to 145 MPa—were obtained for compositions
E5/TFF/20CaCO3 and E53/Z1/20CaCO3. The presence of rigid CaCO3 particles largely
reduced local deformation, promoting the transfer of loads in a distributed manner, which
corresponds to the classical model of passive reinforcement [42,43]. Importantly, these
compositions, despite their higher stiffness, showed no signs of brittleness, thanks to the
favorable configuration of interfaces and filler distribution in the matrix.

Fillers in the form of activated carbon (CWZ-22) did not improve compressive strength.
Moreover, for compositions containing 20% CWZ-22 in harder resins (e.g., E53/Z1), a
decrease in mechanical resistance was observed. This may be due to the presence of
micropores around the carbon particles, visible in the SEM, and the fact that CWZ-22
activated carbon is not a structurally load-bearing filler but a functional modifier [13,44].
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Figure 5. Compressive strength of epoxy compositions (a) based on Epidian 5 epoxy resin, (b) based
on Epidian 53 epoxy resin, and (c) based on Epidian 57 epoxy resin.
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Figure 6. Bending strength of epoxy compositions (a) based on Epidian 5 epoxy resin, (b) based on
Epidian 53 epoxy resin, and (c) based on Epidian 57 epoxy resin.
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In the case of montmorillonite ZR-2, mixed results were evident: at low concentrations
and in flexible compositions (E57/PAC), mechanical properties improved slightly, while in
rigid matrices or at 5% addition, these effects were reversed. ZR-2 agglomeration and poor
adhesion to the matrix were the main factors limiting the reinforcement efficiency, which
correlates with data from Yu [45] and Yang et al. [42].

Bending, as a composite test, proved to be particularly sensitive to the quality of the
interfacial bond and the uniformity of filler distribution (Figure 6). The highest bending
values—exceeding 120 MPa—were obtained for compositions with CaCO3 in E5/TFF/10%
and E53/Z1/20% compositions. These results indicate that the propagation of microcracks
in the tensile zone is effectively limited and the structural integrity of the entire coating is
high. Fu and co-authors [46] note that well-distributed mineral particles can act as crack
traps, delaying crack propagation.

Compositions containing CWZ-22, even with good wettability (Figure 7l), showed
no increase in flexural strength. The presence of local agglomerates and micropores, also
observed in SEM analysis, indicates that good dispersion does not guarantee mechanical
strengthening—in line with the observations of Yang and Heo [42].

In compositions with montmorillonite, the improvement in flexural properties was lim-
ited to compositions with a flexible matrix (E57/PAC). In rigid compositions, no strength-
ening effect was observed—moreover, at higher ZR-2 concentrations, weakening effects
related to phase discontinuity were evident.

4.2. SEM Analysis of Microstructure

In order to further analyze the influence of material composition on the functional
properties of epoxy coatings, SEM microscopic observations of selected compositions were
carried out. A set of twelve compositions (Figure 7) was selected so that the microstructure
of materials differing in both the type of epoxy resin (E5, E53, E57) and the type of curing
agent (TFF, Z1, PAC) and the filler used (ZR-2, CaCO3, CWZ-22) could be compared. The
obtained images made it possible to identify differences in the dispersion of the dispersed
phase, the quality of interfacial adhesion, and the presence of defects, which can have
a key impact on the durability and effectiveness of protective coatings made from the
described compositions.

(a) 

 
Figure 7. Cont.

17



Materials 2025, 18, 2803

(b) 

 
(c)  

 
(d)  

 

Figure 7. Cont.
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(e)  

 
(f)  

 
(g)  

 

Figure 7. Cont.
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(h)  

 
(i)  

 
(j)  

 

Figure 7. Cont.
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(k)  

 
(l)  

 
Figure 7. SEM images of selected epoxy compositions: (a) E57/TFF; (b) E57/Z1;
(c) E57/PAC; (d) E5/TFF/5ZR-2; (e) E5/TFF/20CaCO3; (f) E5/TFF/20CWZ-22; (g) E53/Z1/5ZR-2;
(h) E53/Z1/20CaCO3; (i) E53/Z1/20CWZ-22; (j) E57/PAC/5ZR-2; (k) E57/PAC/20CaCO3;
(l) E57/PAC/20CWZ-22.

An image of a reference sample of the E57/TFF composition (Figure 7a), containing
only resin and curing agent, shows a homogeneous, continuous epoxy matrix, with visible
individual pores (gas bubbles), without microcracks or delamination zones. This structure
confirms the correct course of crosslinking and provides a reference point for evaluating
the influence of modifying additives. In comparison, a sample of the E57/Z1 composition
(Figure 7b), where the combination of the E57 resin with the stiff Z1 curing agent led to a
morphology with significantly higher stiffness. The SEM microscopic image reveals the
presence of microcracks and sharp phase transitions, typical of compositions with a high
degree of cross-linking and less ability to relax stress. Such structures may be prone to
brittleness, limiting their effectiveness as protective coatings in dynamic environments.
Different structural properties were observed in a sample of the E57/PAC composition
(Figure 7c), which uses the same type of resin but a more flexible curing agent, showing a
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slight waviness of the matrix surface, which may indicate a reduced degree of cross-linking
and greater susceptibility to plastic deformation. The lack of visible defects confirms the
good structural uniformity of the flexible compositions.

The addition of fillers introduces significant morphological changes. The E5/TFF/5ZR-
2 composition sample (Figure 7d), which contains a low weight share of montmorillonite,
shows the presence of small, lamellar ZR-2 particles. Their dispersion is moderate—locally
there are agglomerates and small zones of stratification, which may limit the efficiency of
stress transfer and affect local porosity. In addition, gas bubbles are visible, occurring on the
surface of the tested breakthrough of the composition sample. In contrast, E57/PAC/5ZR-2
(Figure 7j), despite the identical filler concentration, presents a much more homogeneous
structure with better particle embedding in the elastic matrix. The absence of defects and
the correct dispersion testify to the synergy of the elastic matrix and the well-dispersed
nano phase, which may explain the enhanced dynamic properties of this composition.

Significant differences are also observed when comparing CaCO3 filled structures. The
E5/TFF/20CaCO3 sample (Figure 7e) is characterized by a compact structure with well-
submerged filler particles, which is conducive to increased compressive strength. At the
same time, the lack of local cracks and voids may indicate effective load transfer. However,
agglomerations of filler particles are noticeable. In contrast, in the E53/Z1/20CaCO3 sample
(Figure 7h), a tighter packing of the filler in a rigid matrix was observed, with the presence
of micropores and discontinuities at the phase boundaries. This configuration promotes
stress concentration and may increase the coating’s susceptibility to crack initiation.

In compositions containing CWZ-22 activated carbon in particulate form, such as
E5/TFF/20CWZ-22 (Figure 7f), E53/Z1/20CWZ-22 (Figure 7i), and E57/PAC/CWZ-22
(Figure 7l), significant inhomogeneity in the distribution of the filling phase is noticeable.
Activated carbon particles form irregularly shaped agglomerates, around which microc-
racks and porosity are often present. Particularly evident is poor adhesion between the
filler and matrix, which limits structural integrity and can reduce barrier properties and
resistance to service loads. In the case of sample E53/Z1/20CWZ-22, pronounced defects
appear at the phase boundaries, indicating the possibility of delamination under varying
loads. This situation may be due to the high proportion of filler in the composition.

The E53/Z1/5ZR-2 epoxy composition (Figure 7g), containing a low proportion of
nanofiller in the solid resin, is characterized by the presence of zones of delamination and
incomplete phase integration. Although particle aggregation is less severe than in the case
of the CWZ-22 filler, the presence of voids and irregular phase transitions can negatively
affect mechanical performance, according to the results of tensile and bending tests.

Finally, in the E57/PAC/20CaCO3 sample (Figure 7k), a compact structure with
clearly marked clusters of mineral filler is noted. Although agglomerates are not present,
single cracks were observed, indicating correct compatibility. Local stiffening may limit
deformability and adversely affect coating behavior in dynamic environments.

A compilation of SEM images proves that the microstructural properties of epoxy
composites significantly depend on both the type of filler and flexibility of the matrix and
the quality of interfacial interactions. Compositions characterized by structural homogene-
ity and good adhesion show better mechanical properties and protection potential. In
contrast, the presence of agglomerates, microcracks, and delamination, typical of active
fillers and rigid compositions, can significantly limit the functionality of the material in
engineering applications.
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5. Prediction Results Analysis

Different machine learning methods were applied, including neural networks and
support vector machines, to develop models for three essential mechanical properties of
the material: tensile strength (TS), compression strength (CS), and bending strength (BS).
Each method was selected to ensure that the model architecture was appropriately suited
to the specific characteristics and predictive challenges of the target property.

Table 10 shows the hyperparameters and structural details of the machine learning
models that were most effective at predicting the TS, CS, and BS of the tested material. Each
property was modeled using a different machine learning technique that was carefully
selected based on its performance during training and validation. The table includes
the following relevant configuration parameters: model architecture, activation function,
regularization settings, training time, prediction speed, and data pre-processing methods.

Table 10. Hyperparameters and structural details of the machine learning models.

Model Hyperparameters
Neural Network Model for

Tensile Strength [MPa]
SVM Model for

Compression Strength [MPa]
Neural Network Model
Bending Strength [MPa]

Prediction speed (obs/s) 73,000 23,000 67,000
Training time (s) 2.5936 2.6161 1.51

Layers 2 N/A 3
Layer sizes 10-10 N/A 10-10-10
Activation ReLU N/A ReLU

Regularization λ = 0

kernel scale (RBF kernel) =
0.75 (γ ≈ 0.889); box

constraint C ≈ 100 (auto);
epsilon ≈ 2.5 MPa (auto)

λ = 0

Standardize data Yes Yes Yes

For the TS, the bilayered NN model was the best. This model employed a simple
feedforward architecture consisting of two hidden layers, each with ten neurons (layer
sizes: 10–10). Both layers used the ReLU (rectified linear unit) activation function, which
is commonly used due to its efficiency and ability to handle nonlinear relationships. No
regularization was applied (λ = 0), and the input data were standardized prior to train-
ing. Training the model took approximately 2.59 s, and it offers a prediction speed of
73,000 observations per second. While the model is computationally efficient, its predictive
accuracy for tensile strength was relatively low, suggesting that further refinement or
architectural adjustments may be necessary.

The best results for CS were obtained using an SVM (support vector machine) model.
As SVMs are not neural networks, parameters such as layers and activation functions
are not applicable in this context. The regularization setting was configured as ‘Auto’,
enabling the model to adaptively balance complexity and generalization. As with the
other models, the input data were standardized. Training took approximately 2.62 s, with
the model achieving a prediction speed of 23,000 observations per second. While this is
slower than neural network models, it is still acceptable given the high level of accuracy.
This model demonstrated excellent performance, proving highly effective in predicting
compression strength.

The model for BS was also modeled using a neural network, which proved to be the
most successful model in terms of predictive accuracy overall. This network was deeper,
consisting of three hidden layers, each with ten neurons (layer sizes: 10–10–10). As with
the tensile model, the ReLU activation function was used throughout. No regularization
was applied (λ = 0), and the data were standardized prior to training. Training this model
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took only 1.51 s—the shortest time of all three models—and it achieved a prediction speed
of 67,000 observations per second. This makes it suitable for fast, scalable applications. The
combination of a deeper structure and an efficient activation function enabled this model
to accurately capture the complex relationships governing bending strength.

Model performance was evaluated using standard indicators (Equations (1)–(5)) and
the interpretation of feature importance via Shapley values. This enabled an assessment of
both overall predictive accuracy and the contribution and influence of individual input
variables in the prediction process. Model selection was based on a combination of mul-
tiple evaluation metrics, including R2, RMSE, MAE, and MAPE. Although R2 and RMSE
were prioritized due to their intuitive interpretability and widespread use in materials
research, all four metrics were considered in order to evaluate both absolute and relative
accuracy. No formal weighting scheme was applied; instead, a comparative approach was
used to select the model offering the most balanced and consistent performance across
these indicators.

In the case of tensile strength (TS), the selected neural network model achieved the
highest R2 among all tested configurations, but its high MAPE indicated low reliability.
This limitation was acknowledged, and the model was retained not for prediction in
practice but to identify possible future directions for feature engineering and data refine-
ment. As such, its feature importance results are interpreted cautiously and framed as
exploratory insights.

Table 11 shows the results of the most successful predictive models developed to
estimate three important mechanical properties of materials: tensile strength, compressive
strength, and bending strength. Various machine learning techniques, including NN
and SVM, were applied to each property during the modeling process. The method that
achieved the highest accuracy during training and validation was selected for each property,
and only these models are included in the table. The table summarizes the performance
of these models based on the following key validation metrics: R-squared (R2), root mean
square error (RMSE), mean square error (MSE), mean absolute error (MAE), and mean
absolute percentage error (MAPE).

Table 11. Model performance metrics.

Model Results
Neural Network Model for

Tensile Strength [MPa]
SVM Model for

Compression Strength [MPa]
Neural Network Model for

Bending Strength [MPa]

R-Squared (Validation) 0.64 0.93 0.95
RMSE (Validation) 4483.5 6.4227 6.6236
MSE (Validation) 20,102,000.0 41.251 43.872
MAE (Validation) 694.66 3.8083 4.317

MAPE (Validation) 1494.2% 5.0% 7.1%

Based on the presented results, the NN model for predicting BS achieved the highest
accuracy, with an R2 value of 0.95. This indicates an excellent alignment between the
predicted and actual values. Similarly, the SVM model for CS achieved an R2 value
of 0.93, also demonstrating strong predictive performance. These models also reported
very low error values across all remaining metrics—for example, RMSE values of around
6.4–6.6 MPa, MAE below 5 MPa, and MAPE values below 7%—making them highly reliable
for practical applications such as quality control, simulation, and materials optimization.

Conversely, the NN model for TS performed considerably worse. It achieved a
relatively low R2 value of 0.64, suggesting that a significant proportion of the variance in
the target variable remains unexplained. It also produced substantially higher error values:
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an RMSE of 4483.5, an MAE of 694.66, and an exceptionally high MAPE of 1494.2%. This
indicates that its predictions are highly inaccurate and unreliable.

Several steps were undertaken in an attempt to improve the predictive performance
of the TS model. These included optimization of ANN hyperparameters (e.g., number of
layers and neurons, activation function types such as ReLU and Tanh, and regularization
techniques), as well as testing of alternative algorithms such as support vector regression
(SVR), decision trees, random forests, and ridge regression. In addition, various data
preprocessing techniques, including standardization, min-max scaling, and logarithmic
transformations, were evaluated. Despite these efforts, the TS model consistently under-
performed in comparison to models for compression and bending strength. This suggests
that the tensile strength data may be influenced by additional latent factors—such as
filler–matrix interfacial variability, dispersion quality, or localized defects—which are not
sufficiently captured by the current input features.

As a result, the interpretation of Shapley feature importance in the TS model should
be regarded as indicative rather than conclusive. We caution against drawing definitive
conclusions about the dominant predictors of tensile strength based on this model alone.

Due to the models’ predictive performance in relation to TS, CS and BS, a deeper analy-
sis was conducted to better understand the factors contributing to their accuracy. Advanced
interpretability techniques based on Shapley values were employed to accomplish this,
including Shapley importance and Shapley summary plots. These tools enable transparent
evaluation of each model’s decision-making process by quantifying the contribution of
each input feature to the model’s output.

The Shapley approach, which is based on cooperative game theory, calculates the
Shapley value for each feature, representing the average marginal contribution of that
feature across all possible subsets of input variables. This method ensures fair and balanced
influence attribution, as it considers every possible feature combination and weighs each
contribution equally. Applying this analysis to the best-performing models for each me-
chanical property provides a detailed picture of how different features influence predictions
both globally (across the dataset) and locally (per observation).

The Shapley analysis not only reveals which variables have the greatest impact on
model predictions but also the nature and direction of that impact. For instance, some
features may consistently increase predicted values, while the effect of others depends
on the input configuration, either increasing or decreasing predictions. This level of
interpretability is crucial for validating model behavior, identifying key design parameters
and supporting informed decisions in material optimization.

Figures 8 and 9 present a set of Shapley plots, providing a detailed explanation of how
input features influence the prediction of three key mechanical properties: tensile strength,
compression strength, and bending strength. These plots include both importance and
summary plots.

The plots indicate the average absolute impact of each feature on model predictions.
In the TS model, CWZ-22 had the highest importance with a maximum Shapley value of
4040.02, while Z-1 had the lowest at 51.16. For CS, PAC dominated with 8.57, and Z-2
contributed the least with 0.69. In the BS model, TFF had the strongest influence (41.17),
while CaCO3 showed the lowest (4.26). These values support the identification of the most
influential formulation variables across each property.

The plots (Figure 9a–c) show both the magnitude and direction of the effect each
feature has on individual model predictions. For TS, CWZ-22 exhibits a wide spread of
Shapley values (both positive and negative), suggesting its contribution varies depending
on specific formulation values. In contrast, Z-1 has consistently low influence.
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(a) (b) 

 
(c) 

Figure 8. Shapley importance plots for the developed models: (a) NN model for TS; (b) SVM model
for CS; (c) NN model for BS.

In the CS model, PAC shows strong and mostly positive influence, while Z-2 has
limited effect. For BS, TFF consistently contributes positively to predicted strength, whereas
CaCO3 has a minor and slightly varying influence.

The Shapley importance plot in the TS model (Figure 8a) indicates that the most
significant predictors are CWZ-22, CaCO3, and ZR-2. These three variables clearly have
the highest mean absolute Shapley values, confirming that they dominate the model’s
predictions. Their physical roles may relate to matrix stiffening (CWZ-22), filler content
(CaCO3), and reinforcement or fiber content (ZR-2), all of which typically have a significant
impact in tensile loading conditions.

The Shapley summary plot (Figure 9a) further clarifies how these variables influence
individual predictions. The widespread Shapley values for CWZ-22 suggest that, although
it is generally impactful, its contribution can vary considerably from sample to sample.
This indicates some level of model instability or nonlinearity in how this variable interacts
with others. The same is true, albeit to a lesser extent, of CaCO3 and ZR-2.

Secondary variables such as Epidian 57, TFF, and Epidian 53 demonstrate modest and
relatively narrow distributions, with Shapley values centered around zero. Their role is
more supportive and consistent. Variables such as PAC, Epidian 5, and, in particular, Z-1
demonstrate negligible importance and minimal variance, suggesting that they are not
relevant for predicting tensile strength.

Despite identifying several key drivers, the model’s overall predictive performance
remains relatively low (R2 = 0.64). This may be due to overreliance on a few strong
predictors and the shallow depth of the network (two hidden layers).
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(a) (b) 

 
(c) 

Figure 9. Shapley summary plots for the developed models: (a) NN model for TS; (b) SVM model
for CS; (c) NN model for BS.

The model that predicts CS has a notably different importance profile (Figure 8b).
The Shapley importance plot identifies PAC, TFF, and CWZ-22 as the top contributors.
This is in contrast to the tensile strength model, where PAC was among the least relevant
features. Here, however, PAC dominates, achieving the highest average Shapley value,
closely followed by TFF.

The Shapley summary plot (Figure 9b) provides more nuance. The wide box plot
for PAC, extending significantly in both positive and negative directions, shows that PAC
can have both enhancing and suppressing effects on the model output, depending on the
context. This suggests that the model has learned conditional relationships, for which
SVMs operate well due to their ability to define non-linear boundaries. TFF shows similar
bidirectional behavior, albeit with slightly less variability. Although influential, CWZ-22
has a more constrained and generally positive distribution.

Other variables, such as Epidian 5, Epidian 57, and Z1, demonstrate moderate impor-
tance with some variability. Conversely, CaCO3 and ZR-2—highly important in the tensile
model—have little influence here, highlighting the property-specific relevance of features.

This SVM model achieves excellent predictive accuracy (R2 = 0.93) due to its ability to
leverage complex, context-sensitive variables effectively, particularly PAC and TFF.

In the BS prediction task, the Shapley importance plot (Figure 8c) identifies TFF as
the most critical feature, followed by PAC, ZR-2, and CWZ-22. These variables are key
contributors to the model’s high accuracy (R2 = 0.95) and robust generalization.

The summary plot shows (Figure 9c) that TFF consistently has a positive influence
across samples, establishing it as a stable and dominant predictor. PAC and ZR-2 also
demonstrate a strong and varied influence, which is sometimes positive and sometimes
negative. This suggests that their impact is more nuanced and sample-dependent. CWZ-22
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retains moderate importance, but its range of influence is narrower than that of tensile
strength predictions.

The lower-ranked variables—Z1, Epidian 5, Epidian 53, CaCO3, and Epidian 57—
contribute little to the model’s decisions, with low and narrow distributions of Shapley
values. Their roles are minor, and they do not appear essential in the bending context.

The model provides sufficient depth and flexibility to capture a broad range of interac-
tions and nonlinear relationships. This is evident in how it balances multiple important
features without depending excessively on a single variable.

The combined analysis of the Shapley importance and summary plots provides several
key conclusions:

• TFF is the only variable that is consistently important across all three models. It is
particularly dominant in the bending strength model, where it has the highest and
most stable positive average impact. This suggests that TFF plays a versatile role,
influencing a range of mechanical properties, which is likely due to its structural or
adhesive characteristics in the composite.

• PAC is highly influential for compression and bending strength but almost irrelevant
for tensile strength. Its behavior is variable and sometimes bidirectional, indicat-
ing that its role depends heavily on its interaction with the other components of
the formulation.

• CWZ-22 has the greatest impact on tensile strength prediction, with reduced relevance
in compression and bending. This suggests that its contribution may relate to stiffness
or network formation under tensile loads.

• ZR-2 is important for tensile and bending strength but not compression, mirroring the
pattern observed for CWZ-22.

• CaCO3 is a key predictor only in the tensile model, highlighting its specific role
in enhancing tensile resistance, likely through particle reinforcement or matrix
modification.

• Z1, Epidian 53, Epidian 5, and Epidian 57 remain minor contributors across all tasks,
though some exhibit small but variable influences, especially in specific samples.

Importantly, the Shapley summary plots emphasize the difference in impact direc-
tionality. The SVM model shows the greatest use of bidirectional contributions, especially
for PAC and TFF, while the neural network models—particularly the deeper one used for
bending—show more consistent, stable patterns of feature importance.

In addition to identifying key predictors, the Shapley analysis was interpreted within
the context of materials science to determine why certain features dominate particular
mechanical responses.

For example, PAC (porous activated carbon) was found to have the greatest influence
on compression strength (CS). This is consistent with its fine particle size, rigidity, and
ability to improve stress distribution and energy dissipation under compressive loading.
In contrast, its impact on tensile strength (TS) was much lower, likely due to interfacial
limitations—carbon-based fillers can act as stress concentrators if dispersion or adhesion
is suboptimal.

Conversely, CWZ-22—a surface-modified filler—demonstrated the strongest influ-
ence on TS. Its enhanced surface activity likely improves interfacial bonding with the
matrix, which is critical under tensile stress, as microcracks and failure typically initiate
at the filler–matrix interface. However, its effect on CS and BS was lower, as these prop-
erties are more influenced by bulk behavior and particle morphology than by interfacial
chemistry alone.
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The widespread Shapley values observed for CWZ-22 also suggest that its contribu-
tion varies depending on other interacting features, such as concentration, resin type, or
hardener system. This highlights the complexity of multi-phase composite behavior and
the importance of analyzing not just main effects, but also interactions. This will be the
subject of future work.

The trends identified through machine learning feature importance analysis were
examined further in light of the microstructural observations obtained via SEM imaging
(see Figure 7). Fillers exhibiting microporosity, weak interfacial bonding, or agglomeration,
such as PAC and CaCO3, were associated with limited improvements or even reductions
in mechanical strength, particularly in tensile and bending tests. While these effects were
not explicitly included as input features in the ML models, they are likely to be reflected
implicitly in the ‘filler type’ variable, which serves as a proxy for the filler’s physical
behavior, dispersion quality, and interfacial characteristics.

For instance, the relatively low Shapley values of CaCO3 across all strength properties
are consistent with SEM findings of filler clustering and resin detachment. In contrast, CWZ-
22 showed a more homogeneous distribution and fewer voids, which is consistent with its
strong influence on tensile strength in the Shapley analysis. These correlations suggest that
microstructural defects may explain why certain fillers underperform despite their chemical
potential and highlight the importance of linking data-driven model interpretation with
physical evidence from microscopy.

This extensive analysis confirms that each mechanical property is governed by a
unique set of predictors, and the same variable can have entirely different roles depending
on the target. It also underscores the need for dedicated model architectures and feature
importance evaluation when working with complex materials data.

By combining global (mean) and local (distributional) interpretability tools like Shap-
ley values, we gain not only performance insights but also practical knowledge for material
design. This can support targeted optimization, formulation tuning, and data-driven
decision-making in engineering applications.

Although the proposed machine learning (ML)-based approach shows strong potential
for modeling and interpreting the effects of formulation variables, it also has inherent
limitations. The models are trained on a finite dataset and may lose predictive power when
applied to formulations outside the composition space that has been explored. Furthermore,
complex microstructural interactions that are not captured by the input variables (e.g., filler
distribution or interfacial defects) may reduce the accuracy of the models.

Nevertheless, this method is particularly well-suited to polymer composite systems
where multiple variables influence multiple target properties and exhaustive experimental
campaigns are impractical. The method’s generalizability lies in its modular workflow:
while specific models may require retraining for other systems, the combined use of targeted
experimentation, machine learning modeling, and Shapley-based interpretation remains
broadly transferable.

6. Conclusions

The conducted research clearly confirms the effectiveness of physical modification of
epoxy adhesive materials using mineral, active, and nanofillers in the context of designing
functional protective coatings. The results of mechanical tests and SEM microstructural
analysis showed a significant influence of both the chemical composition and interfacial
interactions on the behavior of the compositions under service loading conditions.

Among the tested systems, compositions based on Epidian 5 epoxy resin and TFF
curing agent, modified with the addition of CaCO3 calcium carbonate (10–20 wt%), showed
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the highest strength parameters (more than 60 MPa in tension, 145 MPa in compression, and
120 MPa in bending). This confirms that classical mineral fillers, when properly dispersed,
can effectively strengthen the composite structure and increase its resistance to degradation
under mechanical conditions.

Active fillers, such as CWZ-22 activated carbon in particulate form, despite favorable
performance characteristics (vibration damping, conductivity), did not contribute to im-
proving strength parameters, as confirmed by both mechanical strength and microstructure
analysis (presence of pores, poor phase adhesion). On the other side, the use of montmo-
rillonite ZR-2 allowed for obtaining favorable effects only in compositions with an elastic
matrix (e.g., E57/PAC), where the particles were better dispersed and integrated into the
continuous phase.

The novelty of this paper was the successful combination of classical experimental
approaches with data analysis tools and machine learning methods. Machine learning
models, based on input data on the type of resin, curing agent, and filler concentration,
enabled effective prediction of mechanical properties of composites. This approach sig-
nificantly improves the design process of epoxy compositions, which can also be used as
functional protective coatings, enabling the selection of optimal formulations without the
need to conduct costly, labor-intensive, and time-consuming tests each time. Predictive
models were developed to forecast the mechanical performance of compositions based on
input data such as the type of resin, hardener and filler, and their respective concentrations.
Three high-performance models were selected:

• For tensile strength, a 2-layer neural network model achieved an R2 = 0.64, an RMSE
= 4483.5, and a MAPE = 1494.2%.

• For compression strength, an SVM model achieved an R2 = 0.93, an RMSE = 6.42, and
a MAPE = 5.0%.

• The most accurate model for bending strength was a 3-layer neural network, which
obtained an R2 = 0.95, an RMSE = 6.62, and a MAPE = 7.1%.

However, the prediction model for tensile strength demonstrated limited reliabil-
ity, with a moderate R2 value (0.64) and high error metrics. Multiple approaches were
tested to improve this model—including algorithm switching, parameter tuning, and data
transformations—but without significant success. This limitation suggests that tensile
strength may be influenced by more complex or microstructural factors not included in
the current dataset. Therefore, the feature importance results from the TS model should
be treated with caution and not considered as definitive evidence of factor influence. Fu-
ture work should consider expanding the dataset or integrating SEM-based descriptors to
improve TS prediction accuracy.

Moreover, the results demonstrate that different modeling approaches are optimal
depending on the nature of the mechanical property. Shapley value analysis enabled
detailed interpretation of feature importance:

• TFF was the most consistent predictor across all models, particularly in bending.
• PAC significantly influenced compression and bending strength but had little effect

on tensile strength.
• CWZ-22 and CaCO3 were key drivers of tensile strength.

This interpretability is crucial for validating model predictions and directing future
formulation efforts.

The analysis confirms that the integrated approach—combining microstructural ob-
servations, strength analysis, and predictive modeling—is an effective methodology for
designing modern engineering materials. The results obtained can be successfully applied
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in industrial practice, especially in areas requiring coatings with high mechanical and
chemical resistance, such as the construction, energy, marine, and automotive industries.

However, some limitations of the study should be noted. Although the dataset was
carefully designed, it may not fully capture the variability in resin types, filler geometries,
or environmental conditions affecting long-term performance. Furthermore, the current
models are based on static laboratory data and do not consider real-world degradation
mechanisms, such as UV exposure, moisture absorption, or thermal cycling. While the ML
models applied were effective, they were based on relatively standard architectures and
did not exploit deeper learning methods or ensemble approaches to their fullest potential.

Future research should focus on integrating advanced machine learning models, such
as random forests, XGBoost, and deep neural networks, to more accurately capture the
non-linear interactions between the input features and the predicted mechanical properties.
Due to their greater complexity and flexibility, these algorithms are well suited to modeling
high-dimensional, heterogeneous material data.

Another important area for research is to extend experimental datasets to include
information on durability and the effects of aging, such as the long-term impact of environ-
mental factors (e.g., humidity, UV radiation, and temperature fluctuations). Incorporating
this data would enable long-term performance to be predicted and would enhance the
applicability of the models in real-world operating conditions.

In parallel, future studies should place greater emphasis on analyzing full-scale coat-
ings, considering parameters such as actual coating thickness, porosity, and interfacial
adhesion. These characteristics significantly influence the performance of coatings in in-
dustrial applications and must be accounted for to improve the practical relevance and
reliability of predictive models.

Although the developed machine learning models initially require a representative
set of experimental data, they provide a valuable tool for future material design. Once
trained, they facilitate the rapid in silico screening of new formulations, thereby reducing
the need for extensive physical testing. This can shorten development time and reduce
costs, particularly when only the top performers are selected for validation. Furthermore,
the model architecture and learned relationships can be adapted to similar epoxy systems,
facilitating knowledge transfer across related projects.

Finally, considerable potential exists in developing hybrid experimental–computational
workflows that combine machine learning predictions with finite element simulations or
micromechanical modeling. These multiscale approaches can bridge the gap between the
structure of materials at a microscopic level and their behavior at a macroscopic level,
enabling a more comprehensive and physics-informed process for designing materials.

Author Contributions: Conceptualization, I.M.-B. and K.A.; methodology, I.M.-B. and K.A.; software,
I.M.-B. and K.A.; validation, I.M.-B. and K.A.; formal analysis, I.M.-B. and K.A.; investigation,
I.M.-B. and K.A.; resources, I.M.-B. and K.A.; data curation, I.M.-B. and K.A.; writing—original draft
preparation, I.M.-B. and K.A.; writing—review and editing, I.M.-B. and K.A.; visualization, I.M.-B.
and K.A.; supervision, I.M.-B. and K.A.; project administration, I.M.-B. and K.A.; funding acquisition,
I.M.-B. and K.A. All authors have read and agreed to the published version of the manuscript.

Funding: The research leading to these results has received funding from the commissioned task
entitled “VIA CARPATIA Universities of Technology Network named after the President of the
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5. Fekiač, J.J.; Krbata, M.; Kohutiar, M.; Janík, R.; Kakošová, L.; Breznická, A.; Eckert, M.; Mikuš, P. Comprehensive Review:
Optimization of Epoxy Composites, Mechanical Properties, & Technological Trends. Polymers 2025, 17, 271. [CrossRef]

6. Szewczak, A. Impact of Epoxy Resin Modification on Their Strength Parameters. Bud. Archit. 2020, 18, 041–050. [CrossRef]
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Abstract: As wind turbine rotors grow in size and Greece advances its offshore wind
energy initiatives, this study analyzes the structural behavior of offshore wind turbine
blades using fluid–structure interaction (FSI) methods. The blade skin and shear webs of
the International Energy Agency (IEA) 15 MW wind turbine, assumed to operate in the
Aegean Sea, are examined. Computational fluid dynamics (CFD) simulations are conducted
for two steady-state wind speeds based on local weather data, followed by finite element
analysis (FEA) to assess advanced materials in terms of strength, cost, and carbon footprint.
This is the first study to evaluate bamboo- and basalt-based composite materials under
Greek offshore wind conditions using FSI methods. Bamboo composites are affordable and
sustainable, but their limited durability reduces their viability in offshore environments.
The simulation results indicate that using bamboo composites as blade skin may lead to
damage due to the excessive loads on offshore wind turbine blades. In contrast, basalt
fiber composites are also environmentally viable and offer superior strength, corrosion
resistance, and long-term performance, making them a promising alternative. However,
their naturally high density may impact the overall weight of the structure. This study
concludes that offshore wind technology in the Aegean is feasible but remains costly and
environmentally demanding. The further development and adoption of basalt fibers may
serve as a gateway to more environmentally friendly offshore structures.

Keywords: computational analysis; advanced materials; fiber-reinforced composites; IEA
15 MW wind turbine; wind turbine blades; fluid–structure interaction; offshore structures

1. Introduction

Wind energy plays a crucial role in Greece’s renewable energy strategy, contributing
23% of the country’s total energy demand in 2024. To accelerate offshore wind deployment,
the Greek government has set a target of at least 2 GW of offshore wind capacity by
2030, as outlined in the National Energy and Climate Plan (NECP). Harnessing Greece’s
substantial wind resources is essential for sustainable development, energy security, and
climate change mitigation [1].

Beyond environmental imperatives, economic and regulatory factors influence
Greece’s renewable energy transition. The European Union (EU) and the United Na-
tions (UN) impose climate targets through agreements such as the Paris Agreement [2],
aiming for Europe to become the first climate-neutral continent by 2050. Meeting these
objectives requires a shift from lignite-based energy production to renewable alternatives.
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Materials 2025, 18, 2447

Despite ambitious targets, offshore wind energy adoption in Greece faces challenges.
The deep waters of the Aegean Sea complicate fixed-foundation turbine installation, while
high material costs, complex construction processes, and maintenance requirements further
impact feasibility. Additionally, integrating offshore wind farms into the national grid
presents logistical and financial constraints [3]. In their research, Ouria et al. [4] concluded
that the capacity factor, hub height, and blade diameters are simultaneously the most
decisive in the productivity of alternative wind turbines (Figure 1).

Figure 1. Offshore wind turbine with floating base [5].

An alternative to offshore wind turbines is the deployment of underwater tidal tur-
bines, such as those featured in the NH1 Tidal Project [6]. However, unlike regions such
as northern France, the Greek seas generally exhibit lower tidal energy potential, which
reduces the efficiency and economic feasibility of tidal technologies in this context. In
contrast, offshore wind energy benefits from more favorable wind conditions in Greece, as
well as a more mature technological framework, stronger investment interest, and active
development both regionally and in the literature.

Notably, wind energy development prioritizes two key design advancements: aero-
dynamic optimization and the scaling of wind turbines. Improved blade designs enhance
aerodynamic efficiency, with a notable innovation being the integration of curved winglets,
a feature commonly used in aircraft to reduce drag forces. However, despite their poten-
tial to slightly improve energy capture, winglets have not been widely adopted in wind
turbines due to limited efficiency gains [7]. Additionally, increasing the rotor diameter
enhances energy yield but introduces structural and logistical challenges. Onshore turbines
face transportation constraints, particularly in mountainous regions, whereas offshore
turbines allow for larger designs with fewer restrictions. While offshore wind turbines
can theoretically scale without major constraints, practical challenges persist. Greece’s
first floating wind farm is expected to be operational east of Crete by 2028 [8], and large-
scale development may introduce unforeseen environmental and engineering complexities,
including potential interactions with marine ecosystems.

Wind turbine blades are subject to various forms of damage, particularly in regions
experiencing high aerodynamic and mechanical loads. According to Katsaprakakis et al. [9],
the most common locations for damage include the leading edge, trailing edge, blade tip,
and root section. The leading edge serves as the primary impact zone for airborne particles,
rain, and hail, making it highly susceptible to erosion. The trailing edge, where airflow
from both blade surfaces converges, is prone to fatigue cracking. The blade tip, being the
outermost section, experiences high stress and is frequently struck by lightning. The root
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section, which connects the blade to the hub, is particularly vulnerable to cyclic loading,
stress concentration [10], and adhesive joint failures.

Offshore wind turbines face additional environmental challenges compared to their
onshore counterparts [9]. High wind speeds and saline exposure accelerate leading edge
erosion, increasing material degradation rates. Corrosion effects, particularly due to
saltwater exposure, contribute to structural wear, especially at blade joints. Furthermore,
biofouling occurs as marine organisms accumulate on blade surfaces, altering aerodynamics
and increasing mechanical loads. These challenges necessitate advanced material selection
and targeted maintenance strategies to ensure offshore turbine longevity.

Recent developments in computational engineering have advanced the analysis
of offshore wind turbines. The International Energy Agency (IEA) introduced the
IEA 15-megawatt (MW) Offshore Reference Wind Turbine (IEA-15-240-RWT) [11], a stan-
dardized model for offshore turbine research. Developed in collaboration with the Technical
University of Denmark (DTU) and the National Renewable Energy Laboratory (NREL),
this model supports industry-research cooperation and innovation in turbine design. The
computer-aided design (CAD) model of the blade has been utilized in a wide variety of
studies of offshore wind turbine blade behavior (Figure 2). Since its introduction in 2020,
large-scale floating wind turbine studies have gained significant traction in both research
and industry applications [12–14].

Figure 2. IEA 15 MW wind turbine blade CAD model.

This study builds upon methodologies established in previous research, including the
work of Theotokoglou and Xenakis [15] and Nebiewa et al. [16]. Their research utilizes a
geometric model of a wind turbine blade, incorporating periodic boundary conditions to
simulate rotor performance while enabling localized material studies. Both studies use
fluid–structural interaction (FSI) methods to determine the displacement and stresses of
the blade for exposure to various wind speeds.

The present study focuses on the computational analysis of a theoretical candidate
wind turbine blade for floating offshore wind farms. Given the limited availability of
detailed internal geometry, emphasis is placed on the outer casing (blade shell or skin) as the
primary structural component under investigation. The study examines the aerodynamic
loads acting on the blade under nominal operating conditions (“rated conditions”) and
extreme conditions (“feathered” operation [17]). Additionally, a comparative assessment of
different blade materials is conducted to evaluate their static performance.

Beyond structural analysis, this research also includes a preliminary economic and
environmental evaluation of floating wind turbine deployment in Greek waters. This
holistic approach aims to provide an initial assessment of the feasibility and performance
of floating offshore wind turbines in the Greek seas, supporting future advancements in
the country’s offshore wind energy sector.

2. Materials and Methods

The cross-section of a standard wind turbine blade incorporates an internal support
structure consisting of beams arranged in a box-spar configuration. Two of these beams,
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oriented perpendicular to the cross-section, are referred to as shear webs. The shear webs
are structurally connected by two additional beams, known as spar caps [18].

Shear webs play a crucial role in enhancing the blade’s mechanical performance, en-
abling it to behave like a solid beam while significantly reducing mass. Without them, the
blade would lack the necessary structural integrity to withstand the substantial aerody-
namic and gravitational forces imposed by wind loads (Figure 3).

Figure 3. Internal structure of a typical wind turbine blade in section [18].

In this study, only the blade skin (casing) and shear webs are modeled. This approach
ensures a balance between computational efficiency and accuracy, yielding realistic and
reliable results for static analysis [14,18].

Modern wind turbine blades are predominantly constructed from composite materials,
which consist of two or more constituent components that, when combined, exhibit superior
mechanical properties not attainable individually. One critical property provided by
these materials is resistance to aerodynamic forces, particularly in the flapwise direction
(bending forces). The shear webs contribute significantly to this resistance (Figure 4). While
resistance to flapwise aerodynamic forces is critical for wind turbine blades, this property
is fundamentally governed by the material’s modulus of elasticity E. A high modulus of
elasticity E enhances structural stiffness, limits deflection, and contributes to favorable
dynamic behavior by raising the blade’s natural frequency. The latter is desirable because
it prevents resonance with operating frequencies.

Figure 4. Flapwise bending moment on wind turbine blades [19].
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The selection of suitable materials is a key consideration in wind turbine blade design.
As turbine sizes increase, the mass of the blades rises rapidly, making material choice a
crucial factor in maintaining structural efficiency. Additionally, excessive bending moments
must be avoided to prevent blade-to-tower collisions. Furthermore, offshore wind turbine
blades must endure harsh environmental conditions and sustain periodic loads due to
continuous rotor rotation over extended operational periods [20].

The composite materials used in wind turbine blades are fiber-reinforced compos-
ites. These materials consist of a reinforcement component, which enhances mechanical
properties, and a matrix component, which ensures optimal load transfer and structural
integrity. Most fiber-reinforced composites used in wind energy applications employ a
polymer matrix. The reinforcing fibers are selected for their high stiffness, high fracture
toughness, and low density, making them ideal for large-scale wind turbine blades.

Fiberglass is a composite material consisting of glass fibers—either continuous or
discontinuous—embedded in a polymeric matrix. This type of composite is widely pro-
duced due to its favorable mechanical properties, low cost, and compatibility with various
manufacturing techniques for glass-reinforced plastics [15].

Carbon fibers are high-performance reinforcing agents extensively used in advanced
polymer matrix composites beyond traditional fiberglass applications. Among all fibrous
reinforcement materials, carbon fibers exhibit the highest specific modulus of elasticity
and the highest specific strength [15]. They retain exceptional tensile strength and thermal
resistance, making them particularly suitable for demanding environments. Additionally,
carbon fibers are resistant to moisture [10], solvents, acids, and bases at room temperature,
which is a significant advantage for offshore wind turbine applications.

Aramid fibers are known for their high strength and elasticity. They offer superior
strength-to-weight ratios compared to metals, making them valuable for lightweight struc-
tural applications [15]. A notable drawback of aramid fibers is their susceptibility to
moisture absorption [21], which may affect long-term performance in offshore conditions.

Basalt fiber composites are gaining attention as a promising alternative to conventional
reinforcement materials in wind turbine blades. Derived from volcanic rock through a
high-temperature melting and extrusion process, basalt fibers offer a unique combination
of high strength, durability, and resistance to environmental degradation, making them
particularly suitable for wind energy applications [22].

Table 1 presents the fundamental mechanical properties of various isotropic advanced
composite materials that could be used in wind turbine blades. These materials exhibit
homogeneity, meaning their density remains uniform throughout their volume. Addi-
tionally, they are assumed to be isotropic, possessing identical mechanical properties in
all directions [15]. These isotropic properties were derived from homogenized composite
behavior under multiaxial loading. This assumption is commonly used in preliminary
finite element analysis (FEA) studies to reduce complexity and computational cost and
is considered acceptable when directional dependencies are minor or when only global
responses (e.g., deflection, stress distribution) are of interest [15]. For the basalt fiber
composite, an equivalent plate theory was employed to represent the composite sections.
This method homogenizes the laminate stack into an equivalent single-layer material with
effective stiffness properties. This allows isotropic or quasi-isotropic modeling assumptions
to be made [22,23].

However, in certain cases, anisotropic materials—specifically orthotropic materials—
can also be considered. One such material of interest is bamboo, which has been formulated
as a composite material (Table 2). Bamboo offers several key advantages, including low
density, high sustainability, cost-effectiveness, rapid growth, and superior mechanical prop-
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erties compared to many traditional woods. Its compatibility with composite manufactur-
ing further enhances its potential as an alternative material for wind turbine blades [24,25].
A disadvantage is its tendency to absorb moisture, which impairs the fiber-matrix bonding
and decreases the composite’s strength and stiffness. An alternative is bamboo composites
supplemented with thermosetting polymers, which may resist moisture, though such tech-
nology is still under development [26]. Given the limited research on bamboo composites
for large-scale blade skins, its application in this context warrants further investigation.

Table 1. Mechanical properties of isotropic composites [15,22,23].

Material
E-Glass Fiber

Composite
Aramid Fiber

Composite
Carbon Fiber

Composite
S-2 Glass Fiber

Composite
Basalt Fiber
Composite

Fiber type Glass fiber Aramid fiber Carbon fiber Glass fiber Basalt fiber

Application Blade skin Blade skin Shear webs Blade skin Blade skin

Density ρ [kg/m3] 2568.70 1439.30 1320.37 2460.74 2650

Modulus of elasticity E [GPa] 72.4 112 138 86.9 86

Poisson ratio v 0.20 0.36 0.3 0.23 0.28

Shear Modulus G [GPa] 30 7 5.7 35 33.59

Table 2. Mechanical properties of anisotropic (orthotropic) material—bamboo composite [24,25].

Material Bamboo

Fiber type Natural fiber

Application Blade skin

Density [kg/m3] 1120

Ex [GPa] 22.37

Ey [GPa] 10

Ez [GPa] 10

Gxy [GPa] 4.30

Gxz [GPa] 4.30

Gyz [GPa] 3.30

vxy 0.35

vxz 0.35

vyz 0.25

Table 2 presents the mechanical properties of a bamboo composite with a synthetic
polymer matrix (epoxy)—an orthotropic material. The notations (x,y,z) in Table 2 corre-
spond to the principal material axes of the Cartesian coordinate system of Figure 2. Unlike
isotropic materials, orthotropic ones exhibit different mechanical behaviors depending on
the direction of loading. For properties such as the Poisson’s ratios and density, experi-
ments may be performed on real bamboo specimens by using strain gauges [24]. However,
determining the rest of the mechanical properties of natural fiber composites is challenging.
Bora et al. [25] applied a micromechanical approach to estimate the elastic properties of
a bamboo-based composite, using a square representative volume element (RVE) with
periodic boundary conditions. This method accounts for the composite’s repeating mi-
crostructure and enables a more accurate evaluation of its mechanical behavior compared
to simpler analytical models.
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3. IEA 15 MW Wind Turbine Blade Analysis

The IEA 15 MW wind turbine is designed for both fixed-bottom and floating offshore
applications. In this study, the focus is on its floating base, as this configuration is particu-
larly suitable for deployment in Greek waters. The key specifications of the wind turbine
are presented in Table 3.

Table 3. IEA 15 MW wind turbine basic specifications [11,27].

Characteristic Value Units

Rated power 15 MW

Specific power 332 W/m2

Number of blades 3 -

Cut-in wind speed 4 m/s

Cut-out wind speed 25 m/s

Rated wind speed 10.59 m/s

Rated rotational speed 0.79 rad/s

IEC Class 61400 IB -

Figure 5 provides an engineering drawing illustrating the wind turbine’s primary
dimensions, along with its floating platform. As an IEC 61400 Class IB turbine, it is designed
to withstand extreme wind speeds of up to 70 m/s [27].

Figure 5. IEA 15 MW wind turbine dimensions [11].

The primary control mechanism of the wind turbine is pitch angle control, which
regulates the blade pitch angle to optimize aerodynamic performance. Adjusting the pitch
angle modifies the angle of attack, thereby controlling aerodynamic forces and influencing
the power output. This regulation allows the torque to remain constant beyond the nominal
operating point. Consequently, even as wind speeds increase, the electrical generator
remains protected from overloading.

Figure 6 illustrates the relationship between the wind speed
∣∣ →V∞

∣∣ [m/s] and the pitch
angle θ [◦].
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The operation of a wind turbine can be categorized into three distinct regions based
on wind speed conditions (Figure 6). In Region 1, which corresponds to low wind speeds
(3–7 m/s), the available wind intensity is insufficient to reach the turbine’s rated power. To
maximize power capture, the pitch angle is adjusted to increase the generated torque.

Region 2 represents the rated power conditions, where the turbine operates close to
its maximum designed power output. During this stage, the pitch angle remains at zero
degrees to ensure optimal aerodynamic efficiency.

Figure 6. Wind speed
∣∣ →V∞

∣∣ and pitch angle θ relationship.

In Region 3, also known as the power limitation mode, the turbine’s control system
actively adjusts the pitch angle to prevent overloading while maintaining maximum power
output within safe operational limits. However, if wind speeds exceed an upper threshold,
pitch angle adjustments alone are no longer sufficient to regulate power generation.

Beyond Region 3, when wind speeds exceed the cut-out limit, a dedicated braking
system prevents the rotor from rotating. Simultaneously, the pitch angle is set to 90 degrees,
fully engaging the feathered mode, ensuring minimal structural loading and protecting the
turbine components from excessive stress.

Figure 7 illustrates the IEA 15 MW wind turbine blade in its CAD representation.
The pronounced pre-bending curvature is clearly visible, a design feature that mitigates
structural loads and reduces operational fatigue. Pre-bending is a critical consideration in
offshore wind turbine blades, enhancing structural integrity and aerodynamic efficiency.

Figure 7. CAD representation of the (a) suction side and (b) trailing edge of the IEA 15 Wind Turbine
blade [11].

The primary geometric and physical properties of the IEA 15 MW wind turbine blade
are summarized in Table 4. Other geometric characteristics, such as airfoil types and
thickness, are presented in Table 5.
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Table 4. Primary geometric characteristics of the IEA 15 MW wind turbine blade [11].

Characteristic Value Units

Blade length 117 m

Root diameter 5.20 m

Length of root cylinder 3.54 m

Max chord 5.77 m

Blade mass 65,250 kg

Blade center of mass 26.80 m

Table 5. Geometry and blade thickness along length [28].

Airfoil Radius Ratio (r/R) [%]
CAD Geometry

Length [m]
Blade Skin

Thickness [m]
Shear Web

Thickness [m]

SNL-FFA-W3-500 15 20.55 0.056 0.040

FFA-W3-360 24.51 31.67 0.0485 0.036

FFA-W3-330blend 32.88 41.47 0.042 0.032

FFA-W3-301 43.91 54.37 0.033 0.027

FFA-W3-270blend 53.76 65.90 0.0256 0.023

FFA-W3-241 63.82 77.67 0.017 0.018

FFA-W3-211 80.11 96.73 0.007 0.012

4. Weather Conditions of the Site

One of the first offshore wind farms in Greece is expected to be installed near eastern
Crete, in Sitia. Given the location of the wind turbine, but with limited available wind
resource data, estimations must be made based on meteorological studies and Weibull
distribution models.

The Weibull distribution is widely employed in modeling failure probabilities of phys-
ical systems due to external factors. It is particularly relevant to wind energy applications,
as its flexible nature allows it to model wind speed frequency distributions over the opera-
tional lifespan of a wind farm. Compared to direct experimental wind measurements, the
Weibull distribution provides more reliable long-term predictions of wind potential. The
probability density function for wind speed is given by [29]:

f
(
u
)
=

k
c
·( ∣∣ →V∞

∣∣
c

)k−1·e−( |
→

V∞ |
c )

k

(1)

where
∣∣ →V∞

∣∣ is the wind speed, and k and c are parameters that form the final figure of the
curves. Specifically, k is the shape parameter, which determines how variable the wind
speed is. On the other hand, c is the scale parameter, which is related to the average wind
speed. Determining these parameters requires statistical data, which is not fully available
for the study site and thus must be estimated using empirical methods.

Wind speed measurements for meteorological or wind resource assessments are typi-
cally recorded over a year, at a height of 10 m, with the average wind speed calculated as:

u =
v

∑
i=1

ui
v

, i = 1, 2, 3, . . . , v (2)
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For the Aegean Sea, the mean annual wind speed is reported to be 8.5–9.0 m/s, based
on related studies conducted. Specifically, for the offshore region east of Sitia, the wind
speed is estimated at 8.5 m/s. The site is also strategically advantageous, as it is free from
major maritime traffic and has a relatively shallow seabed [30,31].

Since the IEA 15 MW wind turbine hub is located at 150 m (Figure 5), the wind speed
at this height must be extrapolated using atmospheric boundary layer theory. The motion of
air relative to the Earth’s rotation forms a boundary layer, influenced by surface roughness
(e.g., sea or land). For practical wind speed calculations, the power law equation is applied:∣∣∣∣ →V∞

∣∣∣∣
uref

=

(
z

zref

)a

(3)

where uref is the wind speed at reference height zref, and α is an empirical exponent depen-
dent on terrain characteristics. For this study, a value of α = 0.14, commonly used in wind
energy literature, was selected [32].

The standard deviation of wind speed measurements is not available, but it is necessary
for estimating the Weibull parameters k and c. Based on wind studies from the Aegean
islands, the coefficient of variation (CV) for wind speed is estimated at 53.573%, derived
from the average values of Mykonos and Lesvos. The CV, which indicates the variability of
a dataset, is expressed as:

CV =
s
|u| ·100 =

s
u
·100[%] (4)

where s is the standard deviation of the wind speed measurements. Using s = 4.55 m/s
for an average wind speed of 8.5 m/s, Bowden’s empirical relationships can be applied to
determine the Weibull parameters [33].

k ∼=
( s

u

)−1.086
(4)︷︸︸︷
=

(
CV
100

)−1.086
(5)

c =
u

Γ
(

1 + 1
k

) [m/s] (6)

where Γ represents the Gamma function, which can be computed using numerical methods.
The calculated values are k = 1.97 and c = 9.59 m/s.
From the Weibull distribution analysis and Figure 8, two key operational regions

are identified:

• Rated operating conditions: The highest wind speed occurrence is around 10 m/s,
with a probability of 8.5%, aligning closely with the rated wind speed of 10.59 m/s for
the IEA 15 MW wind turbine (Table 3).

• Cut-out wind speed: Wind speeds exceeding 35 m/s have an almost negligible prob-
ability. At this threshold, the turbine enters feathering mode, where rotation ceases
to ensure structural integrity. This speed remains well below the turbine’s design
survival wind speed, confirming its operational safety (Table 3).

To simulate these two critical conditions, the wind velocity
→

V∞ is assumed to follow
the +X-direction, and the turbine blade is positioned in a 3D computational environment
in two configurations (Figure 9). In configuration (a), the blade is set in feathering mode
at a 90-degree pitch angle relative to the wind flow, representing the extreme wind speed
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scenario (35 m/s wind speed). In configuration (b), the blade is positioned at a zero-degree
pitch angle, corresponding to rated operating conditions (10.59 m/s wind speed).

Figure 8. Weibull distribution of the wind velocity at 150 m above sea level.

(a) (b)

Figure 9. Configurations of the blade in the 3D environment. In configuration (a), the blade is in
feathered mode. In configuration (b), the blade is operating at the rated conditions.

5. Computational Fluid Dynamics Analysis

For the analysis of complex fluid–structure interactions and aerodynamic behavior,
computational fluid dynamics (CFD) methods are employed. These methods utilize spe-
cialized software to discretize the computational domain using the finite volume method
(FVM). The Navier–Stokes equations, which govern fluid motion, are then solved numeri-
cally at each discretized control volume. The objective is to achieve solution convergence,
with the degree of accuracy defined by the user.

The fundamental governing equations in this study are [34]:

∂ρ

∂t
+ div

(
ρ
⇀
u
)
= 0 (7)

ρ
D
⇀
u

Dt
= −grad(p) + div

(←→
τ
)

(8)
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where ρ is the fluid density, p is the static pressure,
⇀
u is the velocity vector, and

←→
τ is the

stress tensor. Equation (7) represents the continuity equation, ensuring mass conservation,
while (8) corresponds to the momentum conservation equation, which describes the balance
of forces in the fluid.

The simulations in this study were conducted using ANSYS Fluent© [35], a widely
used CFD solver from the ANSYS© suite [35]. The analysis focuses on two steady-state
flow conditions:rated operating conditions, for a wind speed of 10.59 m/s, and feathering
mode, corresponding to extreme wind conditions at 35 m/s.

Given the relatively low wind velocity, the airflow is assumed to be incompressible.
Table 6 summarizes the parameters selected for the flow modeling. Air is used as the
working fluid, with standard ambient density and viscosity values applied. A constant
temperature of 293.1 K (25 ◦C) is assumed, and thermal effects are neglected. As such, the
influence of temperature on both the flow field and the composite material behavior is not
considered in this study.

Table 6. Fluid mechanical analysis options.

Flow–viscosity model K-omega (k-ω) (2 equations)

K-Omega model Shear stress transport (SST)

Density [kg/m3] 1.225

Viscosity [kg/ms] 1.7894 × 10−5

Solution method Pressure–velocity coupled

Gradient Least squares-based

Pressure Standard

Momentum Second-order upwind

Turbulent Kinetic Energy—k First-order upwind

Specific Dissipation Rate—ω First-order upwind

Although air properties vary slightly with altitude, at the wind turbine hub height of
150 m, the density and viscosity decrease by approximately 2% compared to sea level. This
variation is considered negligible for the present analysis.

The k-ω SST (shear stress transport) turbulence model was selected for this study as it
provides improved accuracy over previous models. While alternative turbulence models
were tested, the k-ω SST formulation yielded results that closely aligned with expected
physical behavior. The k term represents the turbulent kinetic energy, while ω denotes
the specific dissipation rate. Prior research indicates that the k-ω SST model effectively
captures transitional flow phenomena at the fluid–wall interface, making it well-suited for
wind turbine blade simulations [15,34,36].

The computational mesh of the fluid region consists of polyhedral elements, providing
an efficient and precise representation of the flow field (Figure 10). To model transient
phenomena, such as boundary layer formation on the blade, pentahedral elements are
employed. Monitoring the boundary layer is crucial, as it influences flow transition from
laminar to turbulent and can lead to flow separation, increasing drag and reducing aerody-
namic efficiency. Pentahedral elements, as linear prismatic finite elements, form thin layers
within the mesh, allowing for an accurate and efficient representation of boundary layer
dynamics (Figure 10).

The flow domain is designed as an elongated cylindrical region, allowing for the full
development of the airflow [14,15] and the prevention of reverse flow (Figure 11). The total
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length of the domain is approximately 2.7 km, similar to the strategy of Zhang et al. [14].
The inlet radius is 720 m, and the outlet radius is 1.5 km. At a distance of six lengths of
the blade (720 m), the blade is positioned in relation to the entrance (inlet). The outlet is
approximately over a length of sixteen blades (1940 m) from the blade model (Figure 12).

Figure 10. Fluid domain mesh. Prismatic elements (a) are used for the boundary layer along the
blade. Polyhedral elements (b) are used for the rest of the flow domain.

Figure 11. Views of the flow domain geometry.

46



Materials 2025, 18, 2447

Figure 12. Size of the flow domain and its boundaries. The geometric model of the blade is located
within the body of influence.

To optimize computational efficiency, the simulation domain represents a 120-degree
sector of the rotor, corresponding to one-third of a full circle. These set of boundaries are
called periodic, and they enforce the condition that the flow variables (e.g., velocity, pres-
sure) on one periodic face are mapped to the opposite face with a rotational transformation.
In cylindrical coordinates, this can be expressed as:

→
u (r, θ, z) =

→
u (r, θ+ Δθ, z) (9)

where
→
u is the velocity vector, and Δθ = 120◦ and (r, θ, z) are the cylindrical coordinates.

By employing periodic boundary conditions, the entire rotor can be modeled using a
single blade, significantly reducing computational cost. However, this simplification may
overlook the potential effects of the interactions between the three blades and their influence
on the wind flow dynamics.

The boundary conditions applied in the simulation are as follows:

• Inlet: Uniform velocity of 10.59 m/s or 35 m/s in the X+-direction, with a turbulence
intensity of 5% and a turbulent viscosity ratio of 10.

• Outlet: Static pressure set to 1 atm.
• Wind turbine surface: No-slip condition applied to capture near-wall effects.
• Fluid region walls: Periodic boundary conditions to replicate full rotor operation. The

axis of rotation is the global X-axis.
• General conditions:

� For rated operating conditions: rotational velocity of ω = 0.79 rad/s in the
X+-direction.

� For feathering mode: rotational velocity of ω = 0, corresponding to a stationary
blade configuration.
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Based on the data in Tables 7 and 8, the quality of the computational mesh is adequate
for both cases.

Table 7. Attributes of the computational mesh of the flow domain and boundary layer in the case of

the feathered blade (
→

V∞ = 35 m/s).

Mesh Attribute Value

Number of elements 280,202

Surface size [m] 0.3

Inflation—first layer height [m] 0.3

Number of layers of prismatic elements
(inflation—layers) 20

Orthogonal quality 0.95

Minimum orthogonal quality 0.383

Skewness average 0.0098

Maximum skewness 0.53

Table 8. Attributes of the computational mesh of the flow domain and boundary layer in the case of

operation in the rated conditions (
→

V∞ = 10.59 m/s).

Coarse Mesh Fine Mesh

Mesh Attribute Value

Number of elements 307,741 3,106,827

Number of nodes 1,634,325 16,684,340

Surface element size [m] 0.6 0.3

Body of influence size [m] 1.5 0.8

Number of inflation layers 10 20

Orthogonal quality 0.956 0.966

Minimum rectangular quality
(Minimum orthogonal quality) 0.150 0.237

Skewness 0.0200 0.0115

Maximum skewness 0.900 0.867

Thrust [MN]
→
T 0.66 0.73

Flapwise bending moment [MNm]
→
Mflap −52.0 −58.7

For the case of the stationary blade modeled as a rigid wall (
→

V∞ = 35 m/s), a full
mesh study was not conducted. However, incremental mesh refinement showed negligible
changes in results, indicating mesh independence. This setup lacks the unsteady flow
effects present in rotating simulations, reducing modeling complexity and sensitivity to
mesh resolution, which justifies the lower element count.

The quality of the simulation results is primarily validated against reference data
provided by the developers of the wind turbine model, as well as findings from other
researchers [11–14]. For both steady-state cases, convergence was achieved after approxi-
mately 2000 iterations on average. Specifically, the simulations were considered converged
when the residuals for continuity, velocity (in all three directions), and turbulence (k, ω)
dropped below 10−6. Due to differences in mesh density (as shown in Tables 7 and 8), com-
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putational time varied significantly between the two cases, with the finer mesh requiring
substantially more time to converge.

A mesh sensitivity analysis was conducted for the rotating blade case under rated
conditions (V∞ = 10.59 m/s), comparing coarse (307,741 elements) and fine (3.1 million
elements) meshes (Table 8). Key mesh metrics improved with refinement (orthogonal
quality and skewness), and aerodynamic outputs, such as thrust and flapwise bending
moment, differed by far less than 10% with available data. Beyond three million elements,
the computational cost increased significantly, with minimal gains in accuracy.

A key measure of accuracy is the axial thrust generated by the wind turbine rotor
during operation. In the fluent computing environment, this thrust can be approximated
as the net force exerted on the blade surfaces in the direction of the wind (axial direction,

X-direction, Figure 11). Exact data for the rotor thrust
→
Trotor at rated speed is unavailable.

However, linear interpolation can be applied using data from other wind speeds, as shown
in Table 9.

Table 9. Linear interpolation for the thrust [11].

Wind Velocity
→

V∞ [m/s] Thrust of Rotor
→
Trotor [MN]

10.2096 2.2644

10.6584 2.4473

For a wind speed of 10.59 m/s, linear interpolation can be performed as follows:

10.6584−10.59
10.6584−10.2096 = 2.4473−→T rotor

2.4473−2.2644 ⇔
⇔ →

Trotor = 2.4473− 0.0279 = 2.4194 MN
(10)

Therefore, assuming that the thrust is evenly distributed over the three blades:

→
T =

→
Trotor

3
= 0.806 MN (11)

Another measure of evaluation of results is the flapwise bending moment exerted by
the wind (Figure 4). Similar to before, for a wind speed of 10.59 m/s and the data from
Table 10: →

Mflap = 64.4131 MNm (12)

Table 10. Linear interpolation for the flapwise bending moment [11].

Wind Velocity
→

V∞ [m/s] Flapwise Bending Moment
→
Mflap [MNm]

10.2096 60.3222

10.6584 65.1486

By comparing the values obtained from Equations (11) and (12) with the simulation
results presented in Table 8 and the findings of previous studies [13,14,37], it is determined
that the calculated thrust and bending moment exhibit good agreement with established
data. Specifically, the bending moment shows a maximum deviation of approximately
9.60%, while the thrust deviation reaches 8.75%. These discrepancies are considered accept-
able given the limitations imposed by mesh resolution [14] and variations in computational
solvers, which can introduce differences in numerical results [38]. In particular, the current
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study performed a mesh sensitivity analysis, demonstrating that no significant changes in
the results occurred with an increase in mesh resolution. This suggests that mesh resolution
was not a significant source of error. Differences in solver settings, including turbulence
models, boundary conditions, and time-stepping schemes, can introduce variability in
results. Additionally, variations in computational methods, such as turbulence model
selection and numerical discretization, can further contribute to discrepancies in the results.

Since experimental data for stress distributions (e.g., strain gauge measurements from
similar blades) were unavailable for direct comparison, the numerical results presented here
are considered reasonable. However, validation of stress distributions with experimental
data remains a valuable direction for future work, as it would help refine the accuracy of
the simulations, especially for cases involving complex loading conditions.

Figures 13 and 14 illustrate the cumulative thrust and flapwise bending moment

along the blade length for operation at the rated wind velocity (
→

V∞ = 10.59 m/s). Both
quantities exhibit a generally proportional relationship with blade length. Notably, the
flapwise bending moment reaches a maximum value approximately 100 times higher than
the thrust force.

Figure 13. Cumulative thrust
→
T along the length (distance from the center of rotation) of the blade.

The wind velocity has a value of
→

V∞ = 10.59 m/s.

Figure 14. Cumulative flapwise bending moment
→
Mflap along the length (distance from the center of

rotation) of the blade. The wind velocity has a value of
→

V∞ = 10.59 m/s.

Figure 15 depicts the rotational velocity of the rotor. According to the no-slip condition,
the fluid velocity matches the blade velocity at the point of contact. The observed range of
rotational velocity aligns with expected values [11].
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The pressure distribution on the blades in Zhang et al. [14] ranges from −10 kPa to
4.82 kPa, while the results of this study (Figure 16) exhibit a comparable range, specifically
−7.3 kPa to 5.28 kPa for the dense mesh, corresponding to a 9.9% deviation. As expected,
the leading edge and pressure side experience higher pressures compared to the trailing
edge and suction side.

The wind velocity results under rated conditions align with those reported by Zhang,
Y. et al. [14], with a maximum deviation of 5% at peak wind speed (Figure 17).

Figure 15. Rotational velocity of the rotor for operation at the rated wind speed
∣∣∣∣ →V∞

∣∣∣∣ = 10.59 m/s.

(a) (b)

Figure 16. Pressure contours on the blade surface for
→

V∞ = 10.59 m/s. The pressure side is depicted
in (a), while the suction side is depicted in (b).
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(a) (b) 

Figure 17. (a) Pressure contour of the airflow at r/R = 0.67 for
→

V∞ = 10.59 m/s. (b) Flow velocity

contour at r/R = 0.67 for
→

V∞ = 10.59 m/s.

Figure 18 illustrates the effect of placing the blade in feathered mode. Despite an
increase in wind speed, the pressure decreases by a factor of 10, demonstrating the effective-
ness of this configuration in reducing aerodynamic loads. Given the adequacy of the CFD
results, FSI analysis was subsequently employed for computational structural evaluation.

  
(a) (b) 

Figure 18. (a) Pressure contour of the airflow for
→

V∞ = 35 m/s. (b) Flow velocity contour for
→

V∞ = 35 m/s.

6. Computational Structural Analysis

For the analysis of complex static problems, the finite element analysis (FEA) method
is employed. Similar to CFD methods, FEA utilizes computational software to discretize
the examined structure into a mesh of finite elements. The governing equations are then
numerically approximated and solved for each element using appropriate numerical analy-
sis techniques.

In ANSYS© Mechanical [39], the displacement-based finite element formulation is
applied, meaning that the equations are solved with respect to nodal displacements. For
static analysis, the fundamental equations to be solved are as follows [40]:

∇·→σ +
→
F = 0 or (13a)

52



Materials 2025, 18, 2447

∼
F

e
=
∼
k

e
·∼qe

(13b)

∼
q =

∼
N·∼qe

(14)

∼
ε =

∼
B·∼qe

(15)

∼
σ =

∼
D·∼ε (16)

Equation (13a) represents the equilibrium condition of the system, while Equation (13b)
is obtained after discretization into finite elements, where

∼
q

e
is the element displacement

matrix and
∼
k

e
is the element stiffness matrix. Equation (14) defines the relationship between

the overall body displacement
∼
q and the element displacements using the shape functions

∼
N, which depend on the selected finite element type. Equation (15) links strain

∼
ε to nodal

displacements through the strain–displacement matrix
∼
B. Finally, Equation (16) represents

Hooke’s law, where stress
∼
σ is related to strain

∼
ε via the material stiffness matrix

∼
D.

For an isotropic material, the stiffness matrix
∼
D takes the form:

∼
D =

E
(1 + v)(1− 2v)

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1− v v v 0 0 0
v 1− v v 0 0 0
v v 1− v 0 0 0
0 0 0 1−2v

2 0 0
0 0 0 0 1−2v

2 0
0 0 0 0 0 1−2v

2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(17)

where E is the modulus of elasticity, and v is Poisson’s ratio. For orthotropic materials,

the stiffness matrix
∼
D differs due to direction-dependent material properties and is no

longer symmetric.
In this study, small displacements are assumed. The materials used are considered

homogeneous and to remain within the linear elastic region. The solver utilized is APDL©
(ANSYS Parametric Design Language) [39].

At the time of this study, an original CAD model suitable for structural analysis of
the IEA 15 MW blade was not available [11]. Instead, the analysis utilized the parametric
CAD model developed by Mendoza, ASE et al. [41], which is publicly accessible. This
model incorporates surface elements as internal shear webs. It includes only the blade
skin and shear webs, omitting other important structural components typically present
in wind turbine blades, such as the spar caps. Most notably, spar caps are responsible
for carrying a significant portion of the bending loads in large blades, and their absence
likely leads to an underestimation of blade stiffness and an overestimation of stress in the
remaining components. Additionally, the simplified modeling of shear webs as surface
elements may alter the load transfer mechanisms within the blade. As a result, the stress
distribution and deformation patterns observed in the simulations may not fully represent
the actual behavior of the complete blade structure, limiting the accuracy of the structural
performance predictions under operational loads.

The procedure for properly orienting the blade, considering both operational cases,
follows the approach illustrated in Figure 9. This step is crucial for the accurate transfer of
CFD data to the FEA model using the fluid–structure interaction (FSI) method. For each
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surface type, including the blade skin and shear webs, the appropriate thickness is assigned
based on the values provided in Table 5.

Second-order shell elements (ANSYS© SHELL281 [39]) are chosen for the static struc-
tural analysis (Figure 19). These elements are well-suited for modeling thin-walled struc-
tures, making them appropriate for the blade’s thickness, as specified in Table 5. Addi-
tionally, they ensure high mesh quality while maintaining computational efficiency, as
indicated by the element count in Table 11.

As with the CFD analysis, only one blade is examined, thus excluding the hub and
tower. This approach disregards dynamic effects such as oscillations from the floating base.
Their inclusion was deemed unnecessary given the already simplified nature of the model.
The CAD model used for the structural analysis differs from the model used in the CFD
analysis, and this discrepancy could introduce minor deviations in the results due to the
FSI method.

Environmental effects such as solar radiation and marine conditions were also not con-
sidered. While these factors significantly impact material degradation and blade longevity,
this study focuses solely on two steady-state flow conditions, which do not capture the full
complexity of real-world environmental influences.

Figure 19. Mesh of the geometric blade model for static structural analysis. In the upper right corner,
the SHELL281 element is depicted. It is a second-order element with 8 nodes.

Table 11. Structural analysis mesh properties.

Attribute Value

Number of elements 40,156

Nodes 122,929

Area size [m] 0.2

Average skewness 0.06

Element quality 0.947

In this one-way FSI analysis, the steady-state aerodynamic loads obtained from the
CFD simulations were applied as input forces for the static structural analysis, thus serving
as boundary conditions. For higher accuracy, a two-way FSI analysis—where structural
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deformation affects the aerodynamic loading—would be required. However, this approach
is often avoided due to the significant computational resources it demands [15–17].

The blade is fixed at the root, with reaction forces and moments applied at a reference
point 3 m from the root cross-section. This setup simulates the presence of the hub,
which is not explicitly included in the CAD model. The root boundary condition prevents
unintended displacements, ensuring accurate solver calculations. The hub is modeled as a
rigid body, serving as the reference point for displacement constraints.

For rated operating conditions, the rotation of the blade is simulated by applying an
angular velocity of +0.79 rad/s in the direction of the wind.

To assess the structural integrity of the blade under aerodynamic loading, the equiva-
lent von Mises stresses were calculated and compared to the ultimate tensile strength of
the materials. The von Mises stress is determined using the following equation:

σeq =

√
σ2

x + σ2
y + σ2

z − σxσy − σyσz − σzσx + 3
(

τ2
xy + τ2

yz + τ2
zx

)
[Pa] (18)

where σ represents the normal stresses and τ represents the shear stresses. The maximum
tensile strength values for the materials are provided in Table 12.

Table 12. Maximum tensile strength for materials [42–44].

Material/Fiber Ultimate Tensile Strength (UTS) [MPa]

Carbon Fiber 1800–2400

E-Glass 500–800

S-2-Glass 1200–1500

Basalt 700–1200

Bamboo 350–500

Aramid 2000–2400

The ultimate tensile strength values were used in the absence of data on yield strength,
as the materials were considered isotropic. Thus, the von Mises criterion was applied to
assess the risk of material failure. For bamboo, an orthotropic material, shear strength
values ranging from 40 MPa to 80 MPa were considered. For other conventional materials,
such as glass fiber reinforced polymer (GFRP), shear strength values typically exceed
95 MPa [44,45].

Five material configurations are analyzed, as detailed in Tables 1 and 2. In all cases,
the shear webs are composed of carbon fiber composites, while five different materials are
evaluated for the blade skin.

The bamboo-based composite exhibits the highest displacement and stress values
(Figure 20). When the blade is feathered, the root section experiences the greatest loading
(Figures 21 and 22). But under rated operating conditions, the highest stress concentrations
occur at the blade tip and leading edge (Figures 23–26). The normal stresses are lower in
magnitude compared to the equivalent von Mises stresses, making the latter more suitable
for assessing material performance and structural integrity (Figure 23). Shear stresses reach
their peak on the XZ plane, likely due to the rotational motion of the blade, with maximum
values concentrated near the leading edge (Figure 26).
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(a) (b)

Figure 20. Displacement of (a) the blade skin and (b) the shear webs.
→

V∞ = 10.59 m/s, for bamboo
composite blade skin.

Figure 21. Equivalent von Mises stresses in the case of the bamboo-based blade skin. Higher von

Mises stresses are present near root of the blade.
→

V∞ = 35 m/s.

Figure 22. Close up of the blade, for the equivalent von Mises stresses in the case of the basalt

fiber-based blade skin.
→

V∞ = 35 m/s.
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Figure 23. Normal stresses (X-axis) for bamboo-based blade skin. Higher normal stresses are present

near the leading edge of the blade.
→

V∞ = 35 m/s.

Figure 24. Equivalent von Mises stresses in the case of the bamboo-based blade skin. Higher von

Mises stresses are present near the leading edge of the blade.
→

V∞ = 10.59 m/s.

Figure 25. Equivalent von Mises stresses in the case of the bamboo-based blade skin. Pressure side of

the blade. Higher von Mises stresses are present close to the blade tip.
→

V∞ = 10.59 m/s.
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Figure 26. Shear stresses (XZ plane) in the case of the bamboo-based blade skin. The XZ plane

corresponds to the leading edge, as the blade is spinning (
→

V∞ = 10.59 m/s).

7. Results and Discussion

We have already mentioned, that bamboo-based composite exhibits the highest dis-
placement and stress values (Figure 20). However, all blade skin materials display similar
overall stress and displacement distributions, meaning that Figures 20–26 are representative
of all configurations. Maximum equivalent von Mises stresses, displacements, and shear
stresses for each scenario are summarized in Table 13.

Table 13. Maximum equivalent von Mises stresses and maximum total displacement for each blade
skin scenario.

Blade Skin Material E-Glass S-2-Glass Aramid Basalt Bamboo

Wind Velocity
→

V∞ [m/s] 10.59 35 10.59 35 10.59 35 10.59 35 10.59 35

Equivalent von Mises stresses
(maximum) [MPa] 93.76 12.63 94.01 12.67 95.88 12.65 94.42 12.7 133 17.94

Maximum total displacement [m] 2.467 0.2374 2.098 0.2035 1.333 0.1571 2.190 0.2053 4.834 0.8078

Maximum shear stress [MPa] 45.29 7.00 45.43 7.02 46.26 7.06 45.44 7.04 45.44 9.62

To assess the validity of the results, a comparison is made with existing literature. A
study by Theotokoglou and Xenakis [15] reports equivalent von Mises stress distributions of
a similar order of magnitude, as well as comparable locations for stress maxima. Given that
their analysis was conducted for smaller blades under similar environmental conditions, it
is reasonable that the present study yields higher stress and deformation values. Notably,
under rated conditions, the maximum equivalent von Mises stresses in their study are
approximately 30% lower than those obtained in this work.

The magnitude of the computed stress values is consistent with those presented by
Mendoza N et al. [13] and Zhang et al. [14]. In their investigations, the maximum von Mises
stresses reached values in the range of hundreds of MPa, aligning with the findings of this
study. Furthermore, the total blade displacement was found to be significant, approaching
5 m. According to Mendoza N. et al. [13], such displacements do not pose a risk of tower
strikes. However, their studies focus on transient phenomena, which can lead to variations
in the magnitude and location of maximum stress and displacement. Additionally, the
materials analyzed in their work were predominantly orthotropic, whereas the present
study assumes isotropic behavior for most materials. Another distinction is that the shear
webs in this work are composed of carbon fiber, whereas previous studies [11] utilized
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glass fiber-reinforced composites. The selection of carbon fiber enhances structural rigidity,
reducing total displacement but increasing mass.

The equivalent von Mises stresses exhibit a direct correlation with the modulus of
elasticity E of most materials, with the exception of the bamboo composite, which is
orthotropic. While the maximum equivalent stresses generally follow expected trends, total
displacement is not strictly proportional to the elastic modulus or stress levels. Additionally,
all materials demonstrate similar maximum shear stress values.

Based on the ultimate tensile strength data (Table 12), most materials can be deemed
structurally viable for offshore wind turbine blades. However, bamboo-based composites
present a higher risk of fracture and permanent deformation, as the maximum stresses
approach their tensile strength limits (Table 13). Furthermore, bamboo exhibits relatively
low shear strength compared to alternative materials, which may compromise long-term
structural integrity.

The data in Table 13 are visually represented in Figures 27 and 28. Notably, transition-
ing the blade into feathered mode significantly reduces the load, even as the intensity of
the wind increases.

Figure 27. Maximum equivalent von Mises stresses for each blade skin material scenario.

Figure 28. Maximum total displacement for each blade skin material scenario.
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Carbon fiber was included in the study, specifically as the material used for the shear
webs across all blade skin configurations, consistent with the IEA 15 MW reference design.
For this reason, carbon fiber was not separately evaluated as a skin material, as doing so
would have introduced redundancy without significant added insight. The von Mises
stress results for the shear webs made of carbon fiber are implicitly reflected in the overall
structural analysis but were not individually tabulated, as the focus was on the comparative
performance of the blade skin materials.

Based on the simulation results, the blade mass was estimated for each material
scenario. By integrating approximate emission factors [45–47] and cost per unit mass
data [46,48,49] for each material, a comparative assessment was conducted in terms of
both carbon footprint and economic feasibility. To account for variability in the data, an
uncertainty margin of 20% was applied to the carbon footprint estimates (Figure 29) and
10% to the cost estimates (Figure 30), based on the range of values reported in the literature.

Figure 29. Comparison of all blade skin material scenarios in regard to the mass and carbon footprint
of each wind turbine blade. The error bars correspond to an uncertainty of 20%. CO2 refers to carbon
dioxide emissions.

Figure 30. Comparison of all blade skin material scenarios in regard to the material cost of each wind
turbine blade. The error bars correspond to an uncertainty of 10%.
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As shown in Figure 29, basalt fiber-based composites emerge as a promising ecological
alternative, though density reduction or material redistribution may be necessary to opti-
mize performance. Aramid fiber composites offer excellent mechanical properties but are
costly, as shown in Figure 30. However, a hybrid composite combining aramid and basalt
fibers could mitigate both financial and environmental impact. Glass fiber composites
remain a widely used and reliable choice, with various formulations available to meet
specific design requirements—such as low-density orthotropic materials used in the IEA
15 MW blade.

Natural fiber composites, however, are unsuitable for offshore wind turbines due
to excessive deformation and structural failure risks. Specifically, the von Mises stress
(133 MPa) reaches the maximum tensile strength, while the presented shear stress sur-
passes the reported shear strength limit (40 MPa), indicating a high probability of failure.
Additionally, marine durability remains uncertain, making them impractical for large-scale
offshore applications. Nevertheless, natural fiber composites may still be viable for smaller,
domestic wind turbines, where their recyclability, low cost, and reduced environmental
impact provide advantages.

8. Conclusions

This study focuses on the computational analysis of the IEA 15 MW wind turbine
blade, with an emphasis on evaluating various composite materials. The research aligns
with national plans for the development of floating offshore wind turbines, which feature
large-diameter rotors requiring meticulous material selection to optimize performance,
durability, and cost-effectiveness.

The material selection was categorized into two distinct groups. For the shear webs,
carbon fiber composite was utilized, while the blade skin was examined using multiple
options, including E-glass, S-2 glass, Aramid fiber-based composite, basalt fiber-based
composite, and natural fiber composite (bamboo). A computational study was conducted
using ANSYS© [35,39] to assess the viability of these materials, particularly focusing on
the application of emerging and environmentally sustainable options. The aerodynamic
geometry of the blade was derived from original sources, while additional publications
provided data for static structural modeling.

Following aerodynamic analysis, a static structural evaluation was conducted, incorpo-
rating the derived aerodynamic loads into the stress analysis model. Equivalent von Mises
stresses, shear stresses, and displacements were determined. The material combinations
were assessed based on production cost, environmental impact, and mechanical perfor-
mance. The findings revealed a trade-off between economic and environmental benefits
and structural integrity. Natural fiber composites, while cost-effective and environmentally
sustainable, exhibited performance limitations, reaching the threshold of permanent defor-
mation and failure. Other materials increased the overall blade mass, negatively affecting
aerodynamic efficiency. Basalt fiber composites emerged as a promising alternative due to
their high resistance to corrosion from seawater and ultraviolet exposure, as well as their
strong mechanical properties.

The findings support the integration of alternative composite materials, such as basalt
and bamboo fibers, in wind turbine manufacturing to address cost and sustainability concerns.

The implementation of a two-way FSI model would enable a more dynamic assessment
of blade deformation under aerodynamic loads. Additionally, modeling the tower, hub, and
floating base would provide a more comprehensive understanding of wave-induced effects
on structural behavior. The study of transient phenomena, such as fluctuating wind speeds
and wave interactions, could further enhance simulation accuracy. Expanding material
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comparisons and testing various material combinations would offer deeper insights into
optimal design strategies. Future work could also explore multi-material configurations or
optimization studies to evaluate the strategic placement of high-performance fibers while
maintaining cost-effectiveness. Finally, a fatigue analysis based on Weibull probability
distributions could provide critical data on blade lifespan under specific environmental
conditions, such as those prevalent in the Aegean Sea.
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Abstract: Modern SiC-based materials are of paramount importance in that they serve as
wear-resistant and thermal protectors and as next-generation single-photon sources for
photonic and quantum solutions. Efforts are underway to identify more efficient methods
of manufacturing SiC-based ceramic materials. The objective of this paper is to provide a
description of the optimization of sintering SiC–TiC composites by the electroconsolida-
tion method. The influence of titanium carbide content on the physical and mechanical
properties of SiC–TiC composites obtained by spark plasma sintering (SPS) at a pressure of
45 MPa was studied. It was found that compared to sintered silicon carbide, the porosity of
composites with 40 mol% TiC decreased from ~30% to 0%, the crack resistance increased
from 2.9 to 6.1 MPa × m0.5, and the hardness increased from 2.9 to 21.5 GPa. The influence
of sintering temperature and holding time on SiC–TiC composites’ physical and mechanical
properties during sintering at a pressure of 45 MP was also investigated. An increase in
temperature from 1900 ◦C to 2000 ◦C resulted in an approximately 30% rise in the com-
posite hardness. An extension of the time allotted for the sintering process from 30 to 45
min resulted in a decrease in both the fracture toughness and hardness of the material. The
utilization of two- and three-dimensional vector spaces of material features was proposed
as a novel methodology for the description of manufacturing process optimization.

Keywords: silicon carbide; titanium carbide; electric spark sintering; temperature; pressure;
structure; porosity; manufacturing optimization

1. Introduction

Functional materials employed in modern sensing devices exhibit a wide range of
physical properties, including piezoelectricity, pyroelectricity, and sensitivity to external
stimuli such as temperature, pressure, and chemical environments. Materials such as
barium titanate, zinc oxide, and various compositions based on ferroelectric and piezo-
electric compounds have drawn significant research attention due to their high sensitivity
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and operational stability under diverse conditions [1–3]. Their performance—including
dielectric response, thermal conductivity, and structural stability—plays a crucial role in
defining sensor output characteristics, sensitivity, and accuracy [4,5]. Furthermore, the
surface morphology and nanostructural features of these materials greatly influence their
interaction with the surrounding environment. These findings have significant implica-
tions for the development of next-generation sensors, which show considerable potential
in terms of enhanced selectivity and miniaturization potential [6].

In recent years, silicon carbide (SiC, carborundum) has emerged as a material of
choice for a wide range of contemporary applications due to the unique properties it
exhibits [7]. It has been utilized as a fundamental component in the fabrication of bulk
materials and coatings. SiC has become a prevalent material in the manufacturing of
power electronics, electric vehicles, and solar and wind turbine systems [8], and its primary
function is enhancing the efficiency of components. Its heat resistance, high resistance
to radiation, and low neutron absorption rate render it an optimal solution as a thermal
protector, especially for the construction of nuclear reactors. SiC-based photodetectors
have been shown to exhibit large gains in, as well as high sensitivity and a rapid and
consistent response to, α, β, neutron, X/γ, and UV radiation [9,10]. Furthermore, in
the domain of abrasive, grinding, and cutting tools, SiC has been demonstrated to offer
enhanced chemical and mechanical durability. Recently, SiC was tested for its suitability
in the production of prototypes of implants and prostheses [11,12], which, in addition
to durability, must demonstrate both biocompatibility and corrosion resistance. Recent
interest in SiC has seen a marked escalation following the discovery of point defects in its
crystal lattice (the so-called color centers), which can serve as next-generation single-photon
sources [13–15]. Single-photon sources are a key element in the practical implementation
of photonic and quantum computing solutions. In this extensive range of applications, the
efficient manufacturing of novel materials based on SiC is of particular importance.

Silicon carbide appears in more than 250 polymorphic forms, including various amor-
phous phases (thin films and fibers) as well as crystalline polytypes (differing in so-called A,
B, and C stacking) [16]. There are two crystalline polymorphs, namely, the high-temperature
stable α-form (hexagonal/rhombohedral; 2H-SiC, 4H-SiC, 6H-SiC, nH-SiC, 15R, and 21R),
which is most common, and the low-temperature stable β-form (cubic; 3CSiC) [17]. The
structural distinctions between both forms can be attributed to the primitive unit cell type,
the order of alternation and periodicity of layers along one crystallographic axis, and the
degree of hexagonality.

The main advantage of SiC is its high hardness, surpassed only by diamond, cubic
boron nitride, and boron carbide [18], but its low fracture toughness of 3–4 MPa·m0.5 makes
it less reliable in critical applications. However, SiC exhibits a low self-diffusion coefficient
due to the dominating C—Si covalent bond, which affects its densification process and
comprises 88% of its bonds, with ionic bonds comprising the remaining 12%. Thus, it
is necessary to select an appropriate sintering method and thermodynamic simulation
by adding certain elements that do not promote the decomposition of SiC at elevated
temperatures [19]. In particular, alumina, yttria, and zirconia may serve as additives for
sintered silicon carbide-based composites with high mechanical properties [20,21].

Titanium carbide (TiC) is a metallic mineral known to become plastic at elevated tem-
peratures. TiC fcc crystals have 12 slip systems and can undergo slip deformation at high
temperatures. TiC exhibits excellent properties, including a high melting point (3140 ◦C)
and hardness (HV = 30.3 GPa) [22], which collectively serve to secure its classification as
a covalently bonded ceramic. Nevertheless, the low level of toughness exhibited by this
material results in its resemblance to other non-oxide ceramics. Elevated temperatures
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have been shown to cause a substantial increase in the size of the grains, which has a
deleterious effect on the fracturing and bending strength of this material. The inferior
mechanical property of TiC, i.e., its intrinsic brittleness, exerts a considerable restriction
on its utilization. However, the use of TiC in the production of wear-resistant tools as
a conductivity-improving additive and nucleating agent has been well documented. In
recent years, considerable research activity has been dedicated to the synthesis of titanium
carbide (TiC)-based nanoceramics.

It has long been established that the addition of certain amounts of TiC powder of
varying fineness has a positive effect on the mechanical and oxidation properties of α-
SiC [23]. A high-toughness SiC–TiC particulate composite material was produced through a
combination of SiC and TiC, both of which are recognized as having low levels of toughness
when utilized individually. Recent findings have indicated that the addition of titanium
carbides improves wear resistance by ca. 25% compared to that of 90 wt.% SiC–10 wt.%
B4C [24]. Research on high-density SiC–(TixZr1−x)B2 and SiC–TiB2 composite ceramics
fabricated by solid-state spark plasma sintering demonstrated that materials of relative
density 99.97% exhibited higher flexure strength and fracture toughness by 242.6% and
53.6%, respectively, than single-phase SiC ceramics [25]. The authors of the abovementioned
study concluded that the toughening effect could be attributed to the shell–core structure.

Even though additive manufacturing (AM) techniques for the fabrication of silicon
carbide ceramics are attracting increasing interest [26], the sintering methods of various
modifications remain dominant in this area [27,28]. The parameters of the sintering process
enable control over the densification process and hence the resulting structure and related
mechanical properties of SiC-based composites.

In previous research, the kinetics of the densification process was investigated in
relation to SiC–TiC and SiC–VC systems [29]. It was found that the interface area between
phases plays an important role in the densification process. Liu et al. [30] used molecular
dynamic simulations to investigate the interaction of submicron particles of SiC during
the sintering process. Particular attention was paid to the evolution of surface morphol-
ogy and microstructure, radial distribution function, atomic displacement distribution,
mean square displacement, and structural transformation, as well as the diffusion coeffi-
cient. The authors concluded that when the sintering time was increased, the dominant
mechanism shifted from particle surface diffusion to interface diffusion, increasing atomic
migration and interface energy consumption. Lei and co-authors [31] used the finite el-
ement method to predict and control the sintering processes of porous SiC cylindrical
samples—particularly, temperature distribution, but also electrical and thermal fields. They
found that the temperature increase in the core of the samples was proportional to their
porosity, increasing from 1960 ◦C up to 2010 ◦C when porosity increased from 1% up to
60%.

Conventionally, composites are fabricated using spark plasma sintering (SPS) or hot-
pressing (HP) methodologies. SPS has been shown to result in accelerated densification
and, in many cases, reduced grain growth in comparison with conventional HP methods.
Electroconsolidation, a process that employs an electric current to consolidate powder into a
dense material, offers several significant advantages over both aforementioned densification
methods. The advantages of this approach are numerous, including enhanced densification
quality (obviating the necessity for coating), the capacity to produce fine-grained structures,
the augmented mechanical properties of the ceramic (e.g., density, hardness, and fracture
toughness), and energy efficiency in comparison to classical methods.

The present study is aimed at investigating the influence of different parameters of
the sintering process on the mechanical properties of SiC–TiC ceramics fabricated using
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electroconsolidation. In particular, the effect of temperature and holding time on hardness
and fracture toughness was investigated in relation to the titanium carbide percentage in
the composites. The utilization of two- and three-dimensional vector spaces of material
features was proposed as a novel methodology for the description of manufacturing process
optimization.

2. Materials and Methods

2.1. Experimental Section

In the course of the experiments, α–SiC powder grade M2 produced by Zaporizhzhia
Abrasive Plant (Zaporizhzhia, Ukraine) was used. The powder, with an average particle
size of 2 μm, contained ca. 98% of SiC and no more than 0.1 wt.% Fe, 1.5 wt.% O, and
0.4 wt.% C. Figure 1 presents an SEM image of the powder and an SEM–EDX (scanning
electron microscope with energy-dispersive X-ray) analysis of the powders. Table 1 presents
the composition of the analyzed SiC powder.

Table 1. The composition of SiC.

Spectrum 1 Spectrum 2 Spectrum 3 Average
Standard
Deviation

C 59.94 59.30 54.99 58.08 2.69
O 4.17 4.58 4.17 5.03 1.15
Si 35.89 36.12 35.89 36.90 1.54

The additive was TiC powder with an average particle size of 4 μm. Its X-ray absorp-
tion spectroscopy (XAS) diffractogram is shown in Figure 2. Table 2 presents the respective
composition of the TiC powder.

Table 2. The composition of the TiC additive.

Spectrum 11 Spectrum 10 Spectrum 9 Spectrum 8 Average Standard
Deviation

C 30.67 23.07 26.28 23.42 25.86 3.51
O — 15.02 — — — —
Al 0.36 0.38 0.33 0.27 0.34 0.05
Ti 68.96 56.64 73.39 76.30 68.82 8.66
Fe — 4.88 — — — —

TiC powder was added to SiC in proportions of 5, 20, 30, and 40% by mass. The
two components were blended together for 24 h with a ball mill in a wet environment,
using balls made of hot-pressed silicon carbide. After this, the samples were sintered in
graphite molds using the electroconsolidation apparatus described in [32].

The high compaction of sintered silicon carbide requires high temperatures, high
pressure, and a longer holding time than most refractory powders. In the case of the
applied SPS apparatus, the strength of the graphite molds did not allow for an increase
in the uniaxial pressure above 50 MPa. In addition, the powders were of a microscale
and exhibited low sinterability compared to nanopowders, so that the holding time was
prolonged to 5, 15, 30, and 45 min for two different sintering temperatures: 1900 ◦C
and 2000 ◦C. For comparison, using submicron powders, it was possible to sinter the
composition 80 wt.% SiC + 20 wt.% (Al2O3 + ZrO2) at a temperature of 1860 ◦C, under
a uniaxial pressure of 30 MPa, with a holding time of 3 min [21]. The sintering process
took place under a current of 5000 A and voltage 5 V, in a vacuum of 1.5 Pa, ensuring a
heating rate of 300 ◦C/min. A uniaxial mechanical pressure of 45 MPa was applied after
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the temperature reached 1000 ◦C, and it was released 3 min after turning off the current.
Specimens obtained in this process were of a cylindrical shape with a diameter ∅ 11 mm
and a height of 5 mm.

Density and related porosity were determined according to the standard EN ISO
3369:2014. The Vickers hardness HV was measured under the load 150 N using the
Matsuzawa MXT70 tester (Matsuzawa Co. Ltd., Akita, Japan). Indentation was examined
with the NU–2E microscope produced by Carl Zeiss (Jena, Germany) with 750× zoom.
From the indentation and the length of radial cracks, fracture toughness K1c was calculated
according to the well-known Evans and Charles equation [33].

 
(a) 

 
(b) 

Figure 1. SEM-EDX analysis of the SiC powder: (a) SEM image; location of samples taken for the
further analysis (Table 1) is marked as using numbers 1, 2, and 3; (b) composition.
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(a) 

 
(b) 

Figure 2. SEM-EDX analysis of the TiC powder: (a) SEM image; location of samples taken for the
further analysis (Table 2) is marked as using numbers 11, 10, 9 and 8; (b) composition.

The sintered samples were examined with the Tescan Vega 3 SBH EP (TESCAN,
Brno, Czech Republic) scanning electron microscope (SEM). During measurement, the
accelerating voltage was 20–30 kV in backscattered electron (BSE) and secondary electron
(SE) modes at different magnifications. The resolution of this device is as high as 3.5 nm.
The chemical composition of the samples was determined by element mapping, point
analysis, and the scanning of a surface of 0.09–0.25 mm2. The application of the Bruker
Quantax 610 M energy-dispersive X-ray spectroscope (EDS) (Bruker, Billerica, MA, USA)
permitted the identification and quantification of elements in the range from B (z = 5) to
Am (z = 95).
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2.2. Material Feature Vector Approach

Conventionally, the evaluation of material quality is undertaken via manual analysis
of a given set of properties, with these properties being determined experimentally. A
more computationally oriented approach, which is an alternative to the aforementioned
method, involves the use of dedicated n-dimensional feature vectors (vectors of features)
in an n-dimensional feature vector space. The n-dimensional feature vectors constitute a
distinct category of vectors, designated as such due to their capacity to articulate a set of
features through a single mathematical quantity. The n-dimensional material feature vector
can be defined as a numerical representation of material features, which is based on an
ordered list of numerical values that characterize the given material. Thus, the material
feature vector is constructed based on a tuple describing the set of properties for a given
type of material. From a mathematical perspective, a vector is preferable to a tuple for
the purposes of subsequent analysis. From a physical perspective, the material features
are described in a uniform manner using material feature vectors combining grain size,
hardness, and fracture toughness, i.e., the parameters which constitute the basis for the
assessment of material quality. The angles and magnitudes describing these vectors are
thus related directly to the material’s properties.

In classical data analysis, n-dimensional vectors that possess both direction and mag-
nitude are employed as a convenient tool for numerical representation, thereby enabling a
wide range of analyses. A plethora of methodologies exists for the comparison of vectors
based on diverse mathematical metrics, including cosine or Euclidean ones.

The cosine similarity (CS) between the material feature vectors can be defined using
the cosine metric as follows:

dc(p, q) =
∑i piqi(

∑i p2
i ∑i q2

i
)1/2 (1)

where <p> = {pi} and <q> = {qi} are the material feature vectors. The numerical value of
dc(p, q) ranges from 0 to 1, and dc(p, q) = 1 indicates the identity of vectors. The error value
of dc(p, q) can be derived using the absolute value of the total differential:

|Δdc(p, q)| = ∑
i

qi ∑j �=i p2
j − pi ∑j �=i pjqj(

∑i p2
i
)3/2(

∑i q2
i
)1/2 |Δpi|+ ∑

i

pi ∑j �=i q2
j − qi ∑j �=i pjqj(

∑i p2
i
)3/2(

∑i q2
i
)1/2 |Δqi| (2)

where <Δp> = {Δpi} and <Δq> = {Δqi} are the error vectors.
The cosine metric is a useful tool for the purpose of comparing vectors based on

their directional similarity. However, since the vectors are normalized, any differences in
magnitude between them are rendered negligible.

The Euclidean distance (ED) between the material feature vectors can be defined using
the Euclidean metric, also known as the L2 norm, as follows:

dE(p, q) =
(
∑i(pi − qi)

2
)1/2

(3)

where <p> = {pi} and <q> = {qi} are the material feature vectors. The numerical value of
dE(p, q) ranges from 0 to infinity, and dE(p, q) = 0 indicates the identity of vectors. The
error value of dE(p, q) can be derived using the absolute value of the total differential:

|ΔdE(p, q)| = 2|∑i(pi − qi)|(|Δpi|+ |Δqi|) (4)

where <Δp> = {Δpi} and <Δq>{Δqi} are the error vectors.
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The Euclidean metric facilitates the identification of more intricate relationships and
consequently enables a more precise delineation of the similarity between vectors and the
materials’ features. Unlike the cosine metric, it measures the absolute difference in vector
values.

There is no universal rule for choosing between the Euclidean and cosine metrics, as
their suitability largely depends on the nature of the data. From a mathematical standpoint,
the utilization of hybrid approaches, incorporating both metrics, appears optimal. This
approach is underpinned by the principle that each metric enables the evaluation of
distinct aspects. Irrespective of the metric under consideration, the vector approach has
the advantageous capability of capturing regularities, thus facilitating the optimization of
material features. Nevertheless, cosine metrics, which do not capture deep relationships
between materials, may be less accurate.

The application of a heat map technique provides a visual representation of features. It
facilitates the capture of the most salient data by representing the magnitude of individual
values within a dataset by color [34]. In this study, grid color-coded heat maps were used
to facilitate the visualization of the similarity between material feature vectors.

The material feature approach described above was combined with use of mathe-
matical metrics as similarity measures and heat maps for the visualization of the distance
between vectors. It shares distant semantic and methodological connotations with the
method used for the in-depth analysis and prediction of binding modes in protein–ligand
complexes [34,35].

The validity of the material feature vector approach was verified through an addi-
tional analysis that utilized distinct sets of experimental data for a different material. The
verification focused primarily on composites which have been the subject of recent research
but constituted a set separate from SiC–TiC composites. For the abovementioned set of data,
the classical analysis in conjunction with the results obtained based on material feature
vectors yielded convergent results.

3. Results and Discussion

3.1. Structure of the Composite

The structure of the sintered material consisted of dark gray grains of the matrix SiC
material and light gray inclusions of the titanium carbide. An example structure of the
composition 60 wt.% SiC–40 wt.% TiC sintered at 2000 ◦C under a uniaxial pressure of
45 MPa for 30 min is shown in Figure 3a. A visual representation of the magnitude of
individual values as colors is provided in Figure 3b. A section of each image has been cut
out and enlarged to show the boundaries between grains in Figure 3c,d.

The heat map visualization shown in Figure 3d reveals boundaries between grains of
SiC, depicted in orange, and inclusions of TiC, depicted in cyan. The scale bars are shown
in the images. The same color scale was used for both figures.

A micro-X-ray fluorescent spectroscopy (M-XRF) analysis of the grain boundaries
between phases revealed that under a uniaxial pressure of 45 MPa, the interaction zone
covered ca. 1.5 μm. Figure 4a shows the diagram corresponding to the radiation registered
along the green arrow shown in Figure 4b. This feature can be attributed to a certain
non-stoichiometry of TiC [36] and the appearance of very small amounts of a liquid phase
in the Si–Ti–C system [37,38].
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(a) (b) 

  
(c) (d) 

Figure 3. Microstructure of 60%SiC–40%TiC material sintered at 2000 ◦C under uniaxial pressure
of 45 MPa for 30 min (a); the boundaries are better resolved using a heat map (SiC grains and TiC
inclusions are depicted in orange and blue/cyan, respectively (b)). A section of each image has been
cut out and enlarged to show the boundaries between grains (c,d). The color scale ranges from red to
blue, with thresholds set at every 10% increment in image brightness.

The proportion of titanium carbide directly affected the porosity of the SiC–TiC com-
posites. It was found that an increase in TiC content in the powder mixture resulted in a
decreased porosity of the sintered material when all other parameters of the process were
kept unchanged. The diagram shown in Figure 5 reveals the dependence of porosity on
the TiC content for composites sintered at 2000 ◦C under a uniaxial pressure of 45 MPa for
30 min. It is noteworthy that when the proportion of titanium carbide reached 40 wt.%, the
porosity was reduced to almost 0%.

Conversely, the porosity of the sintered material is directly dependent on the holding
time t and sintering temperature T. The corresponding diagrams for the composition of
60 wt.% SiC–40 wt.% TiC are presented in Figure 6. After 30 min, porosity was reduced
below 1%, and for longer holding times, the sintering temperature made no difference.
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(a) 

 
(b) (c) 

Figure 4. The interaction zone between SiC and TiC phases in the 60 SiC–40 TiC composite: (a)
M-XRF diagram, (b) the analyzed area with the sampling direction marked with a green arrow, and
(c) a heat map facilitating the more precise delineation of the sample granularity and boundaries. The
color scale ranges from red to blue with thresholds set at every 10% increment in image brightness.

Figure 5. Effect of TiC content on porosity of material sintered at 2000 ◦C under uniaxial pressure of
45 MPa for 30 min.
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Figure 6. Effect of the holding time on the porosity of the 60 wt.% SiC–40 wt.% TiC material sintered
under a uniaxial pressure of 45 MPa at the following temperatures: 1–T = 2000 ◦C (•); 2–T = 1900 ◦C (�).

3.2. Mechanical Properties of the Composite

The complex interaction between SiC and TiC influenced not only the porosity but
also the mechanical properties of the composite. An increase in both fracture toughness
K1c and hardness HV was registered for a higher proportion of TiC, as shown in Figure 7.

Figure 7. Effect of TiC content on the fracture toughness K1c (marked •) and hardness HV (marked
�) of SiC–TiC composites sintered at 2000 ◦C under a uniaxial pressure of 45 MPa for 30 min. (The
standard deviation of K1c and HV varied from 0.3 to 0.5 MPa·m0.5 and from 0.8 to 1.0 GPa, respec-
tively).

The improvement in fracture toughness with increased TiC addition can be attributed
to the mismatch between thermal expansion coefficients α–SiC = 4.8 × 10−6/◦K and
α–TiC = 7.4 × 10−6/◦K and to the related residual stresses [39]. It was found that the
addition of TiC in a proportion of 20 wt.% to the SiC powder of a 2 μm particle size resulted
in an increase in the fracture toughness of the sintered composite from 2.9 MPa·m0.5 up to
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4.3 MPa·m0.5, while hardness HV increased from 2.9 GPa up to 6.6 GPa. A further increase
in TiC content caused an almost proportional enhancement in fracture toughness, which
reached K1c = 5.7. MPa·m0.5 for 40 wt.% of TiC. On the other hand, a twofold increase in
the TiC content from 20 wt.% up to 40 vol.% resulted in a threefold increase in hardness
HV up to 21.5 GPa. When the composite was sintered at lower temperatures (1900 ◦C), the
respective values of toughness and hardness were reduced by ca. 25%. However, a further
increase in the sintering temperature caused the significant worsening of the mechanical
properties of the composites. This phenomenon can be explained by extensive SiC grain
growth at higher temperatures.

It should be noted that an improvement in the fracture toughness of a composite is
accompanied by an increase in hardness. The composite 60 wt.% SiC–40 wt.% TiC–40
TiC exhibited better properties compared to the results for pressureless sintering reported
in [40], where the highest hardness of 20 GPa was found in samples containing 5 vol.% TiC,
and a fracture toughness of 5.5 MPa·m0.5 was reached in samples containing 10 vol.% TiC,
sintered at 1885 ◦C for 1 h. Despite the larger grain sizes compared to nanoscale initial
powders, as well as the lower temperatures used in [41], the fracture toughness reached
in this study for the 60 wt.% SiC–40 wt.% TiC material was 15% higher than that of SiC
sintered under 25 GPa at 1500 ◦C. Simultaneously, a hardness above 21 GPa was reached,
typical for titanium carbide matrix composites [42]. Further analysis revealed a dependence
of the composite’s toughness and hardness on the holding time at different temperatures.
In particular, the diagrams of K1c and HV for the composition 60 wt.% SiC–40 wt.% TiC
sintered at 1900 ◦C and 2000 ◦C are presented in Figures 8 and 9, respectively.

Figure 8. Effect of the holding time on the fracture toughness K1c of the 60 wt.% SiC–40 wt.% TiC
material sintered at the following temperatures: 1–T = 2000 ◦C (•); 2–T = 1900 ◦C (�). (The standard
deviation of K1c varied from 0.3 to 0.5 MPa·m0.5).

The experimental results show that after the sintering of the composite 60 wt.% SiC–
40 wt.% TiC at a temperature of 1900 ◦C for 15 min, fracture toughness K1c increased up
to 3.5 MPa·m0.5, while hardness HV increased up to 9.9 GPa. When the holding time
was prolonged up to 30 min at a sintering temperature of 1900 ◦C, K1c increased up to
6.1 MPa·m0.5, while HV increased up to 16.6 GPa. The further prolongation of the holding
time up to 45 min caused a decrease in fracture toughness down to 3.5 MPa·m0.5 and a
decrease in hardness down to 9.9 GPa. Apparently, this was a consequence of the increased
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sizes of silicon carbide grains. The sintering of the composite 60 wt.% SiC–40 wt.% TiC at a
temperature of 2000 ◦C after 15 min provided a fracture toughness of 4.8 MPa·m0.5 and
a hardness of 15.1 GPa. An increase in the holding time up to 30 min caused significant
enhancements in crack resistance to 5.7 MPa·m0.5 and in hardness to 21.5 GPa. However,
after the sintering of this composite for 45 min, a substantial drop in the toughness and
hardness of the composite was observed, caused by the growth of silicon carbide grains.

Figure 9. Effect of the holding time on the hardness HV of the 60 wt.% SiC–40 wt.% TiC material
sintered under a uniaxial pressure of 45 MPa at the following temperatures: 1–T = 2000 ◦C (�);
2–T = 1900 ◦C (�). (The standard deviation of HV varied from 0.8 to 1.0 GPa).

The literature review indicated that systematic studies of both HV and K1c in relation
to changes in TiC percentage in SiC–TiC composites had only been conducted by Ueki
et al. [43]. In the aforementioned study, the researchers used a different technique—hot
pressing in an Ar inert gas atmosphere at a temperature of 2150 ◦C and a pressure of 40 MPa
for 2 h. The starting material was β–SiC powder, which was transformed in this process to
a high-temperature phase. The authors obtained a composite that exhibited higher HV but
lower K1c. Furthermore, the composite displayed a higher level of porosity in comparison
with the material produced in this research. This outcome is most likely attributable to
elevated temperatures exceeding 2000 ◦C, a condition that has been demonstrated to be
deleterious. In the time-consuming process proposed by Ueki et al. [43], the optimum
doping level was ascertained to be 50%. However, the lower doping level proposed in this
study is more advantageous because higher TiC admixture results in low strength (internal
brittleness). It is evident that the properties of composites obtained by Chang et al. [44]
and Cabrero et al. [45] are also inferior.

3.3. Material Feature Vectors Describing the Mechanical Properties of the Composite

As follows from the analysis of the experimental data, the combination of porosity,
fracture toughness, and hardness is responsible for the unique and highly desirable prop-
erties of the composites. However, the process of comparing individual material features
to identify or predict the optimal set of features may be time-consuming. To improve its
efficiency, the use of a material feature vector, characterizing the structure and mechanical
properties of composites, was proposed. The process of evaluating and quantifying the
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similarity between material feature vectors describing different SiC–TiC composites consti-
tutes a pivotal element in both the formulation of recommendations and the identification
of anomalies.

Each value in the 2D and 3D material feature vectors corresponds to a specific property
of the sample under analysis: K1c and HV or porosity, K1c, and HV, respectively.

The magnitude of the material feature vector and the angle between vectors, pre-
sented in Table 3, increased with the increase in TiC content. The sole exception is the
TiC proportion 30 wt.%, which serves to demonstrate that both length and angle must
be considered.

Table 3. The 2D and 3D material feature vectors and angular distance (in degrees) between TiC
0% and four different TiC contents, namely, 5, 20, 30, and 40%. (The margin of error is no greater
than 5%.)

TiC Content [%]

2D
[K1c, HV]

3D
[Porosity, K1c, HV]

Magnitude Angle Magnitude Angle

0 4.40 — 32.30 —
5 5.03 −1.50 23.54 4.51
20 8.16 8.51 14.51 26.50
30 11.63 14.01 13.09 55.12
40 22.00 24.99 22.00 82.90

The vector spaces associated with these feature vectors, so-called 2D and 3D material
feature spaces, are shown in Figures 10a and 10b, respectively.

 
(a) (b) 

Figure 10. A visualization of the feature vector in the material feature space: (a) 2D and (b) 3D.

The path that follows the vector at any given point (trajectory), as shown in Figure 10b,
describes the change in the physical properties of the material upon a change in TiC content
in the composite. Based on this trajectory, the physical values at intermediate points, i.e.,
for other percentages of TiC, can be easily interpolated. The higher the angle, the better
the material—i.e., the more the vector deviates from the K1c/HV plane, the worse the
properties the composite exhibits will be.
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The variation in the feature vector orientation with increasing TiC content is shown in
Figure 11.

Figure 11. The angle between the feature vector describing pure TiC and the 5, 20, 30, and 40%
percentage admixtures of TiC, respectively.

The alteration in the orientation of the feature vector in space upon an increase in TiC
content is characterized by a monotonic progression. Porosity exerts a considerably more
pronounced effect on the angle changes.

The changes in the orientation of the material feature vector in space upon an increase
in TiC percentage (visualized based on data from [43,45]) are non-monotonic (Figure 12).

Figure 12. A visualization of the material feature vector in the 3D material feature space, with data
from Refs. [43,45].

The trajectories (marked in yellow) illustrate the differences in the physical properties
of the material resulting from the variation in the TiC content within the composite, as
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observed in both studies. They demonstrate the challenges associated with obtaining
composites that exhibit a continuous transition in properties upon TiC percentage increase.
However, the more deviated the vector was from the K1c/HV plane, the worse the obtained
composite properties were. This simple principle remains applicable.

In the context of material recommendation, two feature vectors describing preferences
should be similar if they share common features or lead to the same choices. Compar-
isons of their similarity estimated using metrics that consider magnitude and direction
(Euclidean distance, ED) or direction (cosine similarity, CS) can be helpful. As the ED value
increases, the discrepancy between vectors becomes more pronounced. Conversely, as the
CS decreases, the similarity between vectors becomes more apparent. A value of CS closer
to 1 indicates a greater level of similarity, while a value closer to 0 indicates no similarity.
(The margin of error pertaining to distances does not exceed 5%.)

The ED and CS distances between each pair of the 2D and 3D feature vectors are sum-
marized in a tabular form and colored using a heat mapping technique in Tables 4 and 5.

Table 4. Euclidean distance between material feature vectors: 0, 5, 20, 30, and 40% percentage
admixtures of TiC. A red–yellow–green scheme, where green indicates a maximum value and red
indicates a minimum value, is used.

2D ED 0 5 20 30 40 3D ED 0 5 20 30 40

0 0 0.64 3.86 7.43 18.1 0 0 9.02 20.37 27.04 36.77
5 0.64 0 3.32 6.91 17.64 5 9.02 0 11.49 18.35 28.98
20 3.86 3.32 0 3.59 14.36 20 20.37 11.49 0 6.99 18.71
30 7.43 6.91 3.59 0 10.81 30 27.04 18.35 6.99 0 13.09
40 18.1 17.64 14.36 10.81 0 40 36.77 28.98 18.71 13.09 0

Table 5. Cosine similarity between material feature vectors: 0, 5, 20, 30, and 40% percentage admix-
tures of TiC. A red–yellow–green scheme, where green indicates a maximum value and red indicates
a minimum value, is used.

2D CS 0 5 20 30 40 3D CS 0 5 20 30 40

0 1 0.9997 0.989 0.9703 0.9064 0 1 0.9969 0.8949 0.5718 0.1236
5 0.9997 1 0.9848 0.9636 0.895 5 0.9969 1 0.9261 0.631 0.1913
20 0.989 0.9848 1 0.9954 0.9589 20 0.8949 0.9261 1 0.8767 0.5393
30 0.9703 0.9636 0.9954 1 0.9817 30 0.5718 0.631 0.8767 1 0.8724
40 0.9064 0.895 0.9589 0.9817 1 40 0.1236 0.1913 0.5393 0.8724 1

Optimization requires a different approach from material feature vector variability, as
the proximity of vectors is no longer a desirable feature. Conversely, it has been demon-
strated that an increase in distance is directly correlated with an enhancement in material
properties. As TiC content increases, the discrepancy between the ED similarity values
becomes more pronounced (Figure 13a), but the CS similarity becomes more apparent
(Figure 13b).

As follows from the above data, the 3D material feature vector is much more sensitive
to the TiC proportion than the 2D material feature vector. Thus, the effect of porosity is
significant and well reproduced by the 3D feature vector. The changes in the orientation of
the feature vector in space and the similarity measures of material feature vectors indicate
changes of a monotonic nature caused by the increase in the percentage of TiC.

A range of techniques exists for the manufacturing of composite materials, which in
turn leads to significant fluctuations in material features. Consequently, it is challenging to
predict the optimal percentage of admixtures for the manufacturing of composite materials.
(The repeatability of materials obtained using such techniques is often poor.) In contrast
to other methods, the behavior of the 2D and 3D material feature vectors for the SiC–TiC
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composites obtained by electroconsolidation is monotonic. This finding indicates that the
material properties of SiC–TiC exhibit a smooth transition in response to TiC percentage.

 
(a) (b) 

Figure 13. The similarity of the material feature vectors versus TiC proportion: (a) Euclidean distance;
(b) cosine similarity.

Similar analysis was performed based on the data collected with different holding
times and temperatures (Table 6).

Table 6. The influence of the holding time on the 2D and 3D material feature vectors and their angular
distances (in degrees). (The margin of error is no greater than 5%.)

Holding Time, Min

2000 ◦C 1900 ◦C

2D
[K1c, HV]

3D
[Porosity, K1c, HV]

2D
[K1c, HV]

3D
[Porosity, K1c, HV]

Magnitude Angle Magnitude Angle Magnitude Angle Magnitude Angle

5 7.80 — 16.03 — — — — —
15 15.08 4.06 15.38 49.72 13.66 — 14.92 —
30 21.86 7.50 21.86 59.84 17.31 2.73 17.38 18.94
45 18.66 7.39 18.66 61.14 10.41 1.75 10.41 23.77

A visualization of the material feature vectors in 3D material feature space is shown in
Figure 14.

The highest magnitude of 2D and 3D material feature vectors indicates the best option.
The clustered nature of vectors at 1900 ◦C and their scattered nature at 2000 ◦C illustrate
the role that holding time plays in composite features.

The Euclidean distance and cosine similarity between material feature vectors at
different holding times (T = 2000 ◦C and 1900 ◦C) are summarized in tabular form and
colored using a heat mapping technique in Tables 7–10.

The highest ED (Tables 7 and 9) indicates the optimal holding time. Thus, the effect
of holding time is significant and well described by both the 2D and 3D feature vectors.
CS distance is not as good a measure of holding time changes as ED, which can be seen in
Tables 8 and 10. The smallest CS should indicate the best option, but the 3D CS points to
45 min instead of 30 min, which is a result of the magnitude of the vectors being neglected
by cosine metrics. Consequently, the CS is of limited use in this context.
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Figure 14. A visualization of the influence of holding time on the 3D material feature vectors.

Table 7. Euclidean distance between material feature vectors at different holding times (cells are
colored to denote varying degrees of magnitude; T = 2000 ◦C). A red–yellow–green scheme, where
green indicates a maximum value and red indicates a minimum value, is used.

2D ED 5 15 30 45 3D ED 5 15 30 45

5 0 7.32 14.16 10.97 5 0 13.22 19.56 17.78
15 7.32 0 6.86 3.70 15 13.22 0 7.30 4.76
30 14.16 6.86 0 3.20 30 19.56 7.30 0 3.24
45 10.97 3.70 3.20 0 45 17.78 4.76 3.24 0

Table 8. Cosine similarity between material feature vectors at different holding times (cells are
colored to denote varying degrees of magnitude; T = 2000 ◦C). A red–yellow–green scheme, where
green indicates a maximum value and red indicates a minimum value, is used.

2D CS 5 15 30 45 3D CS 5 15 30 45

5 1 0.9975 0.9914 0.9917 5 1 0.6466 0.5024 0.4827
15 0.9975 1 0.9982 0.9983 15 0.6466 1 0.9832 0.9791
30 0.9914 0.9982 1 1.0000 30 0.5024 0.9832 1 0.9997
45 0.9917 0.9983 1.0000 1 45 0.4827 0.9791 0.9997 1

Table 9. Euclidean distance between material feature vectors at different holding times and 1900 ◦C.
A red–yellow–green scheme, where green indicates a maximum value and red indicates a minimum
value, is used.

2D ED 15 30 45 3D CS 15 30 45

15 0 3.72 3.28 15 0 5.84 6.84
30 3.72 0 6.91 30 5.84 0 7.07
45 3.28 6.91 0 45 6.84 7.07 0

Table 10. Cosine similarity between material feature vectors at different holding times and 1900 ◦C.
A red–yellow–green scheme, where green indicates a maximum value and red indicates a minimum
value, is used.

2D CS 15 30 45 3D CS 15 30 45

15 1.0000 0.9989 0.9995 15 1.0000 0.9459 0.9152
30 0.9989 1.0000 0.9999 30 0.9459 1.0000 0.9961
45 0.9995 0.9999 1.0000 45 0.9152 0.9961 1.0000
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A comparison of the ED at two different temperatures (Tables 6 and 8) facilitates the
determination of the optimal temperature, that is, 2000 ◦C. The disparity between the ED
values of 10.44 and 7.69, as well as 13.72 and 10.94, for the two-dimensional (2D) and
three-dimensional (3D) vector spaces, respectively, is substantial.

4. Conclusions

The objective of the present research was to study the influence of the titanium carbide
proportion in the SiC–TiC system, sintered under a uniaxial pressure of 45 MPa, on its
mechanical properties. Additionally, the investigation delved into the optimization of the
aforementioned process, with a view to enhancing its efficiency and efficacy.

It was found that the addition of TiC to silicon carbide reduced porosity, almost
reaching full density when the titanium carbide proportion was 40 wt.%. Simultaneously, an
increase in the TiC content caused an enhancement in fracture toughness from 2.9 MPa·m0.5

(for SiC with no TiC addition) to 6.1 MPa·m0.5 (for 60 wt.% SiC–40 wt.% TiC composite).
The respective values of hardness increased significantly from 2.9 GPa up to 21.5 GPa.

Regarding the temperature effect, an increase in the sintering temperature from
1900 ◦C to 2000 ◦C caused an increase in fracture toughness and hardness by approxi-
mately 30%. Nevertheless, elevated temperatures of 2100 ◦C resulted in deleterious effects,
manifesting as diminished grain growth and the subsequent deterioration of mechanical
properties. A similar effect was observed when the holding time was extended up to 45
min. Following a period of 30 min, it was established that full density had almost been
attained and that the characteristics of the sintered composites had reached their maximum
levels.

The use of two- and three-dimensional vector spaces of material features was proposed
as a novel methodology for the description of manufacturing process optimization. The
analysis of the 2D and 3D individual material feature vectors and Euclidean distances
between them confirmed the choice of the optimal TiC content, holding time, and tempera-
ture achieved through a manual comparison of features. (The cosine similarity disregards
the magnitude of the vectors and is thus of limited use.) This new approach facilitates more
rapid process optimization. The high heating rates, short holding times, and relatively
low sintering temperatures required by electroconsolidation ensure a significant reduction
in resource usage. It was demonstrated that the process of densification is significantly
accelerated using electroconsolidation.

Furthermore, the changes in both the orientation and magnitude of 2D and 3D material
feature vectors for SiC–TiC composites with different TiC percentages are monotonic. This
finding indicates that the properties of SiC–TiC composites obtained by electroconsolidation
show a smooth change in response to the modification of the percentage of TiC content,
which distinguishes this method from classical ones such as SPS or HP. Thus, the material
feature vector approach revealed the smooth characteristics offered by the manufacturing
process, an advantage that is not offered by the classical methods of SPS or HP. Therefore, it
can be deduced that electroconsolidation is associated with more predictable outcomes. It
can be hypothesized that material feature vector space may offer enhanced process control.
However, this remains to be investigated.
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35. Latosińska, J.N.; Latosińska, M.; Seliger, J.; Žagar, V.; Apih, T. Butterfly Effect in Cytarabine: Combined NMR-NQR Exper-
iment, Solid-State Computational Modeling, Quantitative Structure-Property Relationships and Molecular Docking Study.
Pharmaceuticals 2024, 17, 445. [CrossRef] [PubMed]

36. Chiu, K.A.; Lin, J.F.; Lin, K.Y.; Wu, P.H.; Chen, H.I.; Ko, C.J.; Chen, C.H.; Chang, L. Epitaxial growth of TiC on (0001) 4H-SiC
substrate by reactive sputtering. Thin Solid Films 2023, 775, 139874. [CrossRef]

37. Kamei, K.; Kusunoki, K.; Yashiro, N.; Okada, N.; Tanaka, T.; Yauchi, A. Solution growth of single crystalline 6H, 4H-SiC using
Si–Ti–C melt. J. Cryst. Growth 2009, 311, 855–858. [CrossRef]

38. Lapin, J.; Klimová, A.; Pelachová, T.; Štamborská, M.; Bajana, O. Synergistic effect of Ti, B, Si, and C on microstructure and
mechanical properties of as-cast Al0.4Co0.9Cr1.2Fe0.9Ni1.2(Si, Ti, C, B)0.375 complex concentrated alloy. J. Alloys Compd. 2023,
934, 168050. [CrossRef]

39. Magnus, C.; Sharp, J.; Ma, L.; Rainforth, W.M. Ramification of thermal expansion mismatch and phase transformation in
TiC-particulate/SiC-matrix ceramic composite. Ceram. Int. 2020, 46, 20488–20495. [CrossRef]

40. Ahmoye, G.; Bucevac, D.; Krstic, V.D. Mechanical properties of reaction sintered SiC-TiC composite. Ceram. Int. 2018, 44,
14401–14407. [CrossRef]

41. Sun, R.; Zhang, X.; Hao, X.; Hu, W.; Wei, X.; Song, X.; Zhang, Z.; Ying, P.; Zhao, S.; Wang, Y.; et al. Simultaneously enhanced
toughness and hardness of nanocrystalline SiC sintered under high pressure. J. Eur. Ceram. Sci. 2025, 45, 116829. [CrossRef]

42. Lou, Z.; Li, Y.; Zou, Q.; Luo, W.; Gu, H.; Li, Z.; Luo, Y. In-situ fabrication and characterization of TiC matrix composite reinforced
by SiC and Ti3SiC2. Ceram. Int. 2023, 49, 20849–20859. [CrossRef]

43. Ueki, M.; Endo, H. Mechanical Properties of Particulate Reinforced SiC-based Ceramic Composites. ISIJ Int. 1992, 32, 943–952.
[CrossRef]

85



Materials 2025, 18, 2062

44. Cheng, L.X.; Xie, Z.P.; Liu, G.W. Spark plasma sintering of TiC-based composites toughened by submicron SiC particles. Ceram.
Int. 2013, 39, 5077–5082. [CrossRef]

45. Cabrero, J.; Audubert, F.; Pailler, R. Fabrication and characterization of sintered TiC-SiC composites. Eur. Ceram. Soc. 2011, 32,
313–320. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

86



Article

As-Cast Magnesium Alloys with Ca Addition as a Replacement
for Magnesium Alloys with Rare Earth Metals
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Abstract: This article evaluates the possibility of replacing creep-resistant magnesium
Mg-Zn-RE-Zr alloys (EZ33) with Mg-Al-Ca-Sr alloys. (1) Background: Mg alloys with
RE metals show excellent properties. Due to their high cost, new, more economical Mg
alloys are being developed. Replacing RE metals with cheaper elements such as Al and
Ca allows us to obtain high mechanical properties at elevated temperatures due to the
tendency to form stable intermetallic phases. (2) Methods: Microstructure analysis (LM,
SEM, TEM, and XRD) was performed and mechanical properties were tested at ambient
and elevated temperatures. (3) Results: Increasing the Ca content and decreasing the Al
content leads to the formation of a continuous skeleton of high-melting and brittle Ca-rich
Laves phases and Sr-rich intermetallic phases and the formation of plate-like precipitates
of the C15 phase inside the α-Mg solid solution. The crystallographic orientation of plate-
like precipitates contributes to the blocking of dislocations in slip systems activated at
elevated temperatures. Increasing the Ca and Sr content allows for the regulation of the
Al concentration in the α-Mg, providing solution strengthening and stability of the α-Mg
solid solution. These factors contribute to a significant improvement in creep resistance of
Mg-Al-Ca-Sr alloys. (4) Conclusions: The strength properties and elongation at ambient
temperature of the Mg alloys with Ca and Sr addition are comparable to those of the EZ33
alloy, and due to the presence of lighter alloying elements, a better specific strength is
achieved. Ca-rich Mg-Al-Ca-Sr alloys exhibit better creep resistance at temperatures of up
to 200 ◦C compared to the EZ33 alloy.

Keywords: magnesium alloys; gravity casting; creep properties; microstructure

1. Introduction

Both the aviation and automotive industries show great interest in as-cast magnesium
alloys, which are characterized by low density (about 1.8 g/cm3), high specific strength,
good castability, machinability, weldability in controlled atmospheres, and high vibration
damping capacity. The range of applications of magnesium alloys is limited by their low
modulus of elasticity, flammability, low plasticity, high susceptibility to electrochemical
corrosion, and low creep resistance [1].

As-cast magnesium alloys with aluminum, zinc, and manganese (AZ91, AM50, and
AM60) have found the greatest number of industrial applications, especially in the auto-
motive industry [2–6]. A significant disadvantage limiting the wider use of magnesium–
aluminum alloys is the low maximum operating temperature under long-term loads, which
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should not exceed 120 ◦C. It is due to the presence of the Mg17Al12 phase, characterized by
unfavorable morphology and low melting point. For this reason, in the last two decades,
intensive research has been carried out on cast magnesium alloys intended for operation at
temperatures higher than 120 ◦C, which could be used for automatic transmission hous-
ings, automotive engine blocks, or engine intake housings in aviation. Creep resistance is
improved by incorporating strontium, silicon, calcium, and rare earth metals into Mg-Al
alloys or by developing aluminum-free alloys, e.g., Mg-RE-Zr, Mg-Gd-Nd-Zr, Mg-Y-RE-Zr,
Mg-Sc-Mn, and Mg-Ag-Nd-Zr. These alloying elements cause the elimination of the low-
melting Mg17Al12 phase and the formation of intermetallic phases characterized by high
stability of the crystal structure and morphology at temperatures above 120 ◦C.

According to the current state of knowledge, assuming the criterion of maximum
operating temperature, cast magnesium alloys can be divided into three groups [7–15]:

• Common Mg-Al alloys with the addition of zinc or manganese (AZ91, AM50, and AM60),
which can be high-pressure- or gravity-cast (operating temperature up to 120 ◦C);

• Mg-Al-RE (AE44), Mg-Al-Ca (AXM53), Mg-Al-Sr (AJ62), and Mg-Al-Si (AS21) die-
cast alloys and Mg-Sr-Mn and Mg-RE-Zn-Zr (EZ33) gravity-cast alloys (operating
temperature up to 200 ◦C);

• Mg-Gd-Nd-Zr (Elektron 21), Mg-Y-RE-Zr (WE43), Mg-Ag-Nd-Zr (QE22), and Mg-
Sc-Mn gravity-cast alloys (operating temperature up to 250 ◦C; alloys containing
scandium up to 300 ◦C).

Among the alloying elements used in magnesium alloys, rare earth metals have the
most beneficial effect on creep resistance. However, due to the high cost of rare earth
elements, efforts are being made to develop new magnesium alloys that do not contain
these elements [16]. Therefore, research is conducted on magnesium alloys with cheap
alloying elements, such as Al, Ca, Sr, Si, Mn, Zn, and Sn, in order to obtain Mg alloys with
similar mechanical properties at ambient and elevated temperature comparable to those of
Mg alloys with rare earth metals [6,17].

An example of a material with good creep resistance up to 200 ◦C is the EZ33 alloy,
which is designed for gravity casting. It has been successfully used in the aviation industry.
Meanwhile, it is possible to replace the EZ33 alloy with much cheaper Mg alloys [18–20]. It
has already been shown that the addition of Ca to Mg-Al alloys significantly contributes to
the improvement in creep resistance of die-cast alloys [1]; however, the influence of this
element on the mechanical properties of sand castings is poorly understood.

This article compares the microstructure and mechanical properties of gravity-cast
Mg-Al-Ca-Sr alloys with commercial sand-cast EZ33 (Mg-Zn-RE-Zr) magnesium alloys
and assesses the possibility of replacing the EZ33 alloy with cheaper magnesium alloys
consisting of Al and Ca.

2. Materials and Methods

The magnesium alloy containing Al, Ca, Sr, and Mn was prepared (Table 1), and its
composition was analyzed using a SPECTROMAX optical emission spectrometer (AMETEK,
Berwyn, IL, USA). Commercially pure Mg, Al, and Mn were used, and Sr and Ca were added
in the form of Al-10 wt% Sr and Al-85 wt% Ca master alloys, respectively. Melting of the
alloys was performed by induction melting in an alumina crucible under the protection of an
argon atmosphere. The melt was maintained at 730 ◦C for 3 min and then poured into sand
molds. Induction melting was also used to melt EZ33 ingots, but casting was performed at a
temperature of 780 ◦C, in accordance with the manufacturer’s recommendations.
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Table 1. Chemical composition of Mg-Al-Ca-Sr and EZ33 alloys (wt%). The standard deviation is
shown in brackets.

Alloy Al Ca Sr Mn Si Fe Mg

AXJM51 4.98
(0.38)

1.24
(0.15)

0.75
(0.12)

0.19
(0.05)

0.22
(0.06)

0.0013
(0.002) Balance

AXJM53 5.11
(0.19)

3.01
(0.23)

0.68
(0.22)

0.16
(0.08)

0.18
(0.07)

0.0013
(0.001) Balance

AXJM71 6.80
(0.32)

1.22
(0.13)

0.70
(0.16)

0.13
(0.09)

0.12
(0.1)

0.0012
(0.0003) Balance

AXJM73 7.09
(0.34)

3.05
(0.24)

0.61
(0.14)

0.10
(0.07)

0.10
(0.08)

0.0007
(0.001) Balance

AXJM91 9.01
(0.51)

1.13
(0.24)

0.81
(0.22)

0.19
(0.08)

0.26
(0.07)

0.0011
(0.0011) Balance

AXJM93 8.67
(0.50)

2.89
(0.28)

0.60
(0.1)

0.16
(0.07)

0.16
(0.05)

0.001
(0.001) Balance

Alloy Zn RE Zr Mn Fe Ni, Cu Mg

EZ33 2.70 3.18 0.53 0.02 0.002 <0.001 Balance

RE—mischmetal mixture 50Ce-25La-20Nd-5Pr (wt%).

The microstructure of the AXJM series and the EZ33 alloys was analyzed through
light microscopy (LM) using an Olympus GX-71 microscope (Olympus, Tokyo, Japan)

Microstructural observations at higher magnification were carried out using an FE
SEM Hitachi S-3400N (Hitachi, Tokyo, Japan) scanning electron microscope and Titan
80-300 (FEI, Hilsboro, OR, USA) and Hitachi HD-2300A (Hitachi, Tokyo, Japan) scanning
transmission electron microscopes. Chemical composition microanalysis of the intermetallic
compounds was performed through energy-dispersive X-ray spectroscopy (EDS) using an
EDS Thermo Noran spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). In order
to analyze the chemical composition of the α-Mg solid solution and plate-like precipitates
of the C15 phase, electron energy-loss spectroscopy (EELS) was performed using a Titan
80-300 (FEI, Hilsboro, OR, USA) microscope.

Thin foils for microscopic observation were prepared using two methods:

• Electrolytic polishing (double-stream) using a Tenupol-5 polisher: The electrolyte used
was composed of 5.3 g of lithium chloride, 11.16 g of magnesium perchlorate, 500 mL
of methanol, and 100 mL of 2-butoxy-ethanol. Polishing was performed at −45 ◦C at a
voltage of 20 V.

• FIB method using a Quanta 3D 200i device: The following operating parameters were
used: resolution in FIB mode at 7 nm at an accelerating voltage of 30 kV, beam current
of 1 pA, and magnification range from 50× to 200,000×. SEM imaging was performed
with a resolution down to 3 nm at an accelerating voltage of 30 kV in high vacuum
(HiVac), 12 nm at an accelerating voltage of 3 kV in low vacuum (LowVac), and 3 nm
at an accelerating voltage of 30 kV in environmental mode.

The volume fraction of the phases and grain size was measured through quantitative metal-
lography using METILO 14.1 software (Silesian University of Technology, Katowice, Poland).

XRD patterns were obtained using a Philips X‘Pert 3 Powder (Philips, Eindhoven, The
Netherlands) diffractometer with a copper anode. Registration was performed by 0.02◦

stepwise regression for 2θ ranging from 10 to 140◦. Phase identification was performed
using the ICDD PDF-4+ database (ICDD, Philadelphia, PA, USA). The Rietveld method
was used to determine the lattice parameters of the α-Mg phase. The structure models for
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the α-Mg, Mg17Sr2, Al4Sr, Mg17Al12, Al2Ca, Mg2Ca, and Al1.34CaMg0.66 phases were taken
from the ICDD PDF-4+ database.

Tensile and creep tests were performed on a Zwick/Roell Kappa 50DS electromechan-
ical testing machine (ZwickRoell, Ulm, Germany). The creep tests were carried out under
constant load in a temperature range between 180 ◦C and 250 ◦C and at stresses between 30
and 90 MPa. The creep test conditions were selected based on the temperature and stress
levels experienced during the service life of engine hulls used in helicopters. Samples were
heated up in a resistance furnace, and the temperature was measured using thermocouples
attached to the sample at three positions of the gauge part to maintain the temperature
within 3 ◦C. The creep strain was measured by extensometers, which were attached directly
to the gauge section of the specimens. The initial distance between the extensometer arms
was 50 mm. The length of the specimen was 100 mm, the gauge length was 60 mm, and
the diameter of the reduced section was 6 mm. Short creep tests (100 h or until rupture)
were used to evaluate the creep properties of Mg-Al-Ca-Sr alloys. Samples with the same
geometry were also used in tensile tests. The strain rate was 4 mm/min, and a contact
extensometer was used to measure the extension of a specimen under load. Force and
the displacement of extensometer arms was continuously recorded during the test using
testXpert II testing software (ZwickRoell, Ulm, Germany).

3. Results and Discussion

3.1. Microstructure of Mg-Al-Ca-Sr Alloys

The microstructure of gravity-cast Mg-Al-Ca-Sr alloys consists of the α-Mg matrix and
intermetallic compounds at the interdendritic regions (Figure 1). Additionally, in alloys
consisting of 3% Ca, the fine precipitates inside α-Mg were observed. An increase in the
content of alloying elements leads to an increase in the content of intermetallic phases and
the formation of continuous interdendritic networks.

The thin lamellar phase (Mg,Al)2Ca (marked with the letter A in Figure 2) and the
thick lamellar phase (Al,Mg)2Ca (letter B in Figure 2) exhibit a similar chemical composition
(Table 2) and are characterized by a hexagonal crystal structure of the C14 and C36 type
(Figure 3), respectively. The lattice parameters a0 of these compounds are comparable,
while the lattice parameter c0 of the C14 phase is almost twice that of the (Mg,Al)2Ca-C36
phase. Therefore, during identification with the use of selected-area electron diffraction on
a transmission electron microscope, it is necessary to obtain the appropriate orientation of
the thin foil in relation to the incident electron beam, which enables the determination of
interplanar distances d0001. From a practical point of view, the identification of the C14 and
C36 phases can be carried out for an incident electron beam B = hki0. The results of the
electron diffraction analysis for both phases are shown in Figure 3.

Table 2. Results of the chemical composition microanalysis for precipitates in the tested alloys (at.%);
EDS-SEM. Standard deviation is given in brackets.

Phase Mg Al Ca Sr Mn

(Al,Mg)2Ca (C36) 10.0 (1.7) 57.6 (5.6) 30.4 (2.8) 2.0 (0.24) -

(Mg,Al)2Ca (C14) 17.5 (2.1) 54.2 (3.7) 26.5 (2.3) 1.8 (0.19)

(Mg,Al)17Sr2 71.8 (3.9) 19.5 (1.8) 2.5 (1.1) 6.2 (0.13) -

(Al,Mg)4Sr 47.8 (3.9) 41.2 (3.9) 3.2 (1.2) 7.8 (0.25) -

Al2Ca (C15) 75.2 (7.8) 16.0 (2.4) 8.8 (1.8) - -

Mg17Al12 70.7 (3.1) 28.5 (1.9) 0.7 (0.2) 0.1 (0.11) -
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 1. Microstructure of AXJM51 (a), AXJM71 (b), AXJM91 (c), AXJM53 (d), AXJM73 (e), and
AXJM93 (f) magnesium alloys.

  

Figure 2. Thin lamellar C14 (A) phase and thick lamellar C36 (B) phase in AXJM53 alloy; SEM.
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(a) 

(b) 

Figure 3. Microscopic images and SAED patterns of C14 phase (a) and C15 phase (b) obtained by

beam parallel to [hki0] axis; B II [2
-
1

-
1 0], TEM, AXJM53 alloy.

In Mg-Al-Ca-Sr alloys containing 1 wt% Ca, the chemical composition of the
(Mg,Al)2Ca phase with a C36 structure is homogeneous, while in the alloys containing
3 wt% Ca, spherical or rectangular Mg-rich clusters were observed inside the C36-
(Mg,Al)2Ca phase (Figure 4). These clusters were also observed in Ref. [21], where the
islands were classified as α-Mg solid solution, while in [22], it was shown that Mg-rich
clusters have the C36 crystal structure due to the large solubility range of Al and Mg in the
C36-(Mg,Al)2Ca phase. The role of clusters does not seem to have a major impact on the
mechanical properties; however, at high temperatures (above 500 ◦C), they contribute to
the formation of cracks inside the C36 phase.

Tiny plate-like precipitates inside the α-Mg solid solution were identified as the Al2Ca phase
with a cubic C15-type crystal structure (Figure 5), which are characterized by a crystallographic re-

lationship with the {111}C15‖(0001)α-Mg [01
-
1]C15 ‖[0

-
110]α-Mg. It indicates that these precipitates

lie in the basic plane of the hexagonal crystal system of the α-Mg solid solution [23,24].

  
(a) (b) 

Figure 4. Spherical clusters with moiré fringes observed inside the C36 phase (a) and rectangular
clusters with moiré fringes observed inside the C36 phase (b). STEM, AXJM53 alloy.
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(a) (b) 

Figure 5. Plate-like precipitates of the Al2Ca (C15) phase inside the α-Mg solid solution; AXJM53
alloy. STEM image (a); TEM image with the SAED pattern and surface distribution of elements (b).

Minor amounts of Sr dissolve in Ca-rich phases (Table 2) and form two types of
intermetallic compounds. Detailed phase identification and microanalysis of the chemical
composition showed the presence of the (Al,Mg)4Sr phase forming a lamellar eutectic with
a solid solution of α-Mg (Figure 6), in which Ca can dissolve up to about 3 at.% (Table 2). In
addition to the (Al,Mg)4Sr phase, in Mg-Al-Ca-Sr alloys there is another phase with a high
Sr content, which is characterized by an irregular morphology (hereinafter, this phase will
be described as the “massive phase”) and is identified as the Mg17Sr2 compound (Figure 7).

 
(a) (b) 

Figure 6. (Al,Mg)4Sr phase in AXJM51 alloy (a); indexing of pattern as Al4Sr phase, MAD = 0.74◦,
orientation = (158.5; 93.9; 29.4), crystallographic plane (

-
5

-
3 0) (b).

  

Figure 7. The massive Mg17Sr2 phase in AXJM53 alloy and SAED pattern of this compound (TEM),
B II [-12-10].

The Mg17Al12 phase, which forms a partially divorced eutectic with the α-Mg solid
solution, was also identified (Figure 8). Low amounts of Ca (up to 1 at.%) also dissolve in
this intermetallic compound. In terms of creep resistance, the presence of Ca in the crystal
structure of the Mg17Al12 phase may be beneficial due to the increase in its stability at
elevated temperatures [25].
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(a) (b) 

Figure 8. Microstructure of AXJM91 alloy with Mg17Al12 phase and supersaturated areas of α-Mg
solid solution (darker areas) (a); indexing of pattern as Mg17Al12 phase, MAD = 0.41◦, orientation =

(351.2; 193; 25)◦, crystallographic plane (
-
6

-
2

-
1) (b).

Figure 9 and Table 3 show the influence of the Ca/Al ratio on the volume fraction of
intermetallic phases and the content of Al dissolved in the α-Mg solid solution. For a Ca/Al
value lower than 0.16, the Mg17Al12 phase, the Al-rich α-Mg solid solution, the C36-type
(Al,Mg)2Ca phase, and the (Al,Mg)4Sr phase are observed in the microstructure. As the
Ca/Al ratio increases, the volume fraction of the Mg17Al12 phase and the Al content in α-Mg
decrease, and the volume fraction of the C36-type phase and the massive phase (Mg,Al)17Sr2

increase. Obviously, this is related to the presence of Ca and Sr, which have a greater chemical
affinity to Al than to Mg. Therefore, phases from the Al-Ca and Al-Sr systems are formed first
during the solidification of the alloy, then the concentration of aluminum in liquid metal is
reduced and the Mg17Al12 phase cannot be formed at a lower temperature.

(a) 

(b) 

Figure 9. The influence of the Ca/Al ratio on the content of Sr-rich and Mg17Al12 phases (a) and
content of C15 and C36 phases (b) in Mg-Al-Ca-Sr alloys.
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In all the tested alloys, the dominant intermetallic phase is the C36-(Al,Mg)2Ca phase
(Table 3). It is also worth noting that the increase in the Ca/Al ratio affects the content of
Sr-rich phases, causing a decrease in the content of the (Al,Mg)4Sr phase and an increase in
the content of the (Mg,Al)17(Sr,Ca)2 phase due to the lower formation temperature of the
massive phase.

In addition to the phase composition, an important role in the strengthening of the
tested alloys is also played by the presence of alloying elements in the α-Mg solid solu-
tion. Reducing the Ca/Al ratio favors an increase in the content of Al dissolved in α-Mg
(Figure 10) due to the lower content of Al, which is consumed by the Ca-rich intermetallic
phases formed during crystallization. Although the gravity casting process is characterized
by relatively slow cooling rates, the content of Al dissolved in α-Mg exceeds the maximum
solubility at ambient temperature (1.1 at.% [26]). In alloys with a low Ca/Al ratio (Mg-
9Al-1Ca-0.8Sr), strong Al microsegregation was found in the dendrites of the α-Mg solid
solution (Figure 11). The high content of Al (even 9 at.%) in α-Mg favors the precipitation
processes of the Mg17Al12 phase at elevated temperatures.

Table 3. Volume fraction of intermetallic compounds and grain size of α-Mg solid solution determined
by quantitative metallography and Al content in α-Mg solid solution. The standard deviation is
given in brackets and, in the case of grain size, the coefficient of variation in %.

Alloy Ca/Al Ratio Al Content in α-Mg, at.% α-Mg Grain Size, μm Phase Composition Volume Fraction, %

AXJM51 0.26 1.5 (0.18) 58.1 (19.6)

(Al,Mg)2Ca—C36 3.0 (0.24)

(Mg,Al)17Sr2 2.0 (0.18)

(Al,Mg)4Sr 0.1 (0.07)

Al8Mn5 0.1 (0.08)

AXJM53 0.58 1.5 (0.16) 75.2 (34.7)

(Al,Mg)2Ca—C36 5.9 (0.47)

Al2Ca—C15 0.9 (0.4)

(Mg,Al)17Sr2 1.2 (0.11)

(Al,Mg)4Sr 0.1 (0.03)

(Mg,Al)2Ca—C14 0.9 (0.05)

Al8Mn5 0.1 (0.02)

AXJM71 0.16 2.9 (0.25) 59.0 (25.0)

(Al,Mg)2Ca—C36 4.1 (0.33)

(Al,Mg)4Sr 1.7 (0.1)

Al8Mn5 0.1 (0.06)

Mg17Al12 0.1 (0.04)

AXJM73 0.40 2.0 (0.32) 113.7 (68.9)

(Al,Mg)2Ca—C36 5.8 (0.41)

Al2Ca—C15 0.4 (0.3)

(Mg,Al)17Sr2 0.6 (0.04)

(Mg,Al)2Ca—C14 0.3 (0.04)

Al8Mn5 0.1 (0.01)

AXJM91 0.11 3.7 (0.55) 66.2 (25.9)

(Al,Mg)2Ca—C36 4.0 (0.28)

(Al,Mg)4Sr 1.9 (0.12)

Al8Mn5 0.1 (0.02)

Mg17Al12 0.9 (0.16)

AXJM93 0.31 2.4 (0.17) 77.6 (28.9)

(Al,Mg)2Ca—C36 5.7 (0.45)

Al2Ca—C15 0.3 (0.1)

(Al,Mg)4Sr 0.8 (0.1)

Al8Mn5 0.1 (0.06)
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Both Ca and Sr exhibit very low maximum solubility in magnesium, 0.3 at.% and
0.5 at.%, respectively [27–30], which additionally decreases with lowering temperature.
The results of the microanalysis of the chemical composition using an electron beam with a
diameter of several nanometers (EELS and TEM) show that in the AXJM53, AXJM73, and
AXJM93 alloys, Ca not only participates in the formation of intermetallic phases but also
dissolves in the α-Mg solid solution. Confirmation of this can also be found in the changing
lattice parameters of the α-Mg solid solution (Figure 12). In alloys containing 1 wt% Ca, the
lattice parameter a0 correlates quite well with Vegard’s rule (blue line) for binary Mg-Al
alloys. In the case of alloys with 3 wt% Ca, the lattice parameter a0 is larger, which is related
to the expansion of the crystal lattice caused by the presence of Ca (as well as Sr) atoms
with a larger atomic radius (Ca—197.4 pm; Sr—215.1 pm) than Mg atoms (159.9 pm).

(a) 

(b) 

Figure 10. Al content (a) and Ca content (b) in the α-Mg solid solution of the tested alloys. Results
regarding chemical composition in the center of α-Mg grains.
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(a) (b) 

Figure 11. Microstructure of AXJM91 alloy with areas (darker areas) of α-Mg solid solution consisting
of up to 9 at.%. Inside dendrites, the average Al content is 3.7 at.% (a). AXJM51 alloy, in which the
strong microsegregation of Al in α-Mg was not observed (b).

 

Figure 12. Results of the measurements of the crystal lattice parameters of the α-Mg matrix as a
function of the aluminum content dissolved in the α-Mg solid solution (the graph shows only the
results for the a0 parameter; the nature of changes for the c0 parameter is similar).

It seems that increasing the Ca in Mg-Al-Ca-Sr alloy content contributes to the ob-
tainment of a coarse-grained structure (Figure 13, Table 3), although the results are not
conclusive, and for some batches of castings, such a trend was not observed. There is also no
clear opinion in publications regarding the influence of Ca on α-Mg grain size [31–38]. The
discrepancies concern both the effect on grain size and the critical Ca content causing the
formation of a fine-grained structure. In [33–35,39], it was found that Ca strongly refines the
grain, and in [36,37,40], significant effects were not reported. Grain refinement caused by
the addition of Ca is the result of heterogeneous nucleation on particles of the Al2Ca (C15)
phase [31], as well as the result of microsegregation of alloying elements inside the α-Mg
solid solution grains [38]. The critical content of Ca needed to obtain the maximum effect
of fine α-Mg grains may vary within the range of 0.4–1 wt%. It is found that the most favor-
able results occur at 0.4 wt% [38–41] or 1 wt% [42], and a further increase in the Ca content
does not affect the grain size of the α-Mg solid solution. On the other hand, exceeding the
critical concentration of Ca results in the formation of a coarse-grained structure; however,
the literature data differ among studies. It has been noted that significant grain growth
will occur when the Ca content in the Mg-Al alloys exceeds 0.8% wt% [31], 2.0 wt% [43], or
4.0 wt% [44]. The reasons for the differing results are primarily the metallurgical purity

97



Materials 2025, 18, 1860

of the alloys, as well as methodological errors consisting in the incorrect interpretation of
the grain diameter and the diameter of dendritic cells. Therefore, the method of preparing
metallographic specimens in order to reveal grain boundaries is important, which requires
proper etching and observation using polarized light in light microscopy or the EBSD
method. It seems that, in the tested alloys, the content of Al dissolved in the α-Mg solid
solution will have a large impact. In [41], it was shown that the increase in the content of
Al dissolved in a solid solution strongly affects the refinement of the microstructure, which
results from the high tendency of this element to undergo microsegregation. Another factor
conducive to the formation of a coarse-grained microstructure may be the formation of the
(Al,Mg)2Ca phase of the C36 type instead of the Al2Ca phase of the C15 type, which in
alloys with a low Ca content (below 0.5% Ca) is a heterogeneous crystallization nucleus.

 

Figure 13. Microstructures with revealed grains of α-Mg solid solution in AXJM51 (a), AXJM53 (b),
AXJM71 (c), AXJM73 (d), AXJM91 (e), and AXJM93 (f) alloys.

3.2. Mechanical Properties of Mg-Al-Ca-Sr Alloys

The mechanical properties of the Mg-Al-Ca-Sr alloys, as well as those of the reference
EZ33 alloy casted into sand molds, are presented in Table 4. AXJM71 and AXJM91 alloys
show the best strength properties at ambient temperature. Alloys containing 3 wt% Ca
have a higher hardness compared to the EZ33 alloy, as well as higher tensile strength and
comparable ductility.

Table 4. Test results of mechanical properties of Mg-Al-Ca-Sr and EZ33 alloys at ambient temperature
and 180 ◦C. Standard deviation given in parentheses.

Alloy HV2

Hardness
of α-Mg
HV0.025

21 ◦C 180 ◦C

Rm, MPa
Rp0.2,
MPa

A5, % Rm, MPa
Rp0.2,
MPa

A5, %

AXJM51 49(6) 45(1) 138(6) 101(5) 1.9(0.2) 107(4) 71(4) 9.8(1.2)

AXJM53 58(1) 50(2) 135(4) 104(3) 2.1(0.3) 123(8) 84(7) 3.2(0.6)

AXJM71 50(1) 53(2) 174(6) 113(5) 3.1(0.3) 119(7) 77(5) 5.5(0.7)

AXJM73 60(6) 52(2) 137(5) 105(4) 2.1(0.2) 119(3) 88(5) 2.9(0.4)

AXJM91 56(2) 56(1) 165(6) 109(6) 2.9(0.4) 102(2) 78(6) 12.5(1.8)

AXJM93 60(7) 54(1) 149(7) 102(4) 2.5(0.3) 115(7) 81(3) 3.9(0.9)
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In Mg-Al-Ca-Sr alloys with an Al content above 7 wt%, an increase in the Ca content
from 1 to 3 wt% reduces the tensile strength due to grain growth, an increase in the volume
fraction of brittle intermetallic phases, and a decrease in the aluminum content in the α-Mg
solid solution. In alloys containing 5 wt% Al, increasing the calcium content does not affect
the tensile strength. The increase in the volume fraction of the brittle, eutectic phase and
grain growth is compensated by the presence of plate-like Al2Ca precipitates inside the
grains of the α-Mg solid solution.

Based on the microhardness measurements of the α-Mg solid solution (Table 4,
HV0.025), the effectiveness of solution and precipitation hardening with the Al2Ca (C15)
lamellar phase was determined. In Mg alloys containing 5 wt% Al (AXJM51 and AXJM53),
the Al content in α-Mg is about 1.5 at.%. Increasing the calcium content from 1 wt% to
3 wt% increases the microhardness of the α-Mg solid solution by about 11%. This is due to
the appearance of plate-like precipitates of the C15 phase. In Mg alloys containing 1 wt%
Ca, plate-like precipitates in the α-Mg solid solution were not found, while the Al content in
α-Mg increased from 1.5 at.%. (Mg-5Al-1Ca-0.8Sr) up to 3.7% at. (Mg-9Al-1Ca-0.8Sr). This
increases the hardness of the solid solution by more than 20%. It can therefore be concluded
that, in the Mg-Al-Ca-Sr alloys, Al dissolved in α-Mg strengthens the alloy more effectively
than the lamellar precipitates of the Al2Ca (C15) phase. The slight influence of the plate-like
precipitates of the Al2Ca phase on the strengthening of the Mg-Al-Ca-Sr alloys is related to
its low volume fraction and the crystallographic relationship of the {111}C15‖(0001)α-Mg

[01
-
1]C15‖[0

-
110]α-Mg. Such a relationship causes the plate-like precipitates lying in the basic

plane of the hexagonal lattice of the α-Mg solid solution not to be effective in blocking the
movement of dislocations in the primary slip system of the A3 crystal lattice [45].

3.3. Creep Properties of Mg-Al-Ca-Sr Alloys

The potential application of Mg-Al-Ca-Sr alloys includes loaded elements of aircraft engines
that can operate up to a temperature of about 180 ◦C. For this reason, creep resistance testing is
of great importance. The creep curves of the AXJM alloys obtained at stresses of 60 MPa and 75
MPa at 180 ◦C are shown in Figure 14 (all results obtained in the creep tests are presented in
Table 5). Two stages of creep can be distinguished for all curves: primary creep, in which the
creep rate decreases, and steady-state creep, in which the strengthening and recovery processes
are balanced. At a stress of 90 MPa, the third stage of creep is also observed, characterized by
the formation of microcracks at the grain boundaries and at the interface phase and their rapid
growth, which leads to the cracking of samples.

Figure 14. Creep curves of the Mg-Al-Ca-Sr alloys obtained at a temperature of 180 ◦C and at a stress
of 60 MPa.
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To assess the creep resistance of magnesium alloys determined in short-term creep tests
(100–120 h), it is assumed that satisfactory creep resistance is obtained when the creep rate is
in the order of 10−9 1/s and the creep strain does not exceed 1% [5]. It should be emphasized
that the steady-state creep rate is the most important feature characterizing the material’s
resistance to creep and enables the design of elements with the desired durability. Obviously,
in industrial conditions, these values may vary depending on the use of these alloys.

Ca has a beneficial effect on creep resistance of sand-cast Mg-Al alloys, similar to
that in die-cast alloys [5]. Alloys consisting of 3 wt% Ca show very good creep resistance
(low creep rates and creep strain) up to 200 ◦C and at a stress not exceeding 75 MPa. The
improvement in creep resistance is also visible in alloys containing 1 wt% Ca; however, it is
not sufficient for industrial applications.

Table 5. Creep test results of Mg-Al-Ca-Sr alloys.

Alloy Stress, MPa Temp., ◦C Time Test, h
Instant Strain

εn, %
Creep Strain

ε, %
Creep Rate

.
ε,

1/s

AXJM53 45 180 100 0.15 0.28 1.1 × 10−10

AXJM73 45 180 100 0.16 0.27 9.0 × 10−11

AXJM91 45 180 100 0.11 0.92 8.5 × 10−9

AXJM51 60 180 100 0.57 0.94 2.7 × 10−9

AXJM53 60 180 100 0.31 0.36 1.0 × 10−9

AXJM71 60 180 100 0.32 0.61 3.4 × 10−9

AXJM73 60 180 100 0.31 0.43 1.3 × 10−9

AXJM91 60 180 100 0.24 1.7 3.1 × 10−8

AXJM93 60 180 100 0.39 0.51 1.5 × 10−9

AXJM51 75 180 100 1.03 3.56 4.0 × 10−8

AXJM53 75 180 100 0.50 1.38 9.9 × 10−9

AXJM71 75 180 100 0.61 5.59 1.0 × 10−7

AXJM73 75 180 100 0.54 1.15 7.9 × 10−9

AXJM91 75 180 100 0.44 6.1 1.3 × 10−7

AXJM93 75 180 100 0.31 1.93 3.3 × 10−8

AXJM53 90 180 16 1.37 5.17 4.9 × 10−7

AXJM71 90 180 23 1.51 12.46 9.1 × 10−7

AXJM73 90 180 31 1.47 6.1 8.4 × 10−8

AXJM91 90 180 9 1.2 7.2 1.3 × 10−5

AXJM51 60 200 100 0.63 1.27 1.03 × 10−8

AXJM53 60 200 100 0.33 0.44 2.78 × 10−9

AXJM71 60 200 100 0.34 0.98 1.43 × 10−8

AXJM73 60 200 100 0.32 0.54 3.61 × 10−9

AXJM91 60 200 100 0.28 6.22 1.61 × 10−7

AXJM93 60 200 100 0.43 0.64 4.43 × 10−9

For most metallic materials, at a creep temperature above approximately 0.3TM (TM—
melting point), thermally activated processes (climbing and sliding dislocations and diffusion)
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are initiated. In the case of the tested alloys, the temperature of the creep tests was close to
0.3TM (the solidus temperature of the tested alloys is in the range of 429–513 ◦C, and the
liquidus temperature is in the range of 596–613 ◦C). Therefore, it was expected that Mg-Al-Ca-
Sr alloys would strain-harden due to the increase in dislocation density and that the creep rate
would decrease. However, the results of the creep tests (Figure 14) indicate the occurrence
of steady-state creep, in which the dislocation density growth processes are balanced by the
recovery processes. Therefore, the power law of creep and the Arrhenius Equation (1) were
used to describe the research results in order to determine the dominant creep mechanisms [5]:

.
ε = Aσn exp

(−Qc

RT

)
(1)

where A is the constant, R is the gas constant, σ is the creep stress, n is the stress exponent,
Qc is the activation energy, and T is the temperature.

Based on the knowledge of the n and Qc parameters, the dominant mechanisms of
deformation during the creep process can be identified. For the AXJM91 alloy (Figure 15)
in the stress range of 45–75 MPa at 180 ◦C, the power exponent n is 5.3, indicating the
dislocation climbing as the main strain mechanism. Due to the large grain size of the α-Mg
solid solution in the AXJM91 alloy (d ≈ 47 μm), the contribution of grain boundary slip to
the total deformation should be insignificant. For alloys with a higher Ca content (AXJM53
and AXJM73), the power exponent n values are 8.1 and 8.7, which may be related to the
presence of fine precipitates of the Al2Ca phase inside the grains of the α-Mg solution. These
n values also indicate the dominant role of dislocation climbing in the creep deformation in
the range of 45–75 MPa and at a temperature of 180 ◦C. It has often been demonstrated that,
for magnesium alloys containing dispersed precipitates within grains, the values of the
exponent n are in the range of 7–9 [5,46]. The presence of stable, dispersed phase particles
of high hardness, constituting obstacles limiting the movement of the dislocations, and the
dislocation can overcome these obstacles by climbing over long distances.

Figure 15. Relationship between creep rate and stress for selected Mg-Al-Ca-Sr alloys at 180 ◦C and
in the stress range of 45–90 MPa.

In alloys in which a higher value of the n exponent was observed, a greater increase in
dislocation density Δρ after 100 h of creep at 180 ◦C was also found (Table 6). It may be
due to the presence of plate-like Al2Ca precipitates, which, by blocking the movement of
dislocations, generate new dislocations according to the Frank–Reed mechanism.
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The activation energy Qc is a useful indicator that allows us to determine the creep
rate controlling mechanisms. Depending on temperature and stress in metallic materi-
als, dislocation creep (0.3Tt < T < 0.6Tt) and diffusion creep (T > 0.6Tt) can occur [47].
The results of many studies on the creep of magnesium and its alloys [47–54] have al-
lowed the determination of values of creep activation energy for diffusion and dislocation
processes. For diffusion processes, the values of Qc are as follows: Al diffusion in Mg
(Qc ≈ 142–147 kJ/mol), lattice diffusion (Qc ≈ 135 kJ/mol), grain boundary diffusion
(Qc ≈ 60–80 kJ/mol), pipe diffusion (Qc ≈ 92 kJ/mol), and discontinuous precipitation of
the Mg17Al12 phase (Qc ≈ 22–30 kJ/mol). For dislocation processes, the values of Qc are as
follows: dislocation climbing (Qc ≈ 135 kJ/mol) and transverse slip (Qc ≈ 200 kJ/mol). For
grain boundary slip, Qc values are in the range of 40–60 kJ/mol.

Table 6. Results of dislocation density measurements using the modified Warren–Averbach method
(XRD) of the tested alloys in the as-cast condition and after creep at a temperature of 180 ◦C and a
stress of 60 MPa. The standard deviation is given in brackets.

Alloy Alloy State
Dislocation Density ρ

[1/m2]
Δρ [%]

AXJM53
Sand-cast 2.9 × 1013 (1.2 × 1012)

21
60 MPa/180 ◦C 3.5 × 1013 (1.9 × 1012)

AXJM73
Sand-cast 3.4 × 1013 (2.1 × 1012)

18
60 MPa/180 ◦C 4.0 × 1013 (1.7 × 1012)

AXJM91
Sand-cast 9.7 × 1013 (2.6 × 1012)

3
60 MPa/180 ◦C 1.0 × 1014 (3.7 × 1012)

In alloys containing 3% Ca, the activation energy for steady-state creep is in the
range of 91–96 kJ/mol (Figure 16), which suggests that plastic deformation during creep
is controlled by pipe diffusion. Higher values of the activation energy Qc were obtained
for alloys containing AXJM51 and AXJM71 (119–128 kJ/mol), indicating that the creep
deformation is mainly controlled by the dislocation climbing. In the case of the AXJM91
alloy (Qc = 147 kJ/mol), the Al diffusion in the α-Mg solid solution or the transverse slip of
the edge dislocations makes a greater contribution to the creep deformation.

Figure 16. The relationship between the creep rate and the temperature of the tested alloys of
Mg-Al-Ca-Sr at a stress of 60 MPa in the temperature range of 180–200 ◦C.
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In magnesium alloys, especially die-cast alloys, grain boundary slip also plays an
important role in the creep conditions. In studies on die-cast Mg-Al-Ca-Sr alloys [55], i.e.,
with fine-grained structure (grain diameter d ≈ 10 μm), it was shown that, at a temperature
of 175 ◦C in the stress range of 40–70 MPa, creep is controlled by grain boundary slipping.
In the case of Mg-Al-Ca-Sr alloys after sand casting, the obtained results indicate that grain
boundary slip plays a rather marginal role. This may be related to a much larger grain
size (d ≈ 40–60 μm) of sand-cast alloys and thus a smaller surface of grain boundaries.
Moreover, a continuous skeleton of hard and stable intermetallic compounds will contribute
to reduction in the grain boundary creep.

3.4. Influence of Microstructure on Creep Properties of Mg-Al-Ca-Sr Alloys

Observations conducted using a transmission electron microscope were used to un-
derstand the deformation behavior of the alloys at elevated temperatures. The tested alloys
in the as-cast state are characterized by high dislocation density (ρ ≈ 10−13 [1/m2] (Table 6)
and the presence of stacking faults (Figure 17). The tendency to form a cellular dislocation
structure is slight in magnesium alloys due to low stacking fault energy (SFE); therefore,
after creep, the split dislocations are mainly visible in the microstructure, indicating the
cross-slip mechanism that occurs when a dislocation changes its slip plane to a different
crystallographic plane (Figure 18). This mechanism of dislocation movement is observed
in metals when the creep temperature is lower than 0.5Tt and the value of the creep acti-
vation energy Qc is lower than the value of the self-diffusion activation energy (for Mg,
QSD = 135 kJ/mol) [47].

 
(a) (b) 

Figure 17. Dislocations (a) and stacking faults (b) in sand-cast AXJM53 alloy.

 
(a) (b) 

Figure 18. Dislocation substructure in AXJM91 alloy (a) and split dislocations in AXJM53 alloy
(b) suggest the occurrence of cross-slip after creep at 180 ◦C and at 60 MPa for 100 h.

Dislocations moving both in the basic slip system 〈11
-
20〉 (0001) and in the pyramidal

slip system 〈11
-
20〉 {10-

-
11} can be observed in samples crept at 180 ◦C (Figure 19), indicating
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the significant contribution of edge dislocation climbing to the creep deformation of alloys
containing 1% Ca. In alloys with a higher calcium content (3% Ca), dislocation climbing is
also observed, but the elongation of these alloys in creep tests is clearly lower compared to
Ca-poor alloys (Table 5). According to the activation energy calculations, the pipe diffusion
dominates in the overall deformation, contributing to dislocation climbing.

  

Figure 19. AXJM71 alloy with visible <a> and <a + c> dislocations that indicate climb and cross slip
of dislocations in AXJM71 alloy after creep at 180 ◦C and at 60 MPa for 100 h.

A significant influence on the creep resistance of Mg-Al-Ca-Sr alloys containing 3%
Ca is exerted by plate-like Al2Ca-C15 precipitates located in the basic crystallographic
planes (0001) of the α-Mg matrix. Their effect on blocking the movement of dislocations
in the slip plane is not significant at ambient temperature, but at elevated temperatures,
where additional slip systems are activated and the movement of dislocations is possible in
prismatic and pyramidal planes, effects (avoiding precipitates and cross slip) indicating
blocking of dislocation movement by C15 precipitates are clearly observed (Figure 20).

  
(a) (b) 

Figure 20. Blocking of the movement of dislocation motion plate-shaped precipitates of the Al2Ca
(C15) phase during creep at 180 ◦C at 60 MPa in AXJM53 (a) and accumulation of dislocations in the
vicinity of (Al,Mg)2Ca (C36) in the AXJM53 alloy after creep at 180 ◦C and at 60 MPa for 100 h (b).
1—precipitate, 2—bent dislocation.

In the vicinity of intermetallic phases forming eutectics (C36, C14, (Al,Mg)4Sr, and
(Mg,Al)17Sr2) characterized by high melting point and high hardness, dislocation accu-
mulations were found (Figure 20b). At ambient temperature, a large accumulation of
dislocations favors the nucleation of cracks at the interface, which results in low tensile
strength. At temperatures above 150 ◦C, dynamic recrystallization may occur in these areas,
and crack formation may be delayed.

Observations of the microstructure of the tested alloys after creep tests at a temperature
of 180 ◦C and a stress range of 60–75 MPa showed no significant changes in the morphology
of the phases (Al,Mg)2Ca-type C36, (Mg,Al)17Sr2, and (Al,Mg)4Sr forming eutectics with
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α-Mg solid solution (Figure 21). Analysis of the phase composition using methods with the
use of electron diffraction (TEM) and X-ray diffraction (XRD) exhibited no changes in the
phase composition of the crept alloys. This indicates the high stability of the intermetallic
phases (Al,Mg)2Ca-type C36, (Mg,Al)17Sr2, and (Al,Mg)4Sr at a temperature of 180 ◦C. The
high thermal stability of the intermetallic phases forming eutectics was also confirmed after
long-term annealing (1000 h) at 200 ◦C.

  
(a) (b) 

Figure 21. Microstructure of AXJM73 alloy after creep at 180 ◦C and at 75 MPa for 100 h (a);
microstructure of AXJM53 alloy after creep at 180 ◦C and at 60 MPa for 100 h (b).

While eutectic phases are stable, microstructural changes occur inside the grains of the
α-Mg solid solution. After creep tests were performed on the AXJM53 alloy at a temperature
of 180 ◦C for 100 h, a higher volume fraction of lamellar Al2Ca phase precipitations
(Vv = 1.4%) was found inside the grains of the α-Mg solid solution compared to the as-cast
alloy (Vv = 0.9%) (Table 7) due to the precipitation process of the plate-like Al2Ca (C15)
phase from the α-Mg solid solution. Moreover, the initial stages of spheroidization of the
C15 precipitates are visible (Figure 22), which will contribute to faster destruction of alloys
under creep conditions. Precipitation of this phase was also observed after creep at 180 ◦C
in other Mg-Al-Ca-Sr alloys containing 3 wt% Ca.

Table 7. Volume fraction of phases in Mg-Al-Ca-Sr alloys after creep at 180 ◦C and 60 MPa stress.
Standard deviation given in brackets.

Alloy State (Al,Mg)2Ca—C36 Al2Ca—C15 Mg17Al12 (Mg,Al)17Sr2 (Al,Mg)4Sr

AXJM51
As-cast 3.0 (0.24) - - 2.0 (0.18) 0.1 (0.07)

60 MPa/180 ◦C 3.2 (0.36) - - 2.1 (0.45) 0.1 (0.10)

AXJM53
As-cast 5.9 (0.47) 0.9 (0.5) - 1.2 (0.11) 0.1 (0.03)

60 MPa/180 ◦C 5.7 (0.89) 1.4 (0.5) - 1.4 (0.11) 0.12 (0.1)

AXJM71
As-cast 4.1 (0.33) - 0.1 (0.04) - 1.7 (0.1)

60 MPa/180 ◦C 4.2 (0.94) - 0.4 (0.08) - 1.7 (0.3)

AXJM73
As-cast 5.8 (0.41) 0.4 (0.3) - 0.6 (0.04) -

60 MPa/180 ◦C 6.0 (0.92) 0.9 (0.3) - 0.8 (0.15)

AXJM91
As-cast 4.0 (0.28) - 0.9 (0.16) - 1.9 (0.12)

60 MPa/180 ◦C 3.8 (0.38) - 1.9 (0.17) - 1.8 (0.25)

AXJM93
As-cast 5.7 (0.45) 0.3 (0.1) - - 0.8 (0.1)

60 MPa/180 ◦C 5.9 (0.28) 0.7 (0.3) - - 0.9 (0.4)
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Figure 22. Microstructure of AXJM53 alloy after creep at 180 ◦C and at 75 MPa for 100 h after strong
etching in 3% HNO3 solution in alcohol.

In the AXJM91 and AXJM71 alloys crept at a temperature of 180 ◦C, plate-like pre-
cipitates of the Mg17Al12 phase were observed in the supersaturated areas of the α-Mg
solid solution surrounding the eutectics (Figure 23). This leads to the depletion of the α-Mg
solid solution in aluminum. Obviously, the content of the precipitated Mg17Al12 phase is
lower in the AXJM71 alloy in comparison to the AXJM91 alloy due to the lower Al amount
dissolved in the α-Mg matrix.

 
(a) (b) 

(c) (d) 

Figure 23. Microstructure of AXJM91 alloy after creep at 180 ◦C and at 75 MPa for 100 h with eutectic
Mg17Al12 (e) phase and plate-shaped precipitates of Mg17Al12 (p) phase arising in supersaturated
areas of α-Mg solid solution surrounding eutectics, SEM (a,b); plate-shaped precipitates of Mg17Al12

phase (c,d).

The destruction of the tested alloys during creep is caused primarily by the initiation
of cracks at the interfaces and the propagation of these cracks (Figure 24). As the creep
strain increases, the stress concentration on the precipitates increases, which leads to their
cracking and loss of connection with the alloy’s matrix. In Mg-Al-Ca-Sr alloys containing
3 wt% Ca, the first cracks are observed mainly at the α-Mg/C36 interface. In the AXJM91
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alloy, creep cracks are initiated at the interface between the α-Mg solid solution and the
Mg17Al12 phase (Figure 25b).

  
(a) (b) 

Figure 24. Cracks occurring during creep of the AXJM53 alloy at 180 ◦C at 90 MPa (a). The propaga-
tion of the cracks occurs mainly along the precipitations of the (Al,Mg)2Ca (C36) phase (b).

  
(a) (b) 

Figure 25. Cracks occurring during creep of the AXJM71 alloy at 180 ◦C at 75 MPa (a); voids appearing
at the interface α-Mg/Mg17Al12 in the AXJM91 alloy after creep at 180 ◦C at a stress of 75 MPa for
100 h (b).

It is well known that the Mg17Al12 phase adversely affects creep resistance, which is
confirmed by the obtained test results. The precipitation processes of this phase during
creep cause a decrease in the Al concentration in the solid solution, facilitating lattice
diffusion and further contributing to the reduction in creep resistance. Therefore, the creep
resistance of the AXJM91 alloy is much lower than that of the other tested alloys.

The formation of cracks at the α-Mg/C6 interface is related to the concentration of
dislocations, the high hardness of the C36 phase, and the low ability to accommodate
plastic deformation. The lamellar structure of this phase will contribute to slower crack
development, and it seems that the presence of this phase is more advantageous than the
presence of massive phases such as (Mg,Al)17(Sr,Ca)2.

3.5. Comparison of Mg-Al-Ca-Sr Alloys with EZ33 Magnesium Alloy

The microstructure and mechanical properties of the as-cast EZ33 magnesium al-
loy have been extensively described [9,18–20]. The typical microstructure of this alloy
after gravity casting into sand molds consists of α-Mg solid solution dendrites and a
(Mg,Zn)12RE (Mg12Nd type) compound at interdendritic areas (Figure 26). This intermetal-
lic compound exhibits good stability of morphology and chemical composition up to 250 ◦C.
Solution strengthening caused by the presence of Zn atoms in the α-Mg solid solution and
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the presence of the thermally stable (Mg,Zn)12RE phase strengthens the grain boundaries
and contributes to the obtainment of quite satisfactory mechanical properties at ambient
temperature (Table 8) and good creep resistance at temperatures up to 200 ◦C and stresses
up to 60 MPa (Table 9). It is worth noting that the mechanical properties of sand castings
are about 10% lower compared to alloy casts into permanent molds [9]. Therefore, the EZ33
alloy can be used for elements operating at elevated temperatures (up to 200 ◦C) in the
aviation and automotive industries. Mechanical properties can be slightly improved by
applying T5 heat treatment consisting of annealing at 170–200 ◦C for 10–16 h with cooled
air due to the formation of Zn2Zr3 precipitates inside the α-Mg solid solution.

 
(a) (b) 

Figure 26. Microstructure of as-cast EZ33 magnesium alloy: LM (a) and SEM (b).

Table 8. Mechanical properties of sand-cast EZ33 alloy (T5—heat treatment 10 h at 170 ◦C and cooled air).

Casting
Method

Heat
Treatment

Rm

MPa
Rp0.2

MPa
Elongation

A10, %

Sand casting T5 119–140 80–95 3

Table 9. Creep test results of sand-cast EZ33 magnesium alloy (T5—heat treatment 10 h at 170 ◦C
and cooled air).

Alloy
Heat

Treatment
Stress, MPa

Temperature,
◦C Test Time, h

Creep Strain
ε, %

Creep Rate
.
ε,

1/s

EZ33 - 60 180 100 0.89 5.0 × 10−9

EZ33 - 60 200 100 1.14 7.7 × 10−9

EZ33 - 60 225 87 5.9 2.4 × 10−8

EZ33 T5 60 180 100 0.64 3.6 × 10−9

EZ33 T5 60 200 100 0.90 6.5 × 10−9

EZ33 T5 75 200 100 1.91 2.4 × 10−8

EZ33 T5 30 250 100 0.82 1.4 × 10−8

EZ33 T5 40 250 100 3.3 6.9 × 10−8

The most advantageous mechanical properties among the tested alloys are those of
the AXJM93 alloy, while the AXJM53 and AXJM73 alloys also demonstrate the required
creep resistance up to 200 ◦C and acceptable strength properties at ambient temperature.
Mg-Al-Ca-Sr alloys with a 3 wt% Ca content have another advantage: they contain lighter
alloying elements than the EZ33 alloy; hence, the specific strength is more advantageous
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(Table 10). In the case of AXJM53 and AXJM73 alloys, the disadvantage is the relatively
low elongation. Increasing the Al content to 9% contributes to the obtainment of plastic
properties similar to those of the EZ33 alloy. It should be emphasized that the use of Mg-
Al-Ca-Sr alloys in aviation requires additional tests, including those for fatigue strength,
and possibly requires applying protective coatings against corrosion.

Table 10. Specific strength, yield strength, elongation, and creep properties of Mg-Al-Ca-Sr and EZ33
alloys.

Alloy Density ρ, g/cm3
Specific Strength

Rm/ρ,
MPa·cm3/g

Specific Yield
Strength Rp0.2/ρ,

MPa·cm3/g

Elongation, %
Creep Strain at

200 ◦C and 60 MPa
After 100 h, %

Creep Rate
.
ε, at

200 ◦C and 60 MPa
After 100 h, 1/s

AXJM51 1.81 76.4 55.9 1.9 1.27 1.03 × 10−8

AXJM71 1.82 95.5 62.0 3.1 0.98 1.43 × 10−8

AXJM91 1.85 89.2 58.9 2.9 6.22 1.61 × 10−7

AXJM53 1.80 75.0 57.8 2.1 0.44 2.78 × 10−9

AXJM73 1.82 75.4 57.8 2.1 0.54 3.61 × 10−9

AXJM93 1.84 81.2 55.6 2.5 0.64 4.43 × 10−9

EZ33 * 2.08 57.2 38.5 2.9 0.90 6.5 × 10−9

EZ33 ** 2.08 67.3 43.3 3.0 - -

* Own research, ** manufacturer data [9].

The advantage of using Mg-Al-Ca-Sr alloys, apart from the lower price of alloying
elements, is the casting process at a lower temperature. In the case of the EZ33 alloy,
melting is carried out at a temperature of 780–815 ◦C, while for Mg-Al-Ca-Sr alloys, it is
possible to carry out the process at a temperature of 730 ◦C. The time of preparation of
the liquid alloy in both cases is similar. Other advantages related to melting Mg-Al-Ca-Sr
alloys include the non-flammability of these alloys during melting (Mg has a very low
ignition temperature), which makes the casting process safer. However, it is necessary to
use protective atmospheres in order to obtain the desired chemical composition of the alloy
and to avoid an excessive number of non-metallic inclusions.

Despite the many advantages of Mg-Al-Ca-Sr alloys, mold sticking and hot cracking
can be a serious problem during the casting process. This problem was mainly observed
during die casting of Mg-Al-Ca alloys or gravity casting into metal molds and most
frequently concern Mg-Al alloys with a low calcium content (up to approx. 1–2% Ca). At
higher Ca contents, susceptibility to hot cracking and the formation of sticking is not greater
than in typical magnesium alloys (AM50 and AZ91) [56–59]. No problems were found in
the case of Mg-Al-Ca-Sr alloys gravity-cast into sand molds. After casting in an induction
furnace into a mold based on quartz bentonite mass, the surface of the castings was free of
sticking and cracks, and the surface quality was of a satisfactory level (Figure 27a). It is
worth noting that the tests of Mg-Al-Ca-Sr alloys conducted in industrial conditions with
melting in an electric furnace and casting into a mold based on furan mass showed the
absence of hot cracks and a high susceptibility to the formation of sticking, regardless of
the chemical composition of the Mg-Al-Ca-Sr alloys. The sticking was easily removed after
sand blastin; however, staining remained visible (Figure 27b). The surface quality of the
Mg-Al-Ca-Sr alloy after casting in industrial conditions was clearly worse compared to that
of the EZ33 alloy, but it can be improved by an appropriate selection of molding materials.
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(a) (b) 

Figure 27. AXJM53 alloy after casting in an induction furnace using a mold made of bentonite mass
(a); AXJM53 alloy after casting in industrial conditions using an electric furnace and a mold made of
furan mass (b).

4. Conclusions

The aim of the research was to develop a magnesium alloy consisting of cheap alloying
elements, which after gravity casting into sand molds will be characterized by mechanical
properties similar to those of the EZ33 alloy at temperatures up to 200 ◦C. The aim was
achieved by appropriate selection of alloying elements such as Al, Ca, and Sr. This allowed us
to obtain alloys that exhibit the presence of a skeleton of intermetallic phase precipitates stable
at elevated temperature, strengthened α-Mg solid solution by alloying elements (especially
Al), and plate-like precipitates of the C15 Laves phase inside the α-Mg solid solution.

Based on the research conducted and analysis of the results, the following conclusions
were formulated:

1. Increasing the Ca concentration in Mg-Al-Sr alloys causes a decrease in the volume
fraction of the Mg17Al12 phase, the degree of supersaturation of the α-Mg solid solu-
tion, and the formation of Laves Ca-rich (Mg,Al)2(Ca,Sr) (C36) and (Mg,Al)2Ca (C14)
phases and Sr-rich (Al,Mg)4Sr and (Mg,Al)17Sr2 phases. For large Ca/Al concentra-
tion ratios, additional plate-like precipitates of the Al2Ca (C15) Laves phase appear
inside the dendrites of the α-Mg solid solution.

2. Alloys containing 1% Ca are characterized by good mechanical properties at ambient
temperature, but their creep resistance at 200 ◦C is insufficient. Increasing the Ca content
to 3% causes a decrease in mechanical properties at ambient temperature while achieving
satisfactory creep resistance at 200 ◦C. The most favorable mechanical properties at
ambient and elevated temperatures are achieved by the AXJM93 alloy (Rm = 149 MPa,
Rp0.2 = 102 MPa, A = 2.5%, creep properties at a temperature of 200 ◦C and at a stress
of 60 MPa—

.
ε ~10−9 1/s, ε = 0.64%), which can be used as a substitute for the EZ33

alloy due to its comparable mechanical properties at ambient temperature, slightly better
creep resistance at temperatures up to 200 ◦C, and lower density.

3. Factors contributing to the improvement in the creep resistance of Mg-Al-Ca-Sr alloys
at 200 ◦C include the following: solution strengthening caused by the dissolution of Al
and Ca in α-Mg, precipitation strengthening resulting from the presence of plate-like
precipitates of the Al2Ca (C15) phase with crystallographic orientation of the type

{111}C15‖(0001)α-Mg [01
-
1]C15 ‖[0

-
110] α-Mg, and the presence of high-melting Laves

phases in interdendritic areas. Conversely, the Mg17Al12 phase and the presence of
supersaturated α-Mg solid solution, in which the Al content significantly exceeds the
solubility limit of Al in Mg at 200 ◦C, exhibit an unfavorable effect on creep resistance.
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4. In the case of 1% Ca alloys, dislocation climbing was found to be the dominant creep
mechanism at 180 ◦C. In the 3% Ca alloys, the steady-state creep activation energy
(Qc) values indicate that creep deformation is controlled by pipe diffusion. Grain
boundary slip, which is a significant contributor to creep deformation in die-cast
Mg-Al-Ca-Sr alloys, plays a marginal role in sand-cast alloys due to the larger grain
size.
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[CrossRef]

17. Koltygin, A.V.; Bazhenov, V.E.; Belova, E.A.; Nikitina, A.A. Development of a magnesium alloy with good casting characteristics
on the basis of Mg-Al-Ca-Mn system, having Mg-Al2Ca structure. J. Magnes. Alloys 2013, 1, 224–229. [CrossRef]
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Elucidation of formation and transformation mechanisms of Ca-rich Laves phase in Mg-Al-Ca-Mn alloys. J. Alloys Compd. 2022,
928, 167–177. [CrossRef]
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Abstract: Poly(N-isopropylacrylamide) (PNIPAm) undergoes a sharp phase transition in
aqueous solutions at around 32 ◦C, which is called the lower critical solution temperature;
the tuning of the LCST of PNIPAm could be achieved by the copolymerization of N-
isopropylacrylamide (NIPAm) with other hydrophilic/hydrophobic monomers to regulate
the solvation state of PNIPAm and meet the requirements of possible applications. Herein,
a hydrophilic monomer, 2,3-dihydroxypropyl methacrylate (DHPMA), w introduced to
regulate the phase transition behavior of PNIPAm via free radical copolymerization. A
series of poly(N-isopropylacrylamide-co-2,3-dihydroxypropyl methacrylate) (P(NIPAm-co-
DHPMA)) was synthesized and characterized. The reaction kinetics were investigated in
detail. In this copolymerization, the reactivity ratios of DHPMA and NIPAm were found to
be 3.09 and 0.11, suggesting that DHPMA had greater preference for homopolymerization
than for copolymerization, while NIPAm had greater preference for copolymerization
than for homopolymerization. The phase transition temperature of P(NIPAm-co-DHPMA)
copolymers varied from 31 to 42 ◦C by controlling the content of DHPMA in the copolymers
from 0 to 58 mol%. Finally, the good cytocompatibility of P(NIPAm-co-DHPMA) was
confirmed. These results provide insights into designing thermo-responsive polymers with
suitable responsive behaviors that meet the requirements of different applications.

Keywords: poly(N-isopropylacrylamide); 2,3-dihydroxypropyl methacrylate; reaction
kinetics; reactivity ratio

1. Introduction

Thermo-responsive polymers drastically change their physicochemical properties
when the temperature reaches their phase transition temperatures, which has gained atten-
tion for applications in various fields [1]. Among these polymers, poly(N-isopropylacrylamide)
(PNIPAm) is one of the most popular and classic thermo-responsive polymers, with 57 years
of research history since the first systematic study of the phase diagram of PNIPAm was
reported by Heskins and Guillet in 1968 [2]. Its lower critical solution temperature (LCST)
had been identified to be approximately 32 ◦C in aqueous solutions [1–3], which is close
to the physiological temperature, attracting interest in biomedical fields. The molecular
chain of PNIPAm undergoes a coil-to-globule transition [4] driven by entropy changes in
aqueous solutions in response to the increase in temperature, which transitions through
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the LCST [5,6]. These microscopic changes lead to the aggregation of PNIPAm-based mate-
rials and finally result in clear changes in the macroscopic properties of PNIPAm-based
materials such as volume shrinkage [7], a decrease in light transmittance [8], conductivity
changes [9], and a decrease in hydrophilicity [10]. Based on these fascinating properties,
PNIPAm-based materials have been developed in biosensing [11,12], drug delivery [13,14],
and tissue engineering [15,16].

The different requirements for thermo-responsive polymers in various applications
pose a challenge to develop novel thermo-responsive polymers with a rational design.
Copolymerization is a powerful strategy to build novel thermo-responsive polymers based
on known thermo-responsive polymers with on-demand phase transition behavior for
various applications [17–20]. Typically, hydrophilic comonomers increase PNIPAm sol-
vation, raising the phase transition temperature. In contrast, hydrophobic comonomers
reduce solvation, lowering the transition temperature [21]. However, the molecular inter-
actions between comonomers also play an essential role in the phase transition behavior
of the copolymer [5]. For example, 2-hydroxyethyl methacrylate (HEMA) is hydrophilic.
However, it decreases the phase transition temperature of PNIPAm due to the hydrogen
bond between the hydroxyl groups and carbonyl groups, which makes the copolymer
more hydrophobic [22]. Zhou et al. investigated the micro-dynamic mechanism of the
phase transition behavior of poly(N-isopropylacrylamide-co-2-hydroxyethyl methacrylate)
hydrogels and found that the breakage of the hydrogen bond between the carbonyl groups
of HEMA and water molecules as well as the breakage of hydrogen bonds between the
carbonyl groups of HEMA and the amide groups of NIPAm at low temperatures created
a hydrophobic environment in the hydrogel. This led to the breakage of the hydrogen
bonds between the amide group of NIPAm and water molecules at lower temperatures and
finally led to a lower phase transition temperature than PNIPAm [22]. The amide groups
of NIPAm and the hydroxyl groups of HEMA then formed hydrogen bonds with each
other [22]. Therefore, it is necessary to understand the regulation effect of comonomers
on the phase transition behavior of PNIPAm to develop novel PNIPAm-based polymers
on demand.

The reaction kinetics of copolymerization play an important role in optimizing the
polymerization process to obtain the copolymer required [23]. Kinetic parameters such as
the reactivity ratios of copolymerization are important to control the final structures of the
copolymer [24,25]. Mathematical fitting methods such as the Fineman–Ross method [26],
Tidwell–Mortimer method [27], and Kelen–Tüdös method [28], in combination with experi-
mental kinetic data, are used to determine the reactivity ratio.

2,3-Dihydroxypropyl methacrylate (DHPMA), otherwise known as glycerol
monomethacrylate [29], is a promising monomer in biomedical fields that has been used
in commercialized contact lenses [30,31] and has many studies in biosensing [32], cell
culture [33], and tissue engineering [34]. Its homopolymers have been recognized as a
potential candidate of poly(ethylene glycol) in biomedical fields because of its hydrophilic,
biocompatible, non-toxic, and potential stealth effect [25,33,35]. In contrast to HEMA,
DHPMA has one more hydroxyl group and has been found to increase the phase transition
temperature higher than PNIPAm after the reversible addition-fragmentation chain transfer
(RAFT) copolymerization of DHPMA and NIPAm [25]. Saldívar-Guerra et al. investigated
the reactivity ratios of DHPMA and other comonomers, including NIPAm, and found that
the reactivity ratio of DHPMA was 2.55, while the reactivity ratio of NIPAm was 0.11 [25].
However, the reactivity ratios of DHPMA and NIPAm remain to be confirmed due to
the existence of 22 mol% of a DHPMA isomer, 1,3-dihydroxypropyl methacrylate, in the
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previous report. The reaction kinetics of the free radical copolymerization of NIPAm and
DHPMA remained unexplored.

In this study, a series of poly(N-isopropylacrylamide-co-2,3-dihydroxypropyl methacry-
late) (P(NIPAm-co-DHPMA)) was synthesized via free radical copolymerization. The
chemical structure of P(NIPAm-co-DHPMA) was carefully confirmed by nuclear magnetic
resonance (NMR) spectroscopy. The reaction kinetics of the copolymerization were inves-
tigated using 1H nuclear magnetic resonance (1H NMR) spectra and elemental analyses.
The phase transition behavior of P(NIPAm-co-DHPMA) in an aqueous solution was evalu-
ated. As the results show, a series of poly(N-isopropylacrylamide-co-2,3-dihydroxypropyl
methacrylate) with different contents of NIPAm and DHPMA units were successfully
synthesized. The conversion and the reactivity ratios of the comonomers were produced.
These findings provide a design for P(NIPAm-co-DHPMA) copolymers with precisely
controlled phase transition behavior matching different criteria.

2. Materials and Methods

2.1. Materials

2,3-Dihydroxypropyl methacrylate (DHPMA) (95%; Beijing HwrkChemical Technol-
ogy Co., Ltd., Beijing, China) was further purified using vacuum distillation to ensure a
purity above 99% (confirmed by 1H NMR) before use. N-isopropylacrylamide (NIPAm)
(98%; Macklin, Shanghai, China) was recrystallized from n-Hexane (≥99.7%; Guangzhou
Chemical Reagent Factory, Guangzhou, China)/methylbenzene (≥99.7%; Guangzhou
Chemical Reagent Factory, Guangzhou, China) (50/50, v/v) via dissolution at 40 ◦C and
then cooled under refrigeration. 2,2′-Azobis(2-methylpropionitrile) (AIBN) (98%; Mack-
lin, Shanghai, China) was recrystallized from ethanol (≥99.7%; Guangzhou Chemical
Reagent Factory, Guangzhou, Guangdong, China) via dissolution at 50 ◦C and then cooled
under refrigeration. Anhydrous dimethyl sulfoxide (DMSO) (99.7%; Macklin, Shanghai,
China), copper(I) chloride (CuCl) (99%; Bidepharm, Shanghai, China), 1,4-dinitrobenzene
(98%; Sigma-Aldrich, Darmstadt, Germany), and deuterated dimethyl sulfoxide (DMSO-d6)
(99.9% with 0.03% TMS; Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA)
were used as received. The poly(methacrylic acid methyl ester) (PMMA) standard and
N,N-dimethylformamide (DMF; 99.8%) were products of Aladdin, Shanghai, China.

NIH 3T3 cells were a gift from the Hospital of Stomatology, Sun Yat-sen University.
High-glucose Dulbecco’s Modified Eagle Medium (DMEM; Gibco Life Technologies, Inc.,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco Life
Technologies, Inc., Grand Island, NY, USA) and 1% penicillin–streptomycin (Gibco Life
Technologies, Inc., Grand Island, NY, USA) was used as the culture medium for NIH 3T3
cells. A Cell-Counting Kit-8 (CCK-8) was obtained from Beyotime Biotechnology, Shanghai,
China. A Live/Dead Viability/Cytotoxicity Assay Kit for Animal Cells was obtained from
KeyGEN BioTECH, Nanjing, Jiangsu, China.

2.2. Synthesis of P(NIPAm-co-DHPMA)

P(NIPAm-co-DHPMA) was synthesized via free radical copolymerization. In a typical
reaction, 33.0 mmol of comonomers in total and 0.5 mol% AIBN (Table S1) were dissolved
in 30.0 mL DMSO in a Schlenk flask. The solution was first purged with nitrogen (99.99%)
for 30 min, followed by three vacuum/nitrogen purge cycles. Then, the flask was immersed
in a 70 ◦C water bath with magnetic stirring. At predetermined time points (set as 0, 10,
20, 30, 60, and 120 min), 200 μL of the reaction mixture was sampled and then mixed with
400.0 μL DMSO-d6 containing 72.0 μg CuCl and 3.0 mg 1,4-dinitrobenzene. The mixtures
were subjected to NMR measurements to determine the conversion of monomers at certain
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time points. After 2 h, the reaction was quenched in ice water and the reaction mixture
was dialyzed against deionized (DI) water in a dialysis tube (molecular weight cut-off
(MWCO) of 1000 Da) for 72 h with frequent changes of DI water. Finally, the dialysate was
lyophilized before characterization.

2.3. Structural Characterization

The chemical structure of the copolymerization product was investigated using NMR
spectroscopy. 1H NMR spectra, 13C nuclear magnetic resonance (13C NMR) spectra, distor-
tionless enhancement by polarization transfer (DEPT; θ = 135◦) spectra, 1H-1H correlation
(1H-1H COSY) spectra, and 1H-13C heteronuclear single quantum coherence (HSQC) spec-
tra were recorded using a Bruker Advance 400 spectrometer (Bruker, Billerica, MA, USA).
All NMR measurements were conducted using DMSO-d6 as the solvent and TMS as the
internal standard. The experimental settings of 1H NMR, 13C NMR, DEPT, 1H-1H COSY,
and HSQC were as follows:

For 1H NMR, the pulse sequence, relaxation delay, number of scans, and spectral size were
set as zg30, 1.00 s, 16, and 64 K, respectively. For 13C NMR, the pulse sequence, relaxation
delay, number of scans, and spectral size were set as zgpg30, 1.55 s, 3600, and 64 K, respectively.
For DEPT, the pulse sequence, relaxation delay, number of scans, and spectral size were set as
dept135, 1.00 s, 2048, and 64 K, respectively. For 1H-1H COSY, the pulse sequence, relaxation
delay, number of scans, and spectral size were set as cosygpdf, 1.00 s, 16, and (1024, 1024),
respectively. For HSQC, the pulse sequence, relaxation delay, number of scans, and spectral size
were set as hsqcedetgp, 0.9050 s, 16, and (1024, 1024), respectively.

2.4. Molecular Molar Mass

The molecular molar mass and polydispersity index (PDI) of the copolymerization
products were determined using gel permeation chromatography (GPC) on an Agilent 1260
high-performance liquid chromatography system (Agilent Technologies, Inc., Santa Clara,
CA, USA) with a Plgel 5 μm MIXED-C column (Agilent Technologies, Inc., Santa Clara, CA,
USA). DMF was selected as the eluent with a flow of 1.0 mL/min at 35 ◦C. A light-scattering
detector, a differential refractive index detector, and a viscometer were used to estimate the
molar mass of the product and the results were calibrated using PMMA standards. The
synthesized products were dissolved in DMF at a concentration of 1.0 mg/mL and filtered
through a 0.22 μm membrane for each GPC characterization.

2.5. Conversion of Monomers

The conversion of the monomers was determined using 1H NMR spectroscopy. Before
testing, the longitudinal relaxation times (T1) of NIPAm (δ = 5.54 ppm) and DHPMA
(δ = 5.67 ppm) were measured following the inversion recovery method using nonlinear
fitting with the following formula:

I(τ) = I(0) + Pexp(− τ

T1
) (1)

where τ is the relaxation time, I(τ) is the integral area of the peaks after a relaxation time of
τ, P is a constant, and T1 is the longitudinal relaxation time.

The T1 of 1,4-dinitrobenzene (δ = 8.46 ppm) from the literature was used in this study [36].
The value of the relaxation delay (D1) was decided by using the largest T1 of NIPAm (δ = 5.54
ppm), DHPMA (δ = 5.67 ppm) (Figure S1), and 1,4-dinitrobenzene (δ = 8.46 ppm).

For 1H NMR spectroscopy, the pulse sequence, D1, number of scans, and spectral size
were set as zg, 30 s, 32, and 64 K, respectively.
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1,4-dinitrobenzene was set as the internal standard compound and its characteristic
peak at 8.46 ppm was normalized as 1.00. The conversions of NIPAm and DHPMA
were calculated using the normalized peak areas of NIPAm (δ = 5.54 ppm) and DHPMA
(δ = 5.67 ppm) at different time points. The conversion of the monomers was calculated
using the following formulae:

αNIPAm,x =
ANIPAm,0 − ANIPAm,x

ANIPAm,0
× 100% (2)

αDHPMA,x =
ADHPMA,0 − ADHPMA,x

ADHPMA,0
× 100% (3)

αTotal,x =
ADHPMA,0 + ANIPAm,0 − ANIPAm,x − ADHPMA,x

ADHPMA,0 + ANIPAm,0
× 100% (4)

Here, αNIPAm,x, αDHPMA,x, and αTotal,x are the conversion of NIPAm, DHPMA, and total
monomers at x min, respectively. ANIPAm,0 and ADHPMA,0 are the normalized peak areas of
NIPAm (δ = 5.54 ppm) and DHPMA (δ = 5.67 ppm) at 0 min, while ANIPAm,x and ADHPMA,x are
the normalized peak areas of NIPAm (δ = 5.54 ppm) and DHPMA (δ = 5.67 ppm) at x min.

2.6. Composition of the Copolymer

The C/H/N and O contents in the copolymer were determined using a Vario EL
Cube (Elementar, Frankfurt, Germany) elemental analyzer and a Vario EL Cube CHNS/O
(Elementar, Frankfurt, Germany) elemental analyzer, respectively; each type of copolymer
was tested twice and the results were averaged (Table S2).

The molar ratio (F) of the DHPMA unit (d[M1]) and NIPAm unit (d[M2]) in the
copolymer were calculated using the following formula:

F = d[M1]/d[M2] = [([O]/16.00)/([N]/14.01)− 1]/4 (5)

Here, [O] and [N] are the mass fractions of elements O and N in the copolymer,
respectively.

2.7. Reactivity Ratios

After an 8 min reaction, samples were collected and quenched immediately to termi-
nate the polymerization and calculate the reactivity ratios. The conversions of monomers
were quantified to be less than 10% using the 1H NMR method. The composition of the
copolymer was calculated using the elemental analysis results (Table S2). The reactivity
ratios of NIPAm and DHPMA were calculated using the Fineman–Ross method [26]. The
concentration ratio (f ) of DHPMA ([M1]) and NIPAm ([M2]) was ascertained as follows:

f =
ADHPMA,x

ANIPAm,x
(6)

The molar ratio (F) of the DHPMA unit (d[M1]) and NIPAm unit (d[M2]) in the
copolymer was calculated using the content of element N and element O obtained from the
elemental analysis.

The reactivity ratios of DHPMA (r1) and NIPAm (r2) were obtained by a linear fitting
with the following equation:

f (F− 1)/F = f 2/F× r1 − r2 (7)
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Sequence length distributions of NIPAm and DHPMA in the copolymer were calcu-
lated using the following formulae:

N(DHPMA)x = (
r1

r1 + 1/A
)

x−1
(

1
r1 A + 1

) (8)

N(NIPAm)x = (
r2

r2 + A
)

x−1
(

1
r2/A + 1

) (9)

where x represents the sequence length of the xDHPMA sequence (NIPAm-DHPMAx-NIPAm)
or xNIPAm sequence (DHPMA-NIPAmx-DHPMA) in the copolymer and N(DHPMA)x and
N(NIPAm)x represent the percentage of each sequence length in the DHPMA sequence and
NIPAm sequence, respectively. A represents the theoretical feeding ratios of DHPMA and
NIPAm ([DHPMA]/[NIPAm]).

2.8. Cloud Point

To determine the phase transition temperature of the copolymer, the transmittance
of 0.2 wt% P(NIPAm-co-DHPMA) in deionized water was recorded at 500 nm in the
temperature range of 25 ◦C to 50 ◦C with a step of 0.5 ◦C using a 721 Visible Spectrometer
(Tianjin Taisite Analytical Instrument Co., Ltd., Tianjin, China). The cloud point (Tcp) was
defined as the temperature corresponding with the midpoint of the transmittance. The
phase transition range was defined as the temperature region where the transmittance
decreased. Triplicate samples were measured for each step.

2.9. In Vitro Cytotoxicity

To assess the cytotoxicity of P(NIPAm-co-DHPMA), 5 × 103 NIH 3T3 cells in 100 μL
of the culture medium were seeded in each well of a 96-well plate and incubated at 37 ◦C
in a 5% CO2 atmosphere for 24 h; then, the culture medium was replaced by 100 μL of a
fresh medium containing P(NIPAm-co-DHPMA) at various concentrations (10 mg/mL and
0 mg/mL (Control group)) and the cells were incubated for another 24 h. Subsequently,
the culture medium was replaced by 110 μL of a fresh medium containing 10 μL of the
CCK-8 solution and incubated for an additional 1 h, then the absorbance of each well at
450 nm was measured using an AMR-100 microplate reader (Allsheng Instruments Co.,
Ltd., Hangzhou, China); five duplicates were measured for each group. The cell viability
was calculated according to the following formula:

Cell viability% = (Asample − Abackground)/(Acontrol − Abackground)× 100 (10)

The data were then analyzed via a one-way ANOVA with Tukey’s post hoc test using
OriginPro 2024. The difference between each group was considered to be statistically
significant at p < 0.05.

Calcein-AM/PI staining was used to observe the live and dead cells after co-culture with
P(NIPAm-co-DHPMA). Briefly, NIH 3T3 cells were seeded in a 24-well plate at a density of 5
× 104 cells per well. The cells were incubated in 1.0 mL of the culture medium in a 5% CO2

atmosphere at 37 ◦C for 24 h. Then, the culture medium was replaced by 1.0 mL of fresh
medium containing P(NIPAm-co-DHPMA) (10 mg/mL and 0 mg/mL (Control group)). The
cells were incubated for another 24 h. Subsequently, the cells were stained and observed under
an Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan).
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3. Results and Discussion

3.1. Chemical Structure of the Copolymers

Before copolymerization, DHPMA was vacuum-distilled and the structure was
confirmed by 1H NMR (Figure S2). Generally, DHPMA contains minor isomers, 1,3-
dihydroxypropyl methacrylate, because the isomerization reaction of DHPMA continues
to occur during storage, which involves the migration of the ester group [37,38]. The
equilibrium levels of DHPMA and 1,3-dihydroxypropyl methacrylate have been reported
to be 90% and 10%, even as monomer units in the polymer [37,38].

A series of P(NIPAm-co-DHPMA) copolymers with different feeding ratios were
synthesized using free radical copolymerization and were named PND 8-2, PND 7-3, and
PND 6-4, respectively. Their chemical structures were confirmed by 1H NMR and 13C
NMR spectra (Figures 1a,b and S3). The attribution of the peaks in the 1H NMR and
13C NMR spectra was evidenced by DEPT, 1H-1H COSY, and HSQC spectra (Figure 1c–e;
Tables S3 and S4) and are summarized in Table 1.

Table 1. Chemical shifts and their attribution from the 1H NMR and 13C NMR spectra of the PND
7-3 copolymer.

1H NMR 13C NMR

Chemical Shift [ppm] Attribution Chemical Shift [ppm] Attribution

7.38 1H, –NH– [39] 176.44 C=ODHPMA
4.99 1H, –CH2–CH–OH 173.88 C=ONIPAm
4.74 1H, –CH–CH2–OH 69.56 –CH2–CH–OH
3.90 2H, –O–CH2– 66.17 –O–CH2–
3.83 1H, –CH–(CH3)2 63.11 –CH–CH2–OH
3.70 1H, –CH2–CH–OH 60.04 –CH(CH2OH)2
3.54 –CH(CH2OH)2 45.33 –C(CH3)–CH2–
3.40 2H, –CH–CH2–OH 41.81 –CH–CH2–
1.91 1H, –CH–CH2– 40.31 –CH–(CH3)2
1.40 2H, –CH–CH2– 22.72 –CH–(CH3)2
1.04 3H, –CH–(CH3)2 22.45 –CH–CH2–
0.85 3H, –C–CH3 17.52 –C–CH3

The carbon atom of methyne (f’) was located at 76.37 ppm in 13C NMR, while the proton of
methyne (f’) was located in the 4.61–4.83 ppm region in 1H NMR and was covered by the signal
of other peaks [40]. The peaks of the 1,3-dihydroxypropyl methacrylate units in the copolymers
were weak compared with the NIPAm and DHPMA units, indicating that the main chemical
structure of P(NIPAm-co-DHPMA) comprised NIPAm units and DHPMA units.

 

  
 (a) (b) 

   
(c) (d) (e) 

Figure 1. Structure of PND 7-3 copolymer: (a) 1H NMR, (b) 13C NMR, (c) HSQC, (d) 1H-1H COSY,
and (e) DEPT spectrum (135◦; red) vs. 13C NMR (gray).
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The molecular molar mass and distribution of synthesized copolymers were deter-
mined using GPC measurements (Figure S4). The number average molar mass (Mn) and
PDI were dependent on the feeding ratio of DHPMA/NIPAm (Table S5). When the feeding
ratio increased from 2/8 to 3/7 (DHPMA/NIPAm), Mn increased from 57,820 g/mol to
234,160 g/mol, while PDI decreased from 3.79 to 1.82. Further increasing the feed ratio to
4/6 led to a decrease in both Mn (217,880 g/mol) and PDI (1.66).

3.2. Kinetics of Copolymerization

The kinetics of copolymerization were monitored using 1H NMR spectroscopy and
elemental analyses. In this work, DHPMA contained 10% 1,3-dihydroxypropyl methacry-
late after purification. The investigation of the copolymerization of NIPAm and DHPMA
at this DHPMA purity was suitable for guiding the industrial production of materials.
Based on the T1 value of DHPMA (δ = 5.67 ppm), NIPAm (δ = 5.54 ppm) (Figure S1), and
1,4-dinitrobenzene (δ = 8.46 ppm), the value of D1 = 30 s was used to obtain 99% of the
equilibrium magnetization [41].

The conversion of monomers was calculated based on the integral of the peaks of
the characteristic protons of monomers in the 1H NMR spectra at different copolymer-
ization times (Figures 2a–c and S5–S7). After a 2 h reaction, the conversion of DHPMA
reached over 90%, while the conversion of NIPAm was over 60%. The consumption of
DHPMA was much faster than NIPAm, suggesting that the DHPMA content in the formed
copolymers was higher at the beginning of copolymerization and decreased as the reaction
progressed. The total conversion of the comonomers decreased from 94% to 77% when
the DHPMA/NIPAm feeding ratio increased from 2/8 to 4/6, suggesting that the reaction
rate of copolymerization decreased with an increase in the DHPMA/NIPAm feeding ratio.
At a DHPMA/NIPAm feed ratio of 2/8, the conversion of DHPMA reached 100%; that of
NIPAm reached approx. 60% after one hour’s reaction, suggesting the homopolymerization
of NIPAm happened after the complete consumption of DHPMA.

A Fineman–Ross plot was harnessed to derive the reactivity ratios of the comonomers
based on the conversion of monomers and the composition of products after an 8 min
copolymerization (Figures 2d and S8 and Table S6). All the conversions of the comonomers
were confirmed to be no more than 10% after 8 min of copolymerization by 1H NMR.
The reactivity ratio of DHPMA was 3.09, suggesting that DHPMA had greater prefer-
ence for homopolymerization than for copolymerization. The reactivity ratio of NIPAm
was 0.11, indicating that NIPAm had greater preference for copolymerization than for
homopolymerization. DHPMA has previously been reported to contain minor isomers,
1,3-dihydroxypropyl methacrylate. The reactivity ratio of DHPMA obtained in this work
was higher than the value of 2.55 previously reported [25], based on unpurified DHPMA
(purity of only 90%). The reactivity ratios of DHPMA and 1,3-dihydroxypropyl methacry-
late have been reported to be 0.7 and 1.6, respectively [42]. Therefore, the different values of
the reactivity ratio of DHPMA could be attributed to either the lower purity of the starting
materials or the actually lower content of 1,3-dihydroxypropyl methacrylate in this work.
These results suggest that DHPMA with a lower minor isomer ratio had a higher preference
for homopolymerization during the copolymerization of NIPAm and DHPMA.

Based on the reactivity ratios, one could calculate the instantaneous sequences for a
copolymer system [25] (Figure 3). The most abundant DHPMA sequence was the NIPAm-
DHPMA-NIPAm sequence (Figure 3a). The percentage of the NIPAm-DHPMA-NIPAm
sequence decreased from 56.42% to 32.68% with an increase in the DHPMA/NIPAm feeding
ratio from 2/8 to 4/6, while the percentage of other DHPMA sequences increased. The
most abundant NIPAm sequence was the DHPMA-NIPAm-DHPMA sequence (Figure 3b).
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The percentage of the DHPMA-NIPAm-DHPMA sequence increased from 69.44% to 85.84%
with an increase in the DHPMA/NIPAm feeding ratio from 2/8 to 4/6, while the percentage
of other NIPAm sequences decreased.

  
(a) (b) 

  

(c) (d) 

Figure 2. Kinetics of copolymerization. Conversion of (a) PND 8-2, (b) PND 7-3, and (c) PND 6-4
groups. (d) Fineman–Ross plot.

3.3. Phase Transition Behavior

The phase transition behavior of the P(NIPAm-co-DHPMA) aqueous solution was
investigated at a macroscopic level using the cloud point method. The P(NIPAm-co-
DHPMA) aqueous solution turned from clear to turbid upon increasing the temperature to
Tcp, exhibiting characteristic LCST behavior (Figure 4). The Tcp of P(NIPAm-co-DHPMA)
increased from 33.0 ◦C to 42.1 ◦C, with the DHPMA content increasing from 34.21 mol% to
57.98 mol% (Table 2), and was higher than PNIPAm (31.1 ◦C; this work). The molecular
structure of a DHPMA unit comprises two hydroxyl groups and one ester group, which
can form more hydrogen bonds compared with NIPAm. Therefore, P(NIPAm-co-DHPMA)
could form more hydrogen bonds compared with PNIPAm. From the perspective of
thermodynamics, the increase in hydrogen bonds between the polymers increased the
value of negative mixing enthalpy (|ΔHmix|) and then increased the phase transition
temperature, which turned the Gibbs energy of mixing (ΔGmix) from negative to positive [5].
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(a) (b) 

Figure 3. Sequence length distribution for the copolymerization of NIPAm and DHPMA at different
feeding ratios. The vertical axis represents the percentage of the sequence length for (a) DHPMA and
(b) NIPAm. A sequence length longer than 10 existed, but the percentage of these sequences was less
than 2%.

 
Figure 4. Phase transition behavior of P(NIPAm-co-DHPMA).

Table 2. The Tcp and phase transition range of the copolymers.

Polymer Name
Feeding Ratio

([M1]/[M2])
DHPMA

Content [mol%]

Phase
Transition
Range [◦C]

Tcp [◦C]

PNIPAm 0 0 30.0–32.5 31.1
PND 8-2 0.25 34.21 30.0–40.0 33.0
PND 7-3 0.43 45.65 32.0–43.5 36.5
PND 6-4 0.67 57.98 38.5–50.0 42.1

Compared with reversible addition-fragmentation chain transfer copolymeriza-
tion [25], the copolymer synthesized using free radical polymerization had a higher PDI
because of uncontrollable polymerization. Therefore, the products of free radical copoly-
merization in this work comprised a series of molecular chains with different DHPMA
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contents, which finally led to a wider phase transition range [43]. These findings provide
a one-step method to fabricate a thermo-responsive polymer for a specific temperature
range, which has potential application in biomedical fields. For example, the photothermal
treatment temperature can be controlled by the transmittance of a temperature response
coverage device [44].

3.4. In Vitro Cytotoxicity

To evaluate the cytocompatibility of P(NIPAm-co-DHPMA), NIH 3T3 cells were co-
cultured with the copolymer for 24 h and stained. Almost no dead cells were detected at
concentrations up to 10 mg/mL, and no difference in the cell morphology was observed
compared with the Control group (Figure 5a–c). The cell viability in the presence of
P(NIPAm-co-DHPMA) was above 80% for all studied copolymers and showed no significant
difference between the Control group and experimental groups (Figure 5d). These results
suggested the good cytocompatibility of the synthesized P(NIPAm-co-DHPMA).

  
(a) (b) 

  
(c) (d) 

Figure 5. In vitro cytotoxicity of P(NIPAm-co-DHPMA). Live/Dead staining of (a) Control group,
(b) PND 7-3, and (c) PND 6-4. Scale bar: 100 μm. (d) Cell viability. * p < 0.05; NS: no significance.

4. Conclusions

In this work, DHPMA with 10% isomers was used to regulate the phase transition
behavior of PNIPAm. A series of thermo-responsive copolymers (P(NIPAm-co-DHPMA))
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were synthesized via free radical copolymerization. Characterizations of the copolymeriza-
tion process and products were carried out, and the following findings were obtained:

• The reaction kinetics of the free radical copolymerization of NIPAm and DHPMA
were investigated. After two hours’ copolymerization, the conversion of DHPMA and
NIPAm reached at least 90% and 60%, respectively. The reactivity ratios of DHPMA
and NIPAm were 3.09 and 0.11, respectively. DHPMA with a lower isomer content
had a higher preference for homopolymerization.

• The NIPAm-DHPMA-NIPAm and the DHPMA-NIPAm-DHPMA sequences were the
most abundant in the copolymer, suggesting a preferred random distribution of the
two structural units in the main chain of the copolymer.

• The cloud point of P(NIPAm-co-DHPMA) increased from 31 to 42 ◦C with an increase
in the content of DHPMA from 0 to 58 mol%; these copolymers exhibited a wide phase
transition temperature range.

• Finally, the good cytocompatibility of P(NIPAm-co-DHPMA) copolymers was confirmed.
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Abstract: This study focuses on preparing piezoelectric polyvinylidene fluoride (PVDF)
nanocomposites reinforced with silver nanoparticles (AgNPs) using an electrospinning
process. The aim of this study is to assess AgNPs’ influence on the piezoelectric properties
of PVDF and, therefore, create an optimal piezoelectric composite with enhanced properties,
enabling its application in various fields both as sensor and actuator. Because electrical
stimuli have proven to have a positive influence in tissue engineering, combined with
AgNPs, which have antimicrobial properties, these composites demonstrate a promising
opportunity for application as biomedical scaffolds. The proposed scaffolds were character-
ized by scanning electron microscopy, energy-dispersive X-ray spectroscopy and Fourier
transform infrared spectroscopy. In addition, mechanical properties are studied through
tensile tests, while piezoelectric response is measured on an in-house built setup coupling
mechanical stimuli and electrical response monitoring. An experimental test was combined
with numerical simulations through the COMSOL Multiphysics version 6.3 software pack-
age, and this paper also presents a short review of the numerical and analytical methods
used for the modelling and simulation of piezoelectric composites.

Keywords: PVDF/AgNP composite nanofibers; silver nanoparticles (AgNPs); piezoelectricity;
electrospinning; numerical modelling

1. Introduction

Poly(vinylidene fluoride) (PVDF), a piezoelectric polymer, has been extensively stud-
ied for usage in sensor and actuation applications [1,2]. Its piezoelectric properties make it
particularly suitable for converting mechanical stress and strain into electrical energy, mak-
ing it valuable for various energy harvesting applications [3,4]. In recent years, research
has focused on polar polymers that exhibit piezoelectric, pyroelectric and ferroelectric
properties, including PVDF, copolymers of trifluoroethylene and vinylidene fluoride and,
as well as aromatic properties, including polyurethanes, vinyl cyanide and acetate, and
nylons [5]. PVDF can exist in multiple crystalline phases (α, β, γ, δ and ε), but only the β

phase possesses piezoelectric, pyroelectric and ferroelectric characteristics [6–9] suitable for
energy harvesting applications.
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In order to fabricate PVDF with a high β-phase fraction, certain challenges need to
be addressed. The most common method to enhance the β-phase fraction in PVDF is
mechanical stretching, which promotes transformation from the α phase [8,10,11]. This
transition is also highly affected by the temperature and stretching ratio, which, in turn, im-
pact the degree of crystallinity and microstructure, ultimately influencing the macroscopic
properties of said material. PVDF’s fabrication, polymerization and process parameters can
also affect the formation of certain phase contents [12]. Various fabrication methods have
been investigated, including electrospinning, solution casting, spin coating, hot pressing,
self-poling, melt blending, soft lithography and additive manufacturing techniques such as
3D printing and solvent evaporation-assisted 3D printing [2,4,13,14].

Electrospinning, as a fabrication method, employs mechanical stretching of a liquid
solution droplet under a high electric field to produce long nanofibers [15,16]. Both the
stretching process and the applied electric field facilitate dipole alignment in PVDF, leading
to a higher β-phase fraction in the resulting nanofiber mats [17–19].

Adding fillers into the PVDF matrix is proven to increase electroactive phase content
in PVDF, as well as mechanical properties. This fillers include barium-titanate (BaTiO3) [20],
Graphene Oxide (GO) [21], silver nanoparticles (AgNPs) [22–24], zinc oxide (ZnO) 25], etc.
In addition, silver nitrate (AgNO3) is a well-known antimicrobial agent that inhibits the
growth of microbes; it has proven antimicrobial and anti-cancer effects due to its release of
silver ions (Ag+) that disrupt the membranes of cancer cells and microorganisms [2].

Ag’s proven cytotoxic effect on cancer cells combined with PVDF piezoelectric proper-
ties paves the way for the development of smart, multifunctional materials for biomedical
applications such as cancer treatment [2]; tissue engineering for orthopedics [25,26] and
wound healing [27]; and biomedical sensors [28]. In our previously published paper [2], we
proved that PVDF/AgNPs nanomats show both a prominent effect on the MDA-MB-231
breast cancer cell line and non-toxicity on the healthy MRC-5 cell line, as well as antibacte-
rial activity against S. aureus and P. aeruginosa at Ag contents of 0.3% Ag, which was one of
the reasons why we choose to test PVDF + 0.3% AgNPs in this work.

Fourier transform infrared spectroscopy (FTIR) is an effective method for the charac-
terization of electroactive phases in PVDF [2,12,29]. In addition, Raman spectroscopy [12]
and X-ray diffraction [10] are also utilized for the same purposes.

In order to measure piezoelectric response, various methods are reported in the litera-
ture since there are no established experimental methods for measuring all piezoelectric
properties of a material. Piezoelectric Force Microscopy (PFM) is based on deformation
induced by voltage on piezoelectric structures; this method can be compared to Atomic
Force Microscopy (AFM) [30]. Generally, piezoelectric properties can be determined us-
ing commercially available equipment, but many researchers build their own in-house
equipment, such as impedance analyzers [31], or run simulation measurements of me-
chanical load and electrical voltage [32] or mechanical strain and voltage in quasi-static
conditions [33] or under frequent load conditions [21,23,34]. In addition, some authors
reported testing piezoelectric nanomats under stochastic test conditions simulating those
found in nature [20].

Modelling and simulating piezoelectric composites’ piezoelectric response is currently
cutting-edge research [20,32,35] focused on establishing methods for easier design and
the prediction of material behaviour to tailor it for specific purposes. A short review of
numerical and analytical methods will be presented in the next chapter.

In this study, the linear electroelastic behaviour of piezoelectric composites was inves-
tigated by applying FEM modelling, where previously experimentally obtained material
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properties are utilized. For this purpose, COMSOL Multiphysics version 6.3 software
was used.

2. Numerical and Analytical Modelling of Piezoelectric Composites

Computational models of piezoelectric composites have been developed and studied
to support different aspects of real case applications, as previously listed [36–40]. Each of
the specific applications focuses on some of the available properties of the piezoelectric ma-
terial, such as maximizing the output voltage or power. Hence, it is necessary to optimize
the composite structure and performance in order to provide necessary material property
for a specific application. Experimental procedures for adjusting the composite properties
are tedious and long-lasting. These experiments often lack precise predictability, particu-
larly in the absence of the physical analytical laws for the complex material structures. As a
result, numerous repetitions of the experimental samples and corresponding tests are typi-
cally required. Computational models and related simulations of the material performance
under various conditions have immensely shortened the time for material discoveries.
They also provide more comprehensive understanding of the associated phenomena in
material behaviour, thus justifying efforts engaged in developing new material models
and new methods in simulating their behaviour. This is extremely important especially for
conditions that cannot be easily set up in a real lab environment, such as mimicking human
tissue environments. However, the complexity of possible piezoelectric composite struc-
tures, together with simultaneous coupling of different influential conditions, represents a
significant challenge in the development of the computational models.

Theoretical analytical and mathematical models, very often physics-based models,
are the foundation for the development of modern computational modelling and simula-
tions, including AI-based predictions for material behaviour. Some of the first theoretical
frameworks for the prediction of properties of piezoelectric composites with different rein-
forcements were reviewed in [36], together with the introduction of connectivity theory by
Newnham [41], where different standard types of connections between the reinforcement
and matrix were suggested, to distinguish different types of piezoelectric composites where
0-3, 1-3, 3-3 and 2-2 composites are amongst the most utilized ones. These defined con-
nectivity patterns further enable the definition of series and parallel models that represent
connections between piezoelectric composite layers or reinforcing fibres and particles, thus
enabling well-defined approximations in numerical models. In the case of PVDF-based
composites, 0-3, 1-3, 3-3 and 2-2 connectivity patterns are of interest. The coupled behaviour
present in piezoelectric composites, originating from mechanical and electrical influences,
has been a subject of many works, also by introducing specific boundary conditions.

In general, micromechanics models were first used for the modelling of piezoelectric
materials, and they are still the most significant theoretical models [36]. The four most
prominent micromechanics models for piezoelectric composites are as follows [36,40]:

1. The dilute approximation;
2. The self-consistent method;
3. The Mori–Tanaka mean field method;
4. The differential scheme.

More detailed categorisation of the existing material models used in the modelling of
piezoelectric behaviour are given in [40]. This very recent review presented the latest devel-
opments of the numerical methods for piezoelectric composites, including homogenization
methods [40].

Modelling of the piezoelectric composites, according to the specific approach, can be
categorized as follows [40]:
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5. Analytical models:

a. Micromechanics models based on averaging material properties through the
constituent phases and with different types of connectivity, where 0-3 represents
the random dispersion of elements within the composite that have isotropic
properties; 1-3 represents structures with fibres where one observed phase can
be connected through series (meaning constant properties within the composite)
or parallel connections (where weights are calculated); and 3-3 connectivity
represents the 3D distribution of elements, but, unlike the 0-3 type, it has a
somewhat arranged orientation and alignment of the phases. However, these
models cannot capture localized behaviour within small domains due to the
averaged properties, such as commonly appearing fluctuations in properties
(both mechanical and electrical) within the small domains in different phases
and along their interfaces.

b. Models based on Eshelby equations:

i Dilute approximation models;
ii Mori–Tanaka-based models;
iii Extended Mori–Tanaka models, such as Mori–Tanaka–Eshelby models;
iv Self-consistent models and their extended models;
v Extended rule of mixture models.

c. Models based on asymptotic homogenization (or periodic homogenization).

6. Numerical models or Finite Element (FE) models, which use representative volume
elements (RVEs) throughout the 3D volumetric space of the composite for the calcula-
tion of composite properties and responses to external influences, where the definition
of the size and shape of RVEs essentially determines the model validity. FEMs can
capture localized behaviour to some degree, depending on the defined RVEs, with
several established approaches, also related to the computational resources needed
for calculations:

a. Linear FE models (usually for elastic behaviour or small deformations);
b. Nonlinear FE models (large deformations, elasto-plastic material or nonlinear contacts);
c. The representative volume element method;
d. The theory of periodic boundary conditions;
e. Calculation methods for the effective coefficients;
f. Optimization of piezoelectric behaviour with different possible methods, such

as the Discrete Material Optimization (DMO) method.

However, the accuracy of each model is closely related to the defined boundary condi-
tions that, on the other hand, strongly depend on the observed specific application case.
The developed micromechanics models are also used for the calculations of the effective
composite properties, such as the effective elasticity modulus, effective piezoelectric cou-
pling coefficients and dielectric coefficients. Each of the currently existing models have
certain limitations for use. For example, the self-consistent method is not suitable for
composites where there is a large difference in the moduli of the matrix and reinforcements.
The number of reinforcements, or their volume fractions, have a very significant influence
on the model accuracy. For example, the Mori–Tanaka and dilute methods are relevant
methods for volume fractions lower than 20%.

The Mori–Tanaka method utilizes averaged stress and strain, strain concentrations in
the reinforcements that are dependent on the plastic domain within the material microstruc-
ture, strain and load distribution in the plain, electrostatic field and the overall shape of the
studied sample [42]. The dilute model assumes that there is a large space and no interac-
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tions between the reinforcement inclusions. Hence, it can be assumed that concentration
tensors in reinforcements can be observed as independent of their volume fractions, which
also means that this method is not suitable for high volume fractions. Determination of
the concentration tensor fields can be performed in different ways, such as using Green’s
function [43]. The differential method deals with nonlinear problems, thus requiring large
amounts of computational resources for solving ordinary differential equations. When con-
sidering computational resources and explicit solutions for the effective material properties,
the Mori–Tanaka and dilute methods stand out for their easy use and are very often used
in material modelling in general, including piezoelectric composites [38–40].

A summary of the advantages and limitations of different modelling approaches is
given in Table 1.

From a theoretical point of view, it is possible to design PVDF-based piezoelectric compos-
ites with different connectivity patterns, as defined by [41]. However, in real case applications,
reinforcements in the form of continuous long unidirectional fibres, or as nano and micro
particles and their hybrid structural forms, are among the most commonly used composites.
They can be efficiently represented by 0-3, 1-3 and 2-2 types of connections within the two-phase,
three-phase and multi-phase composites, including porous structures.

Table 1. Summary of advantages and limitations of different modelling approaches.

Model Type Advantages Limitations

Micromechanics Models

- Estimate effective properties based on
constituent phases and connectivity
types (0-3, 1-3, 3-3).

- Simple and efficient for
initial approximations.

- Averaging approach may not capture
localized behaviours.

- Cannot model property fluctuations
at small scales, such as
phase interfaces.

Models Based on Eshelby’s Equations

- Provide detailed predictions of
inclusion effects on overall
composite properties.

- Suitable for modelling different
volume fractions and shape effects.

- Limited by assumptions about
phase interactions.

- Accuracy depends on inclusion shape
and volume fraction approximations.

Dilute Approximation Models

- Simple and computationally efficient.
- Works well for low volume fractions

of inclusions (assumes
weak interactions).

- Provides explicit expressions for
electroelastic moduli.

- Assumes that inclusions do not
interact, making it unreliable for
higher volume fractions.

- Fails to account for stress and strain
interactions between inclusions.

Mori–Tanaka-Based Models

- More accurate than the dilute
approximation for moderate
inclusion concentrations.

- Provides explicit estimates for
effective electroelastic moduli.

- Works well for aligned inclusions in a
dominant matrix phase.

- Assumes uniform stress/strain fields
in inclusions, which may not always
be realistic.

- Assumes that the matrix phase
dominates the response, making it
less reliable for composites with a
high inclusion fraction.

- Does not always predict transverse
moduli accurately.

Extended Mori–Tanaka Models (e.g.,
Mori–Tanaka–Eshelby)

- Incorporates Eshelby’s solution for a
more precise estimation of
inclusion effects.

- Limited in capturing strong
interactions between phases.
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Table 1. Cont.

Model Type Advantages Limitations

Self-Consistent Models

- Suitable for composites with
moderate inclusion volume fractions.

- Captures some level of
phase interaction.

- Incorporates interaction effects
among inclusions.

- Provides more realistic predictions
compared to the
dilute approximation.

- More complex and computationally
intensive than simpler models.

- Results in an implicit nonlinear
algebraic matrix equation for
electroelastic moduli, requiring
numerical solutions.

- Becomes inaccurate when there is a
large contrast in the properties of the
matrix and inclusions.

Extended Rule of Mixture Models

- Offers a more refined approach to
account for phase interactions.

- Bridges the gap between simple rule
of mixtures and
micromechanics models.

- Relies on approximations and
assumptions about phase behaviour.

Models Based on Asymptotic
Homogenization (or Periodic

Homogenization)

- Can capture periodic
microstructure effects.

- More accurate for composites with
ordered phase distribution.

- Computationally demanding.
- Requires periodicity assumption,

limiting applicability to
random structures.

Differential Scheme

- Capable of modelling a wide range of
inclusion volume fractions.

- More accurate than Mori–Tanaka for
high inclusion concentrations.

- Accounts for gradual changes in
material properties as more
inclusions are added.

- Computationally demanding due to
the need to solve 81 coupled
nonlinear differential equations.

- Requires iterative
numerical integration.

Other micromechanics models have also been developed and studied, including the
very recent approach of using artificial intelligence (AI) for material simulations [44,45].
Different analytical solutions have been implemented in the existing micromechanics mod-
els, considering different boundary conditions, to achieve the coupling of the mechanical
and electrical phenomena in piezoelectric materials and determine effective composite
properties [36,46]. Rigorous boundary conditions are still subject to research [40].

Material models can be further used to predict material behaviour, such as the recent
mathematical model for the prediction of the harvested energy by piezoelectric compos-
ites [47]. This model can enable the study of different compositions for the optimal material
design to suit the intended application. The recent approach focused on damage mechanics
through phase-field modelling what is valuable for designing flexible piezoelectronics
for a range of applications [48]. These models are relevant for large deformations and
can capture nonlinear behaviour, which is a profoundly important property of PDVF-
based piezoelectric composites that exhibit large failure strains [49]. Phase-field modelling
uses thermodynamic principles together with kinetics and required input data about the
microstructure to be able to predict microstructural evolution during the functional piezo-
electric behaviour. Phase-field models employ Allen–Cahn and Cahn–Hilliard equations
to include the interfaces between the different phases with the composite microstruc-
ture [50,51].

There are continuous efforts to upgrade FEM methods, focusing on better efficiency
with lower computational resources needed for data processing [52]. Two-dimensional
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discretization within a single layer is a common FEM approach, but it lacks sufficient
accuracy in simulation piezoelectric behaviour, especially for thick composites. Hence,
3D models and new FE models have been developed, often using combinations of 2D
methods for mechanical displacements with 3D layerwise-like approximation for the
electric potential field that can be used for both thin and moderately thick composites [53].

In 2D models, the distribution of the electric potential through the thickness of the
composite is usually assumed to be constant, which can result in larger differences between
the model and experimental results in the case of electrospun PVDF-based nanocomposites.
Very fine discretization of the thickness can capture nonlinear behaviour and, together
with carefully considered electric boundary conditions, the model can be designed with
a moderate number of field variables to not require excessive computing power [53].
Commonly assumed linear or constant electric potential fields through the composite
thickness can result in numerical solutions (for mechanical displacement and electric
potential) that do not converge to the same exact solution, even with a finer meshing [53].

Currently developed 3D FEM models of piezoelectric composites use 3D representative
volume elements (RVEs), are suitable for modelling thick piezoelectric structures and,
often, can provide the exact solutions through solving the constitutive equations in three-
dimensional space under certain prescribed boundary conditions (both the mechanical
and electrical boundary conditions) [54]. If focusing on the lower computational resources
with retained accuracy, layerwise theory has been used for composites that exhibit laminar
structures [53].

Some recent models have combined FEM modelling with extended
Eshelby–Mori–Tanaka micromechanics models for determining effective composite proper-
ties [54,55]. This model suggests that large piezoelectric coefficients, with low values of
mechanical elastic compliance and low dielectric permittivity, are the best combinations for
achieving high energy conversion efficiency in the case of energy harvesting applications
using flexible piezoelectric composites. Another approach in FEM modelling has utilized
Hamilton’s variational principle in the specific cases of plates and beams [56]. Coupling
of the electric potential with mechanical displacements represents a complex task in 3D
FEM modelling and is still under investigation, whereas the definition of the appropriate
RVEs has the most profound effects on the model accuracy. In the case of a polymer
matrix reinforced with nanostructures such as nanotubes, molecular interactions play a
detrimental role and traditional continuum mechanics cannot be used for modelling, with
new approaches suggested through the introduction of an effective continuum fibre that
can be further used in micromechanics models [57].

Recent approaches in the modelling of PVDF-based piezoelectric composites have
considered flexoelectricity, or the coupling of the resulting changing strain gradients and
associated electric potential fields [58]. However, when flexoelectricity is considered for
anisotropic structures, the contribution of the shear components is still not well understood,
since it is hard to determine it in experimental conditions and due to the simultaneous
influences of the mechanical properties of the composite.

A micromechanical model has been developed for finding effective properties of hy-
brid orthotropic composites where a piezoelectric matrix made of polymer is reinforced
with piezoelectric particles [39]. This model showed good accuracy for the low volume
fractions of reinforcing particles. Anisotropy of PVDF fibre-based composites needs to be
considered in material models with several approaches, such as considering specific equa-
tions for predicting effective dielectric properties using the Knott model [59], piezoelectric
coefficients using the Furukawa model [60,61] , or using other theoretical models [39,62].
Some micromechanical models have considered anisotropy in composite structures and
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used different homogenization models, such as the models by Voigt [63], variational princi-
ples and the derivation of bounds by Hashin and Shtrikman [64], the Halpin–Tsai equations
based on the self-consistent method [65,66], the upgraded self-consistent method-like
incremental self-consistent (ISC) method [55], the Eshelby–Mori–Tanaka model [39,67],
including several extended models [36,68–70]; and the asymptotic homogenization method
for developing analytical equations [71]. FEM modelling has also been used for anisotropic
structures [39,72–74]. In the case of high volume fractions of the reinforcements, the
Eshelby–Mori–Tanaka model showed good accuracy [55].

Kuo and Huang [69] developed analytical equations for the electrostatic field based on
the 3D anisotropic inclusion method and provided explicit electrostatic tensors in line with
Eshelby tensors. They also developed analytical expressions for the composite effective
properties that depend on the volume fraction and phase properties (e.g., reinforcements),
such as the orientation angle and shape of the phase, since these showed the most prominent
influence on the resulting effective properties [69]. Several recently developed analytical
models are shown in [75]. Odegard [72] developed a constitutive model suitable for
the different range of volume fractions, different polymer matrices and geometries of
reinforcements. An analytical model for 1-3 composites with anisotropic properties was
developed by Kar-Gupta and Venkatesh [73]. This model, including a method to determine
45 material constants for piezoelectric composites, showed good accuracy in longitudinal
directions. Optimization of the composite design can be realized based on these analytical
models [75].

It is challenging to establish a 3D FEM model for composite structures that can simulate
the simultaneous influence of electric potential fluctuations and mechanical displacements
in micro domains throughout the volume, especially considering the high computational
costs of this method of processing data. The definition of RVEs that can represent hybrid
non-uniform composite structures is also complex and determines the validity of the
material model. A recent approach is to use artificial intelligence (AI) and new machine
learning (ML) algorithms that are applicable for a range of thicknesses and compositions,
including hybrid composites [76,77]. Data-driven ML material models enable so-called
meshless modelling, usually based on the data generated through experiments. Further
challenges associated with experimental datasets to be used in AI/ML processing is their
diversity of formats and common lack of metadata, indicating the urgent need for standards
in materials science related to data and metadata for AI/ML-ready datasets. This is usually
overcome by using experimental data from trusted sources, where the most common
method is to perform comprehensive experimental tests and create AI/ML-ready datasets
in line with data science principles.

New ML algorithms have been developed focusing on reducing the time and compu-
tational costs and especially to serve in the optimization of material properties to provide
desirable composite strength or strain [78], optimal composite patterns [79] or to address
coupling influences and predict the properties of complex composite structures [80]. A
decision tree classification ML model, complemented with regression models, can accu-
rately predict various mechanical properties of fibre-based composites, such as the shear
modulus or modulus in longitudinal and transverse directions [81]. Artificial neural net-
work (ANN) models with 20 input and 11 output parameters have been used to predict
the electromechanical properties of piezoelectric composites with 99.998% accuracy [82].
An ANN model was used to predict conductivity and strain in nanocomposites, reducing
the 3.5 h time for FEM simulations to 0.25 s by using an ANN, with excellent accuracy [83].
ML methods have also been used in relation to fabrication technologies and subsequent
correlations with resulting material properties [84], such as predicting the fibre diameter
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of PVDF depending on the electrospinning parameters [85], or to optimize fibre diameter
according to the desired material responses [86].

A deep neural network can be used to approximate any function regardless of its
physical meaning and, as such, it can replace commonly used numerical FEM-based meth-
ods or analytical material models, including for modelling material structures of hybrid
piezoelectric nanocomposites [76]. Recent approaches in material modelling have used
physics-informed neural networks (PINNs) through solving partial differential equations
(PDEs) that govern the material physical system and where specific boundary conditions
can be defined [87]. For material modelling through PINNs, it is important to properly
define the loss function in relation to PDEs, including boundary conditions in relation to
setting collocation points. Physics-informed neural networks can be used to create accurate
models for known physical systems, including for FE and continuous domains within
the material structure, and can deal with both elastic and inelastic boundary conditions.
It is common to use some homogenization methods, such as analytical homogenization
solutions that are again based on some finite blocks within the material structure.

RVEs used in FEM models are a relatively simple solution to represent the whole mate-
rial structure, but they lack the ability to represent dynamic changes within micro and nano
domains, meaning that local distribution that considers multiphysics is impossible to repre-
sent with RVEs. A new approach is the introduction of a repeating unit cell (RUC) that can
be flexible over domains, including nano and micro domains within a composite structure
that commonly exhibits non-uniform distributions of reinforcements [88]. The difference
between RVEs and RUCs is that RVEs are applied for statistically homogenous structures
with rigid boundary conditions for the whole structure, where micro domains are hard to
interpret, while RUCs are small blocks of material volume within the arrays periodically
appearing throughout the whole material volume that always consider microstructural fea-
tures and their interdependences, and which exhibit flexible boundary conditions related to
these periodic arrays. RUCs are used to build periodic arrays rather than the whole material
volume, and these arrays can have different microstructural features, depending on the
observed material structure. In the case of RUCs’ use, localized homogenization is applied
to provide a set of properties such as moduli or local stress fields, instead of one global
value for each property, where arrays are commonly approximated by square, hexagonal
or rectangular shapes for nanocomposites. Recently introduced RUC-based modelling
is suitable for AI data processing due to its stability, significantly lower time needed for
processing and very quick convergence, which enables comprehensive parametric study
and very fast finding of the optimal material model [88]. However, defining the boundary
conditions in the case of RUCs is still very challenging.

A multiphysics deep homogenization neural network (MDHN) has been developed
for transversely isotropic piezoelectric composites where RUCs were used with periodic
boundary conditions [76]. Changes in the micro domains of electric potential and me-
chanical displacements are simultaneously considered through PDEs related to both the
matrix and reinforcements and observed as separate material phases. Two different neural
networks were used to solve PDEs to avoid an otherwise commonly applied artificial inter-
phase layer that is usually introduced into ML algorithms to perform smooth transitions
between the matrix and reinforcement phases. Sharp transitions of the stress at the interface
of these two distinctly different composite phases was addressed through the loss function
and trainable weights.

Very often, FEM-based virtual simulations are used to generate datasets for training
AI/ML models in the absence of AI/ML-ready experimental data [79,82,89]. The combi-
nation of FEM with AI/ML technology has shown excellent results [82], including a new
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approach to incorporate an AI surrogate material model into the FE solver for automatic
analysis and predictions [90–92]. However, in the case of fibre-reinforced piezoelectric
composites, the use of ANNs is still under study. Discoveries in materials science propelled
by the use of advanced AI and ML algorithms have gained significant attention, belonging
to the novel research area of Materials Informatics that has started to emerge [93,94].

3. Materials and Methods

Poly(vinylidene fluoride) (PVDF, Mw~180.00 by GPC) was purchased from Sigma
Aldrich (St. Louis, MO, USA). Acetone (Ac, ≥99.5%) was purchased from Honeywell
(Charlotte, NC, USA), and dimethylformamide (DMF, ≥99.5%) and silver nitrate (AgNO3,
≥99.9%) were purchased from Fisher Chemical (Waltham, MA, USA). In this study, as well
as in a previous one [2], all chemicals were applied without further purification.

3.1. Fabrication of PVDF Nanofibers with Incorporated AgNPs

For PVDF electrospinning, the earlier-determined [2], most conductive solution was
prepared. Parameters are given in Table 2.

Table 2. The solution and electrospinning parameters [2].

Solution Electrospinning Parameters

PVDF
Concentration [%]

Solvent
[v/v%]

Voltage
[kV]

Needle
[Gauge]

Flow Rate
[mL/h]

Tip to Collector
Distance [cm]

Temperature,
Humidity

21% 75% DMF: 25% Ac 30 18 0.5 15 30 ◦C, 45%

The 21% PVDF solution was stirred at 80 ◦C for 3 h to achieve a homogenous mixture.
Different concentrations of AgNO3 (0%, 0.3%, and 3% w/w) were then added to the solution,
followed by stirring for an additional 12 h. The mixture was subsequently dispersed using
an ultrasonicator and allowed to cool at 28 ◦C. The solution turned grey, signifying the
formation of AgNPs [2].

The prepared solutions were transferred into a 5 mL syringe fitted with an 18-gauge
needle. Electrospinning was performed under a voltage of 30 kV, with a flow rate of
0.5 mL/h and a needle-to-collector distance of 15 cm. The process was conducted under
controlled conditions of 45% humidity and a temperature of 30 ◦C. After electrospinning,
the nanofibers were cautiously collected onto aluminum foil and stored in a dark, room-
temperature environment to allow the residual solvent to evaporate fully.

3.2. SEM and EDS Analysis

The nanofiber mat morphology was examined with a scanning electron microscope
(SEM) (FEI Scios2 Dual Beam System, Hillsboro, OR, USA) at the Institute of Nuclear
Sciences Vinča, University of Belgrade, Serbia. Square samples measuring 2 cm by 2 cm
were prepared and gold-coated for 30 s to facilitate SEM analysis. The gold-coated samples
were then carefully placed into an SEM operated at 10 kV. Additionally, energy-dispersive
spectroscopy (EDS) was employed for elemental analysis to confirm the presence of Ag-
loaded nanofibers.

3.3. FTIR Spectroscopy Analysis

The presence of crystalline phases in the electrospun PVDF samples was analyzed
using transmission infrared spectroscopy with a portable FTIR/FT-NIR spectrometer (Inter-
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spec 301-X, Toravere, Estonia). The measurements were conducted in the range of 400 cm−1

to 1600 cm−1, with a resolution of 4 cm−1.

3.4. Electromechanical Tests at Macro Scale

To measure the thickness of electrospun materials, Trimos Labconcept Premium (Re-
nens, Switzerland), samples were measured ten times each, in order to determine average
thickness. In addition, specimen tensile testing was performed using a mechanical uniax-
ial testing machine, Ametek Brookfield CT3 Texture Analyzer (Devon–Bervin, PA, USA),
equipped with 500 N load cells. Testing was performed with a testing speed of 10 mm/min,
following the literature [95,96], due to a lack of standards for tensile testing of such mate-
rials [97]. Before testing, samples were cut to 45 × 20 mm dimensions. Since electrospun
specimens are thin and sensitive, a paper frame with a 10× 10 mm opening was introduced
in which specimens were inserted using Scotch tape. The structure formed in this way was
then inserted into tensile testing machine grips, after which frame sides were removed
using scissors, as shown in figure 9.0, which ensures that tensile testing is performed on
the electrospun specimen only [96]. Three samples of every material type were tested to
ensure repeatability, and the average values are given.

To determine the piezoelectric d33 coefficient, a modified Sawyer–Tower circuit
(Figure 1b) was employed [32]. This was coupled with load measurements through load
cells, ensuring simultaneous load and electrical voltage measurements, as described in
Figure 1a.

 

(a) (b) 

Figure 1. Piezoelectric testing fixture (a) and modified Sawyer–Tower circuit (b).

Testing was conducted by dropping a steel ball from a fixed height (50 mm) onto test
specimens, measuring both load and electrical voltage [34] across a 22 nF capacitor; the
voltage measured across the capacitor is later used to calculate the piezoelectric coefficient:

d33 =
Q
F

=
CV
F

(1)

where d33 is the piezoelectric coefficient, Q is the charge in the capacitor, F is the applied
load (measured), C is the capacitance of the capacitor (22 nF) and V is the voltage across
the capacitor (measured). For voltage and load measurements, the HBM (Virum, Den-
mark) QuantumX A410 and CATMAN 3.4.1 Software were used. Three different samples
were prepared for every nanocomposite configuration and examined, with the average
value considered.
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3.5. Finite Element Analysis (FEA)
3.5.1. Piezoelectric Constitutive Relations

The direct piezoelectric effect can be expressed with the following equation [98,99]:

Ppiezo = dT (2)

where Ppiezo represents the mechanically induced polarization, d represents piezoelectric
charge constants matrix and T is the applied stress vector. The total electric displacement
field D, including Ppiezo, is defined by the following equation [98]:

D = εTE + dT (3)

where εT represents the dielectric permittivity matrix under constant stress and E is the
electric field vector.

The inverse piezoelectric effect can be expressed with the following equation [99]:

S = dTE (4)

where S is elastic strain vector and dT represents a piezoelectric charge constant matrix
under constant stress. The elastic strain vector, including the inverse piezoelectric effect,
can then be expressed as [98]

S = sET + dTE (5)

where sE represents compliance for the constant electric field. By combining
Equations (3) and (5), the following equations are obtained [100]:

S = sET + dTE

D = dT + εTE
(6)

Previous equations represent the constitutive relations for linear piezoelectric materials
in the strain–charge form. This equation can be expressed in other forms in which different
coefficients are used. Accordingly, in addition to the strain–charge form, the stress–charge
form is also often used, which is given by the following equations:

T = cES− etE

D = eS + εSE
(7)

where cE is the elastic stiffness coefficient matrix evaluated at a constant electric field, e is
the piezoelectric stress coefficient matrix, et is the transpose of e and εS is the dielectric
matrix evaluated at constant strain.

3.5.2. FE Model of PVDF/AgNPs Nanocomposite

The 2D FE model of PVDF/AgNPs nanocomposites was created in COMSOL software
version 6.3 in order to prove the concept and set the foundations for future research and
calibration. Numerical analysis was performed within the electromagnetics–structure
interaction module which couples linear-elastic statics with the constitutive relations of
piezoelectric materials given in Section 3.5.1 and is used to investigate the behaviour of
piezoelectric materials at the macro scale, capturing the global structural response without
going into the microstructure of the material. In this paper, three configurations were
considered: pure PVDF and two nanocomposite configurations—PVDF with 0.3% and 3%
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AgNPs. Silver particles were not physically modelled, but their influence was considered
through material parameters.

FEM-based simulation material properties were determined from the experimental
tests performed (details in Section 3.4) with the prepared piezoelectric samples and entered
as input values to the COMSOL software version 6.3.

The piezoelectric coefficient d33 was calculated based on the experimental tests using
the modified Sawyer–Tower circuit based on the measured voltage across the capacitor
connected to the sample (details in Section 3.4). In order to calculate the contact area
between the steel ball and the specimen, the Hertzian contact theory was employed [101]
to calculate its radius as

a = 3

√
3
8

FD(k 1 + k2

)
(8)

where F is the measured load, D is the steel ball diameter and ki is calculated as

ki =
1− ν2

i
Ei

(9)

where ν is Poisson’s ratio, E is the tensile modulus and subscripts i = 1, 2 denote the sphere
and plate. The calculated contact diameter is imported as geometry in COMSOL software
version 6.3.

The values of material parameter d33 were measured for different variants of
PVDF/AgNPs nanocomposites (0%, 0.3% and 0.5% AgNPs), and they were used in
numerical simulations. Material relative partitivities were calculated from experimen-
tal data for equivalent capacitance of both the specimen and reference 22 nF capacitor.
Other material characteristics, which were unable to be obtained from experimental
work, were adopted from COMSOL’s material library and were kept the same for every
nanocomposite configuration.

The user-defined mapped quad mesh was generated with 38 elements. The geometry,
which represents contact area radius and specimen thickness, and the FE model are given
in Figure 2.

(a) 

(b) 

Figure 2. Geometry (a) and FE models (b) of PVDF and PVDF/AgNPs nanocomposite configurations.

Boundary conditions (Figure 3) in the solid mechanics module were set as follows: the
lower and left edge have an applied roller boundary condition, which limits displacement
in the direction perpendicular to the boundary, while a compressive force of 1 N acts on the
upper edge. The force value used within numerical simulations corresponds to the peak
value of experimentaltesting results. In the electrostatics module, grounding is defined on
the lower edge, which corresponds to the connection of the testing specimen to an electrode
at ground potential, with zero charge on the side edges, while charge conservation and the
initial value of the electric potential of 0 V are defined on all surfaces.
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The processing hardware included 64 GB of RAM and an Intel Core i9-13900KF CPU
running at 3.00 GHz (32 CPUs), while computational time was about 3–4 s. The results of
the numerical analysis are given in the next chapter.

(a) 

(b) 

Figure 3. Loads and boundary conditions: electrical (a) and mechanical (b).

4. Results and Discussion

4.1. SEM and EDS Results

SEM images of PVDF and PVDF/AgNP nanofiber mats are shown in Figure 4. The
addition of silver nanoparticles to PVDF nanofibers shows significant differences in mor-
phologies. However, due to a very low concentration of AgNO3, silver nanoparticles are
not visible in SEM images. The addition of nanoparticles decreased the presence of beads
which are notable in pure PVDF nanofiber mats. The reduction of beads is observed for
both 0.3% AgNPs and 3% AgNPs specimens, although it is still present in structures. Also,
Figure 5 shows EDS mapping of pure PVDF, PVDF + 0.3% AgNP and PVDF + 3% AgNP
nanofiber mats. The existence of carbon (C), oxygen (O), nitrogen (N), fluor (F) and silver
(Ag) atoms can be seen, confirming the successful integration of the silver nanoparticles
in PVDF nanofibers. Additionally, Figure 5 shows the EDS spectrum, which confirms the
existence and demonstrates the homogenous distribution of silver.

The selection of AgNPs proportion in nanocomposites was based on our previous
experimental work experience and literature review [23,24,102]. In our previously pub-
lished study [2], we tested PVDF composites with AgNP concentrations of 0.1%, 0.3%,
0.5%, 1%, 3% and 5%. We concluded that higher concentrations (1%, 3% and 5%) show
strong cytotoxicity against both healthy MRC-5 and MDA-MB-231 cancer cells. In addition,
testing lower concentrations (0.1%, 0.3% and 0.5%) showed that 0.3% AgNPs have the
greatest β-phase fraction and the best nanofiber morphology compared to the 0.1% and
0.5% concentrations in terms of the lowest bead formation and nanofiber diameters.

One of the main reasons for bead formation during the electrospinning process is
low solution viscosity, leading to inadequate chain entanglement, causing the polymer
jet to break up in droplets rather than forming continuous fibres. A higher solution
concentration increases viscosity, which promotes the formation of bead-free fibres [103]. In
addition, high surface tension can promote bead formation, so increasing the electrical field
increases electrostatic forces that should overcome the surface tension and initiate jet [104].
Also, tip-to-collector distance can have an impact on the prevention of bead formation
because complete solvent evaporation at optimal distance is what should be pursued [104];
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however, this weakens the electric force, which can cause jet instability [103,105]. Further,
insufficient charge density can be responsible for jet instability, hence promoting bead
formation. Because of all of this, optimizing both the solution and process parameters
is of peak importance. The addition of AgNPs to the PVDF solution can alter all of the
beforementioned properties by increasing the solution conductivity [2,106], allowing jet
stabilization, but only to some extent, as AgNPs can lead to aggregation, which increases
surface tension, which again promotes bead formation.

 

Figure 4. EDS analysis of (a) pure PVDF; (b) PVDF + 0.3% AgNPs; and (c) PVDF + 3% AgNPs
nanofibers related to the distribution of C (red), N (dark blue), O (green), F (yellow) and Ag (white).
The scale bar is 5 μm [2].
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Figure 5. EDS diagrams of the elemental distribution of specimens: (a) pure PVDF; (b) PVDF + 0.3%
AgNPs; (c) PVDF + 3% AgNPs.

4.2. FTIR Spectroscopy Analysis Results

The FTIR spectra of pure PVDF and PVDF + AgNP nanofiber mats are shown in
Figure 6. The absorption peak near 1400 cm−1 corresponds to the CH2 wagging vibration
in PVDF. The band at 1180 cm−1 is associated with the asymmetric stretching vibration of
the CF2 group, while the 1068 cm−1 band is attributed to the CH2 wagging mode [107,108].
The β-phase band at 874 cm−1 corresponds to CF2 symmetric stretching, while the α

phase is identified by characteristic peaks at 763 cm−1 and 610 cm−1, related to CF2

bending. Peaks at 880 cm−1 and 841 cm−1 are linked to C-C-C and CF stretching vibrations
of PVDF [107]. Unique peaks for the electroactive, piezoelectric β phase are observed
around 445, 473, and 1275 cm−1 [29]. The chemical structure of the nanocomposite mat
preserves the characteristic absorption peaks of pure PVDF. However, the absorption peak
at 1662 cm−1, which indicates the presence of silver, was absent—likely due to the low
concentration of AgNPs [2,109]. Nevertheless, the presence of silver was confirmed using
EDS analysis.

Figure 6. FTIR absorbance spectra of the specimens: (a) pure PVDF, (b) PVDF + 0.3% AgNPs,
(c) PVDF + 3% AgNPs [2].
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Peaks at 840 cm−1 and 510 cm−1 provide specific insights into the phases of PVDF.
When the 1275 cm−1 peak is present, but the 1234 cm−1 peak is absent, the 840 cm−1 and
510 cm−1 bands are attributed to the β phase. Conversely, if the 1275 cm−1 peak is absent
while the 1234 cm−1 peak is present, these two bands correspond to the γ phase. If both
1275 cm−1 and 1234 cm−1 peaks appear together, the 840 cm−1 and 510 cm−1 bands are
considered indicative of both β and γ phases [29].

According to the FTIR spectra in Figure 6, with the omission of 1234 cm−1 bands,
510 cm−1 and 840 cm−1 bands can be considered as the β phase.

The relative fraction of the electroactive phase, in this case the β phase, can be quanti-
fied using the following formula, according to the Lambert–Beer law [2,29,110]:

Fβ =
Aβ(Kβ

Kα

)
Aα + Aβ

× 100 (10)

where Aα and Aβ are the absorbencies at 763 and 840 cm−1, respectively, and Kα and
Kβ are the absorption coefficients at their respective wave numbers, obtained from the
literature [2,29,110]. Therefore, the calculated fraction of the β phase in specimens is shown
in Figure 7.

 

Figure 7. Beta-phase content in different materials.

Observing obtained FTIR data, it can be concluded that the addition of silver nanopar-
ticles to electrospinning solution promotes PVDF β-phase formation, but only to a certain
extent, because further addition of AgNPs led to β-phase content decreasing, as previously
confirmed [2,23,102]. Silver nanoparticles have electron-rich surfaces, so their dipole field
promotes polymer chain alignment on the AgNPs’ surfaces to form a crystalline polar β
phase [111]. In addition. this can facilitate the nucleation of the β phase. However, when
the concentration of AgNPs increases further, too many β-phase spherulites are formed
which tend to squeeze together, which allows the α phase to be formed in the inter region
between these spherulites [111]. Jet instability promotes bead formation, which reduces
β-phase content as it prevents adequate fibre stretching [103]. Also, a high concentration of
AgNPs can lead to nanoparticle aggregation, which can interfere with the polymer chain
alignment necessary for β-phase formation.
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4.3. Mechanical Testing

Mean sample thickness values, as well as their standard deviations, are presented in
Figure 8.

 

Figure 8. Mean sample thickness values.

The variation in the thickness of the tested samples is due to the random nature of the
electrospinning process. We did not measure the fibre volume variations considering the
thickness of the tested samples. However, results from the literature indicate that thicker
nanofibers exhibit reduced strain under deformation and, therefore, lower output voltages
because the fibre flexibility is decreased, leading to lower mechanical deformation and
reduced electrical output [112].

The nanofiber mat tensile testing process is described in Figure 9, showing the speci-
men at the beginning of the process inside a paper frame which was cut after placing the
sample in the grips, the specimen in the middle of the testing process, and at the end.

 

(a) 

 

(b) 

 

(c) 

Figure 9. Nanofiber mat tensile testing process: (a) beginning; (b) middle; and (c) at the end of
testing.
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Tensile strength increases with the addition of 0.3% of Ag, as shown in
Figures 10 and 11, from around 3 MPa to around 5 MPa for the pure PVDF specimen
and PVDF + 0.3% AgNPs, respectively, as similarly reported in [113].

 

Figure 10. Stress–strain diagrams for different nanofiber mats.

 

(a) 

 

(b) 

(c) 

Figure 11. Nanofiber mat tensile testing results: (a) tensile strength; (b) elongation at break; and
(c) tensile modulus.
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But, further increases in the percentage of AgNPs increase the heterogeneity in the
PVDF matrix, which seems to introduce premature flaws in the system at some point which
lowers the stress required to fracture [24]. Still, the addition of AgNPs into PVDF leads
to a decrease in impurities such as bead formation, as shown in SEM images (Figure 5),
which led to improved mechanical properties compared to the pure PVDF specimen. The
Ag nanoparticles help hinder crack propagation, even at low concentrations, resulting in
increased elongation at break compared to pure PVDF nanofiber mats [24].

4.4. Measurements Related to Piezoelectric Outputs

Results for pure PVDF electrospun nanofiber mats are given in Figure 12. The mea-
sured load was around 1 N and the generated voltage in this case was around 0.2 V; similar
results were reported by references [22,23].

 

Figure 12. Load and voltage dependency in pure PVDF without AgNPs.

The results for PVDF nanofiber mats with 0.3% AgNPs are given in Figure 13. The
generated load is the same as in the previous case, but with a noted increase in voltage,
up to 0.48 V, which suggests that the incorporation of AgNPs into PVDF nanofiber mats
increases output voltage; this is in correlation with previously reported work [23]. However,
with a further increase in silver nanoparticles in composite material, the voltage output
dropped, as shown in Figure 14.

The output voltage corresponds to the beta phase content in the PVDF material, so
as the β-phase content increases with the addition of AgNPs, the piezoelectric coefficient
increases [102]; hence, the output voltage also increases. However, with higher AgNP
concentration, the β-phase content decreases, so the output voltage decreases as well. In
addition, it is proven that higher AgNP wt.% leads to a decrease in nanocomposite surface
potential, which corresponds to the lower piezoelectric coefficients [19].

Differences in material composition, microstructure and fibre orientations, because of
the random nature of the electrospinning process, can cause differ fibre orientations from
sample to sample, and can alter mechanical coupling and damping properties. In addition,
thickness variations, fibre density and fibre diameters affect how the samples deform or
absorb impact, which also affects the attenuation. For instance, the damping behaviour
of fibre-reinforced composites is highly dependent on fibre content and orientation [114].
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These differences can also lead to different sample conductivity and internal resistance,
which also can affect voltage attenuation. Also, if one sample is closer to a resonant
frequency of the system, it might exhibit sustained oscillations compared to others because
piezoelectric materials generate maximum power at their resonance frequency [115].

 

Figure 13. Load and voltage dependency in PVDF with 0.3% AgNPs.

 

Figure 14. Load and voltage dependency in PVDF with 3% AgNPs.

4.5. Finite Element Analysis

Previously described experimental voltage measurements were used to calculate
piezoelectric coefficient d33 using Equation (1). This calculated coefficient was implemented
in numerical FEA software COMSOL Multiphysics software version 6.3 where electric
potential output is simulated.

In Figure 15, numerical results are shown that were obtained through Finite Element
Analysis for pure PVDF electrospun nanofiber mats.
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Figure 15. FEA results for pure PVDF nanofibers without (a) von Misses stress and
(b) electric potential.

In Figure 16, numerical results are shown that were obtained through Finite Element
Analysis for PVDF electrospun nanofiber mats with 0.3% AgNPs.

(a) 

(b) 

Figure 16. FEA results for PVDF nanofibers with 0.3% AgNPs: (a) von Misses stress and
(b) electric potential.

Figure 17 denotes FEA results for PVDF + 3% AgNP electrospun nanomats.
As can be observed from the figures above, the von Mises stress is the same for every

given case, but the electrical potential is different, due to different piezoelectric coefficient
d33 values. The pure PVDF nanomats showed a maximum electrical potential of 0.141 V,
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while those with the addition of 0.3% of AgNPs to PVDF electrical potential exhibited an
increase to 0.368 V. However, with further increases in AgNP content in nanomats, to 3%, a
decrease in generated voltage was noted, of 0.227 V, which corresponds to the FTIR data
and calculated β-phase content.

 
(a) 

 

(b) 

Figure 17. FEA results for PVDF nanofibers with 3% AgNPs: (a) von Misses stress and
(b) electric potential.

Figure 18 describes the comparison of experimental and simulated data for gener-
ated voltage where good correlation is found, with minor differences. Pure PVDF and
PVDF + 3% AgNP specimens showed greater simulated results compared to experimental
specimens, while the PVDF + 0.3% AgNP specimen showed greater experimental output
compared to the simulated one, where similar results are reported in the literature, with
different filler types and concentrations [32].

 

Figure 18. Generated voltage comparison between experimental and simulated data.
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We used experimentally determined values of coefficients and material parameters in
the 2D FE model and FE analysis, in combination with custom-designed meshing in the
FE model with 38 elements (as shown in Figure 2), which showed good correspondence
between the experiments and FEM models.

5. Conclusions

PVDF with incorporated AgNPs showed enhanced piezoelectricity up to a certain
AgNP percentage (0.3%), while, with further increases in AgNP content in the composite,
piezoelectricity dropped, compared to the 0.3% composite, but still showed increased
piezoelectric response compared to the pure PVDF electrospun nanofiber mats.

SEM analysis proved that the addition of silver nanoparticles to the PVDF electro-
spun nanofibers provided better homogeneity of the material, removing PVDF beads and
increasing overall fibre morphology, while EDS confirmed the presence of AgNPs in the
composite due to SEM’s inability to locate nanoparticles because of their size.

FTIR characterization has proven that electrospinning is an effective way to promote the
electroactive phase in PVDF nanofiber composites, promoting their piezoelectric properties.

Mechanical tests showed an increase in tensile strength with the addition of 0.3%
of AgNPs compared to the specimens without silver particles, while a further increase
in AgNPs, to 3%, showed lower tensile strength compared to PVDF with 0.3% AgNPs,
probably due to the increase in heterogeneity and the inhibition of premature flaws within
the material.

A custom-built measurement setup allows one to tailor and adapt the fixture to
specific experimental needs but has disadvantages due to signal instability during tests,
so extensive preparations are needed in order to achieve measurement repeatability and
reliability. These measurements confirmed that PVDF nanofibers exhibit piezoelectric
response, and that the incorporation of AgNPs promotes voltage generation over the same
amount of load, which is in agreement with the increase in the electroactive phase in PVDF.

Experimentally obtained results were imported and implemented in numerical mod-
elling software, where FEM analysis showed good agreement with experimental results,
thus pointing out that computational models can be used for further virtual experiments
focusing on the development of this material for specific applications aiming at better
tailoring of the composite piezoelectric outputs.
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Abstract: In this study, it is shown that an efficient organic optocoupler (OPC) can be
fabricated using commercially available and solution-processable organic semiconductors.
The transmitter is a single-active-layer organic light-emitting diode (OLED) made from a
well-known polyparavinylene derivative, Super Yellow. The receiver is an organic light-
emitting diode (OLSD) with a single active layer consisting of a mixture of the polymer
donor PTB7-Th and the low-molecular-weight acceptor ITIC; the receiver operates without
an applied reverse voltage. OLED and OLSD have the same geometry and simple structure
without any interlayers: glass/ITO/PEDOT:PSS/(active layer)/Ca/Al; the OPC is formed
by OLED and OLSD which adhere tightly to each other. Despite its simple structure,
the OPC showed a current transfer ratio of 0.13%, good linearity, and good dynamic
performance: a three-decibel cutoff frequency of 170 kHz and response times to a step
change in current at the OPC input of 2 μs. Compared to most organic OPC devices
with similar performance parameters, where the transmitter and receiver have complex
structures with additional interlayers between the active layers and electrodes and the
need to apply a reverse voltage to the receiver, the simple design of our OPC reduces the
number of fabrication steps and greatly simplifies the device fabrication process.

Keywords: organic optocoupler; short circuited organic photodetector; DC and AC properties

1. Introduction

An optocoupler is a device that can be used to transmit alternating signals between
galvanically separated electrical circuits [1,2]. In real organic optocouplers (OPCs), the
ability to transmit an AC signal without distortion is limited [3,4]. These limitations
result from external conditions (in the case of hermetically encapsulated optocouplers, it
is mainly the operating temperature) and the materials and manufacturing technology
used [5–10]. These limitations include the three-decibel cutoff frequency ( f−3dB,OPC) for the
highest harmonic of the alternative current transmitted to the receiver without amplitude
attenuation and the current transfer coefficient (CTR), which indicates the efficiency with
which the optocoupler converts the current applied to the input into the current detected at
the output.

It should be noted that even with a transmitter and receiver with very good operating
parameters, it is not always possible to design an optocoupler that can transmit AC signals

Materials 2025, 18, 152 https://doi.org/10.3390/ma18010152157



Materials 2025, 18, 152

with low nonlinear distortion. To obtain an effective device, transmitters and receivers
should be selected so that their light emission and absorption spectra and linear operating
ranges overlap partially [11] or completely [12,13]. In addition, additional interlayers are
often used in photodiodes to prevent current leakage when reverse bias is applied [14–17].
However, it is possible to use simpler photodetector designs and achieve good results, as
we demonstrate in this paper.

Organic optocouplers are constructed using an organic light-emitting diode (OLED) as
the transmitter and an organic light-sensitive diode (OLSD) as the receiver. OLSD devices
can operate as photodetectors with short-circuited electrodes. The active layers in the
OLED and OLSD are made of organic semiconductors that can be processed by solution
methods, making them easy to manufacture. Encapsulated OPCs exhibit relatively good
long-term stability and can transmit current signals in a wide frequency bandwidth while
maintaining good linearity [18–21]. A diagram of an optocoupler with a photodetector
with short-circuited electrodes in the receiver circuit is shown in Figure 1.

λη
λ λ

Figure 1. Schematic diagram of an optocoupler with dc iin,dc and ac iin(t) input current sources and
a current source ire,dc designed to eliminate the DC component from the current at the output of
the optocoupler.

In order to obtain the least distorted signals at the output of the optocoupler, it
is necessary that in the frequency range corresponding to the frequency band of the
transmitted signal, the current recorded at the output (ire) is proportional to the current
supplied to the input (iin). For this purpose, a direct current (iin,dc), is supplied to the
input of the device, so that the device works in the linear range of the current transfer
characteristic. An alternating current (iin(t)), by means of which the signal is transmitted,
is added to the constant component of current iin,dc. The transmitter (i.e., OLED) emits
alternating light with spectral emittance mλ (where λ is the light wavelength) proportional
to the variable component of current iin(t). The receiver (i.e., OLSD), exposed to radiation,
converts the light energy into current iph. The output circuit contains a current source for
eliminating the DC component of the receiver current (ire,dc). The transimpedance amplifier
(serving as an ideal ammeter with zero internal resistance) connected to the correction
circuits converts the AC component of the receiver current (ire(t)) into voltage (uout(t)).

This paper presents an organic optocoupler with a simple structure consisting of the
combination of an OLED as a transmitter and an OLSD as a receiver, wherein the active
layers in the OLED and OLSD are fabricated by solution methods from well-known and
widely studied organic semiconductors. The advantage of the device is the single-layer
structure of both the OLED and OLSD, without interlayers. It is also important that, unlike
most known organic optocouplers [9,22,23], the devices described in this paper do not
require a reverse voltage on the receiver side. As the active layer in the OLED, a poly(para-
phenylenevinylene) copolymer with the trade name SuperYellow (SY) (Figure 2a) [24–28]
was used. SY is a well-known material that emits light in a yellow color and transports
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both holes and electrons. This material allows for the construction of OLEDs with a
single active layer, which greatly simplifies the device fabrication process compared to
most OLED devices with a complicated multi-layer structure. The active layer of the
OLSD was a mixture of a donor and acceptor forming a bulk heterojunction. The donor
was the polymer poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo [1,2-b;3,3-b]dithiophene]{3-
fluoro-2[(2-ethylhexyl)carbonyl]thieno [3,4-b]thiophenediyl}) with the commercial name
PTB7-Th [29–31] (Figure 2c), and the acceptor was the low-molecular-weight, non-fullerene
compound 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno [2,3-d:2′,3′-d’]-s-indaceno [1,2-b:5,6-b’]dithiophene with the abbre-
viation ITIC [14,32–34] (Figure 2b). The OLED and OLSD had the same architecture,
ITO/PEDOT:PSS/(active layer)/Ca/Al, and the same electrode geometry and were sepa-
rated only by thin glass plates, i.e., glass supports of OLED and OLSD. It was therefore
assumed that the spectral emittance of the emitter (mλ) was equal to the spectral irradiance
(eλ) of the receiver.

Figure 2. Materials and devices. Organic semiconductors used to produce active layer of (a) OLED
(Super Yellow) and of OLSD ((b) acceptor ITIC and (c) donor PTB7-Th); photos of (d) OLED, (e) OPC,
and (f) OLSD; (g,h) work functions for electrodes (Al, ITO), hole-transporting layer (PEDOT:PSS),
and electron-transporting layer (Cu) and LUMO and HOMO energies of semiconductors [35,36].

Optocouplers manufactured in this way have good performance parameters, such as
a high current transfer ratio (CTR) of 0.13%, a wide frequency band (three-decibel cutoff
frequency of 170 kHz), and good linearity.

2. Materials and Methods

2.1. Sample Preparation and Characterization

Optocouplers were fabricated in two ways. One was to produce OLED devices
(Figure 2d) and OLSD devices (Figure 2f) separately on glass substrates with six indium
tin oxide (ITO) electrodes (anodes) (purchased from Ossila, S101, Sheffield, UK) and then
bond the two devices closely together. The second method was to fabricate an optocoupler
with ITO electrodes pre-patterned on both sides of the glass substrate (made by Insty-
tut Fotonowy, Kraków, Poland) (Figure 2e). The geometry and area of the electrodes
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(S = 4.5 × 10−6 m2) for both one-sided and two-sided covered glass were identical. Sub-
strates were ultrasonically washed twice in acetone and then twice in isopropanol for 5 min
each time. Then, they were dried in a stream of nitrogen and then exposed to oxygen
plasma for 150 s using a plasma surface treatment machine with a power of 200 W (Diener,
Atto, Ebhausen, Germany).

The hole transport layers were prepared from a commercial PEDOT:PSS solution
(purchased from Ossila, Al 4083) by spin coating them on ITO plates at a speed of 3000 rpm
for 30 s. The substrates were then heated at 120 ◦C for 10 min in a nitrogen atmosphere.
The active layer of the luminescent diodes was made by spin-coating (2000 rpm for 30 s)
from a solution of Super Yellow (Sigma-Aldrich, St. Louis, MO, USA) in toluene (5 mg of
polymer in 1 mL of solvent). The active layer of the OLSD was deposited from a mixture
of ITIC and PTB7-Th in a mass ratio of 1:1. The total concentration of the solution was
20 mg of ITIC:PTB7-Th mixture per 1 mL of chloroform. Similar to OLED, the active layer
of the OLSD device was prepared by spin coating (2500 rpm, 60 s). A scheme of the layer
structure of the optocoupler is presented in Figure S1 in Supplementary Information.

The thicknesses of the prepared layers, measured using a Bruker DEKTAK XT needle
profilometer (Billerica, MA, USA), were as follows: PEDOT:PSS-30 nm, SY-70 nm, and
ITIC:PTB7-Th-150 nm. Finally, the metallic shared cathode was vacuum-evaporated on
all six devices. This electrode was composed of a 10 nm layer of calcium evaporated
directly on the surface of the active layer and a 100 nm thick protective layer of aluminum.
The samples were prepared in a glovebox system with a controlled nitrogen atmosphere
and then encapsulated to protect the organic layers from oxygen and moisture using an
adhesive, non-destructive matrix encapsulation epoxy (Ossila, E132). Curing of epoxy resin
was achieved by UV illumination at a wavelength of about 350 nm for 2 min. The resin in
conjunction with a glass coverslip provided a robust barrier, ensuring an extended service
life during the measurement and storage of samples.

2.2. Optical and Electrical Properties of Devices

DC Characterization
The DC current–voltage characteristics of OLSD and OLED were collected using a

Keithley 2400 source measurement unit. The photocurrent was measured under OLSD illu-
mination with the use of a solar simulator (AM1.5, 1000 Wm−2, LOT Oriel, LS 0110-1000).
The density of radiant flux per unit area of OLED were controlled with homemade equip-
ment consisting of an Ocean Optics spectrometer (365–900 nm), the Keithley 2400 source-
meter with a computer, and appropriate software. The external quantum efficiency (EQE)
spectra for OPDs were determined using a photoelectric spectrometer (Instytut Fotonowy).
The OLEDs were powered by a Matrix MPS-3005L-3 DC power supply and the current was
measured with the use of a Fluke 8808A multimeter. The bias voltage applied to the OLSD
and the photocurrent control were performed using a Keithley 2400 source meter.

AC Characterization
The OLEDs were powered by the sum of the DC and AC voltage from the sinusoidal- or

square-wave generator (Matrix 8216A). The DC component of the bias voltage determined
the operating conditions of the OLED devices (the operating point on the current–voltage
characteristics). The AC analysis of the photocurrent was performed by illuminating the
OLSD with an inorganic white light-emitting diode. Two Rigol DS1052E l oscilloscopes,
electrically isolated from each other, were used to measure the dynamics of the signal
changes. One was used to measure the LED or OLED supply voltage and the other to
monitor the output voltage of the high-speed transimpedance amplifier (Femto, DHP-
CA-100) that converts the OLSD photocurrent into voltage. The output voltage of the
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transimpedance amplifier was proportional to the measured current over the full range
of the frequency spectrum. A bias voltage applied to the photodiode was supplied by the
voltage source (Matrix MPS-3005L-3). A silicon photodiode with a dedicated amplifier
(ThorLabs, PDA36A-EC) was used to analyze the changes in the light emitted by the OLED
over time. A scheme of the DC and AC control systems is presented in Figure S2 in the
Supplementary Information.

3. Results and Discussion

An example of the current–voltage characteristics of an OLED based on SY is shown
in Figure 3a. For a supply voltage (uOLED) lower than the turn-on voltage uON = 2.1 V, a
current flows in the diode, for which the density (jOLED) is a linear function of the voltage.
When the turn-on voltage is exceeded, the current density suddenly increases. According to
the literature [36,37], the value of uON corresponds to the voltage of the built-in field, which,
after multiplying by the elementary charge (q), is equal to the energy difference between
the work functions of electrons exiting the anode and cathode (made of PEDOT:PSS and
calcium layers, respectively). For voltages above this, light emission occurs.

(a) (b) 

j O
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uOLED

uON

m

m
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Figure 3. (a) Current–voltage characteristics jOLED(uOLED) (circles) and the dependence of the total
radiant emittance on the voltage m(uOLED) (stars) for OLED based on SY; the symbol uON denotes
the threshold voltage; the inset shows the dependence of the current efficiency η on the current
density jOLED; (b) spectral emittance mλ for different voltage values uOLED.

3.1. Characteristics of the OLED Emitter

In optocouplers, the detector is an electronic device and not the human eye, so instead
of photometric quantities (such as luminance), spectroscopic quantities such as the spectral
density of radiation emittance mλ and radiation emittance m were used to describe the
operation of the OLED transmitter properties. The spectra mλ measured for different values
of voltage uOLED are shown in Figure 3b. The dependence of the total radiant emittance
on voltage m(jOLED) shown in Figure 3a was determined from the spectral emittance
mλ(jOLED) measured using Equation (1):

m(jOLED) =
∫ ∞

0
mλ(jOLED)dλ (1)
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Based on the I-V characteristic and the m(uOLED) dependence, current efficiency was
determined as a function of current density (η(jOLED) = m(jOLED)/jOLED). The graph
in the inset of Figure 3a shows that as current density increases from 0.1 to 800 mA/cm,
current efficiency slowly decreases from 85 to 60 A/W.

An important parameter of the transmitter is the speed at which the OLED emits light
after the voltage is applied. To test the effectiveness of the emission of alternating light,
the OLED devices were supplied with a voltage containing a constant time component,
uOLED,dc, and a harmonic variable component: uOLED∼(t) = u0,OLEDsin(2π f t). For the
value of the constant voltage component uOLED,dc = 7 V and the amplitude of the variable
component u0,OLED = 0.1 V, the current density varied from 190 to 210 mAcm−2. The
operating point of the OLED was the current density jOLED,dc = 200 mAcm−2 and the
corresponding radiation emittance mdc = 16 Wm−2.

Based on the series of measured oscillograms for different frequencies, the relative
amplitude of the radiation emittance, m0,rel( f ), expressed in decibels, was calculated:

m0,rel( f ) = 20log[m0( f )/m0(10Hz)] (2)

where m0( f ) is the amplitude of the alternating component of the radiation emittance.
Then, the amplitude spectrum of the radiation emittance was prepared and on its basis, the
three-decibel cutoff frequency, f−3dB,OLED, was determined to be f−3dB,OLED ≈ 640 kHz.

The speed of OLED devices was limited by contact resistance, Rs,OLED, differential
resistance of the OLED, Rdi f f ,OLED (equal to the inverse derivative of the I-V characteristic
for a fixed voltage value), and geometric capacitance COLED = Sεε0/L (where ε, ε0, S, and
L are the vacuum permittivity, the relative permittivity of SY, the OLED area, and the SY
layer thickness, respectively).

From the I-V characteristic presented in Figure 3a, it follows that for a voltage of 7 V,
resistance Rdi f f ,OLED was equal to 220 Ω, and based on the electrical equivalent model
of OLED (made on the basis of impedance tests, described in [36]), contact resistance
Rs,OLED = 100 Ω was calculated. The three-decibel cutoff frequency is

f−3dB,OLED = 1/(2πτRC,OLED) (3)

where τRC,OLED = 2πCOLEDRdi f f ,OLEDRs,OLED/
(

Rdi f f ,OLED+Rs,OLED

)
is the time con-

stant for the simplified OLED equivalent circuit shown in Figure S3 in the Supplementary
Information. Based on the above formula and the experimentally obtained results, the
value of the dielectric constant of SY, ε, was calculated from the following formula:

ε =
L
(

Rdi f f ,OLED+Rs,OLED

)
2π f−3dB,OLEDSε0Rdi f f ,OLEDRs,OLED

(4)

The estimated ε value was 6.3.

3.2. Characteristics of the OLSD Photodetectors

Five different OLSD photodetectors were tested as a receiver in optocouplers with the
OLED transmitter based on SY. It was assumed that the optocouplers should fulfill three
basic conditions: (a) they should transmit signals from the transmitter to the photodetector
with high efficiency, (b) they should be characterized by a high signal transmission rate
while maintaining good DC parameters, and (c) they should not lose their electro-optical
properties after encapsulation and operate stably under normal atmospheric conditions for
at least several weeks. The characteristics of the tested OLSD devices with active layers

162



Materials 2025, 18, 152

made of mixtures of different semiconductors are given in the Supplementary Information
(Figure S4 and Table S1). Based on the measured spectra of emittance spectral density m_λ
for the OLED emitter (measured for jOLED = 0.11 mAcm−2) and the OLSD responseR(λ),
the overlap integrals were calculated. These were used to determine the ability of each
transmitter/receiver pair to effectively convert light energy into photocurrent. The highest
values of the relative overlap integral ξ (see Figure 4) were found for the OLED/IPT1:1chb
and OLED/IPT1:1chf systems.

ξ =

∫ 800 nm
300 nm mλR(λ)dλ∫ 800 nm

300 nm mλRIPT1:1chr(λ)dλ
(5)

∗ ∗∗ ∗

ξ 
 

∗

Figure 4. Comparison of relative overlap integrals ξ of spectral emittance mλ of OLED based on SY
transmitter and responsivityR(λ) of OLSD photodetectors based on different donor–acceptor mixtures.

The semiconductors that make up the active layer of OLSD devices are unstable in air,
so OLSD devices were fabricated and characterized in glove boxes filled with nitrogen. The
IPT1:1chb system was found to have the best stability in air after encapsulation of the OLSD
devices tested. It was also found that this OLSD converted light signals to photocurrent at
a much higher rate than the other OLSD devices and showed good DC properties without
an applied reverse voltage. Therefore, this system was selected for use in the optocoupler
together with SY-based OLED.

3.3. Characteristics of the Optocoupler

Constant current measurements were performed on the constructed OLED/OLSD
devices and the dependence of the photocurrent density on input current jph,dc(jin,dc)

was determined. The current generated by light in the receiver, jre, was measured using
a transimpedance amplifier without reverse-biasing the OLSD photodetector. It was
assumed that the current density in the circuit at the receiver output was equal to the
photocurrent density jph in OLSD; according to the optocoupler model shown in Figure 1,
jre = jphRsh,re/(Rsh,re + Rs,re), which for Rsh,re � Rs,re gives jre ∼= jph. Figure 5 shows the
measured current characteristic for an example optocoupler. The characteristic is linear for
the current density at the OPC input in the range from 55 to 580 mAcm−2.

The key parameter that characterizes an optocoupler is the current transfer ratio (CTR),
which is defined as the ratio of the current detected at the receiver output to the current
supplied to the transmitter input:

CTR = ire
iin
≈ iph

iin
=

jph

jin

Sph

Sem
(6)
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where Sem and Sph are the surfaces of the emitter and photodetector, respectively (for the
tested OLED/OLSD, both surfaces were the same; Sph/Sem = 1).

Jin

J p
h

α 
C

TR

Figure 5. Dependence of photocurrent density at photodetector output jph on current density at
transmitter input jin for the OLED/OLSD optocoupler. The inset shows the dependence of current
ratio CTR on jin in the linear range of the optocoupler operation.

An important requirement is that the range of variations in the current applied to
the device input, for which the value of CRT coefficient remains constant, should be as
wide as possible. For a current density range jin from 55 to 580 mAcm−2, where the
dependence jph,dc(jin,dc) could be considered linear, the CRT value was about 0.13% and
was similar to those found in the literature [4,8,38]. However, in the tested systems, the
CTR value was only approximately constant over a limited range of current density jin,dc.
Moreover, the current transfer ratios for the DC and AC components, CTRdc = iph,dc/iin,dc

and CTRac = iph,rms/iin,rms, respectively (where the rms subscript denotes the root mean
square value), were not equal for all current density values.

For time-varying signals, for frequencies above the three-decibel optocoupler cutoff
frequency ( f−3dB,OPC), CTRac decreased with increasing f according to the formula

CTRac( f ) = CTR0

(
1 + f 2

f 2
−3dB,SY

)−1/2
(7)

where CTR0 is the current transfer ratio for f � f−3dB,OPC.
In Figure 6a, it is visible that the experimentally determined CTRdc and CTR0 values

decrease with current density jin below a certain threshold value of current density jin,t.
This threshold value jin,t could be reduced by biasing the OLSD photodetector with a
reverse voltage (urev). In order to check what effect the reverse voltage polarization of
the OLSD photodetector may have on the linearity of current transfer, the characteristics
jph,dc(jin,dc) were measured for urev = −1 V and urev = −2 V. The photocurrent density
jph,dc was calculated as the difference between receiver current density (jre,dc) for jin,dc > 0 A
and the leakage current (jre,l) of the receiver at jin,dc = 0 A (jph,dc = jre,dc − jre,l).

To estimate the values of CTRdc and CTR0, two approaches were used. In the first one,
the coefficients were estimated based on independent tests performed separately for the
receiver and transmitter (these coefficients are marked with the upper index e—estimated),
and the second way was to determine these coefficients according to the definition as the
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ratio of the measured current at the OPC output and the current supplied to its input (these
coefficients are marked with the upper index d—determined).

(a) 

(b) 

(c) 

C
TR

0

jin,dc

Urev

Urev

Urev

jin,t jin,t

CTRdc CTR0

Urev

C
TR

C
TR

dc

Urev

Urev

Urev

Figure 6. Comparison of the variations in direct CTRdc and alternating CTR0 current transfer ratios
as a function of the density of direct current component jin,dc for (a) the experimentally determined
DC and AC current transfer ratios for the OLED/OLSD optocoupler at reverse voltage urev = 0 and
their equivalents estimated based on the experimental results obtained for the OLED transmitter
and the OLSD photodetector; (b) direct CTRdc, and (c) alternating CTR0 current transfer ratios
determined for the photodetector biased with the reverse voltage urev of two different values.

First, according to the definition of responsivity, the total photocurrent density was
determined according to the formula jph =

∫ λ2
λ1

mλR(λ)dλ. The dependence of the spec-
tral density of emittance of the transmitter radiation mλ on the current density at the
transmitter input jin,dc = jOLED,dc for OLED (Figure 3) and the responsivity spectrum
(R(λ)) of the receiver) for OLSD were determined experimentally (see Supplementary
Information Figure S4). Then, according to Equation (6), CTR(e)

dc was calculated. It was
assumed that for small signals of the variable component, the approximate equation holds
jph,rms/jpin,rms≈djph,rms/djpin,rms. Based on this, CTR(e)

0 was calculated as follows:

CTR(e)
0 (jin,dc) =

∫ λ2

λ1

dmλ(jin,dc)

djin,dc
R(λ)dλ (8)

The determined dependencies CTR(e)
dc (jin,dc) and CTR(e)

0 (jin,dc) were treated as ref-

erence curves for coefficients CTR(d)
dc (jin,dc) = jph,dc(jin,dc)/jin,dc and CTR(d)

0 (jin,dc) =
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djph,dc(jin,dc)/djin,dc determined for the optocoupler created by assembling (i.e., simply by
putting together) this transmitter–receiver pair.

Figure 6a compares the plots of the CTRdc(jin,dc) and CTR0(jin,dc) dependences de-
termined by using the two methods described above for the case where the photodetec-
tor was not reverse-biased (urev = 0 V). For a current density higher than 20 mAcm−2,
all determined DC coefficients had very similar values in the range from 1.3 × 10−3 to
1.7 × 10−3. However, as the current density decreased below 20 mAcm−2, the coefficients
CTR(d)

dc had lower values in relation to CTR(e)
dc . A similar trend was observed for the AC

coefficients, with significant differences between the estimated and experimentally deter-
mined CTR0 values occurring only for the density of the direct current component jin,dc

below 6 mAcm−2.
As shown in Figure 6b, the values of coefficients CTR(e)

dc and CTR(d)
dc have approxi-

mately similar values for a current density jin,dc higher than 15 mAcm−2, independently of
the reverse voltage values applied to the OLSD photodetector. When the current density
jin,dc is lower than 15 mAcm−2, the values of coefficients CTR(e)

dc and CTR(d)
dc are different.

However, after applying the reverse voltage to the photodetector, these differences decrease;
the higher the absolute value of the |urev|, the smaller this difference is. A similar effect of
applying the reverse voltage to the photodetectors was observed for the AC coefficients
CTR0 (Figure 6c).

The discrepancy between the estimated and experimentally determined CTRdc and
CTR0 coefficients could be due to the phenomenon of electron trapping in the acceptor
phase or/and holes in the donor phase in the bulk heterojunction in OLSD. Trapping
reduces the population of mobile charge carriers and therefore reduces the photocurrent
intensity. For a given trap concentration, the trapping effect will be particularly pronounced
for low photocurrents because a relatively large fraction of the photogenerated charge
carriers can get stuck in the traps. After applying the reverse voltage urev an additional
external electric field is created in the heterojunction, which, according to the Poole–Frenkel
mechanism, reduces the energy barrier for carriers to leave the traps [39,40]. At a sufficiently
high voltage, the residence time of the carriers in the traps is significantly reduced, and the
trapping of the charge carriers has little effect on the current flow.

In the case where f < f−3dB,OPC and jin > jin,t, the DC and AC current transfer ratios
have similar values, CTRdc ≈ CTR0, which apparently do not depend on the current
intensity, as can be seen in Figure 6. However, the DC and AC CTR values are not exactly
equal and constant in the OPC input current density ranges described above. The CTR
coefficients changed slightly with the change in current density jin,dc, resulting in the dete-
rioration of linearity of the transmitting of high-amplitude AC currents (jin0). In order to
estimate the degree of this nonlinearity, we assumed that the range of linear operation of
the example OLED/OLSD optocoupler for urev = 0 V was within the current density limits
jin,dc from the threshold value jin,t = 6 mAcm−2 to the maximum value jin,m = 500 mAcm−2

(Figure 6c). For the assumed range of the constant component of current density, the
maximum possible amplitude of the variable component of current density (jin0,m) de-
pended on the value of the constant component jin,dc and was jin0,m = (jin,dc − jin,t)/2 for
jin,dc ≤ (jin,m − jin,t)/2 or jin0,m = (jin,m − jin,dc)/2 for jin,dc ≥ (jin,m + jin,t)/2, as shown in
Figure 7a.
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For jin,dc ∈ (jin,t, jin,m), the coefficients CTR0 changed slightly with the changing
current, and their deviation from the mean value (CTRo) was expressed by coefficient δ0

defined as

δ0(jin,dc, jin0) =

√∫ jin,dc+jin0
jin,dc−jin0

(
CTRo(ξ)− CTRo(jin,dc, jin0)

)2dξ

CTRo(jin,dc, jin0)
(9)

where

CTRo(jin,dc, jin0) =
1

2j0

∫ jin,dc+jin0

jin,dc−jin0

(CTRo(ξ)− CTRo(jin,dc))
2dξ (10)

Figure 7. (a) The highest possible value of the amplitude of the variable component of current
density jin0,m as a function of jin,dc for the assumed range of linear operation of OLED/OLSD for a
photodetector unpolarized by reverse voltage; (b) dependence of coefficient δ0 on jin,0 for different
values of the constant component of current jin,dc in the range 12–451 mAcm−2; (c,d) coefficient δ0 as
a function of the constant component of current density jin,dc supplied to the OPC input for different
values of the amplitude of variable component jin,0, for two cases: (c) a non-polarized photodetector
and (d) a photodetector polarized with a reverse voltage urev = −2 V.

The value of δ0 depended on the choice of the constant component of current den-
sity jin,dc (OPC operating point) and the amplitude of the variable component of signal
jin0. Figure 7b shows the dependencies of the δ0 coefficient on the amplitude of the vari-
able signal for different values of the constant component of current jin,dc in the range
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12–451 mAcm−2. In each case, regardless of the value of the constant component of the cur-
rent adopted, the nonlinearity increased as the amplitude of the variable component jin0,m

increased. This is intuitive, since one might expect that the smaller the signal amplitude
relative to the DC component of the input current, the better the linear function that can be
used to approximate the current characteristic of the optocoupler in the immediate vicinity
of the operating point (Figure 5).

Plots of the dependence of the δ0 coefficient on the DC component of the current
density for different values of the AC signal amplitude have been drawn for an op-
tocoupler with an unpolarized photodetector (urev = 0 V—Figure 7c) and a polarized
one (urev = −2 V—Figure 7d). After exceeding the current density jin,dc (e.g., 100 mAcm−2),
which is characteristic for the amplitude jin,0 (e.g., 4.5 mAcm−2), the δ0 coefficient decreased,
which was caused by the slightly decreasing current efficiency η with increasing current
characteristic of OLED devices (see the inset in Figure 3a). In the whole range of current
densities tested at the OPC input, δ0 had a higher value for urev = −2 V, which indicates a
deterioration in the linearity of light conversion into photocurrent by the optocoupler after
polarizing the receiver with a voltage.

To operate in the third quadrant of the I-V characteristic and to broaden the frequency
band photodiodes working as the photodetectors in optocoupler require reverse polariza-
tion [7,41–45]. However, from the above analysis, it is clear that in order to minimalize
linearity degradation, the photodetector should be polarized with the lowest possible
reverse voltage or should not be polarized at all. In addition, the following rules must
be followed: (a) small values of direct current from the range in which δ0 reaches the
lowest value should be used for alternating signals with low amplitude, or (b) for higher-
amplitude alternating signals, the highest possible values of direct current should be used.
On the other hand, one should be aware that too small an amplitude of AC current and/or
too large a DC component can hinder transmission. The limitation of a small AC amplitude
is the noise occurring in the transmitter, receiver, and amplifier, as well as the fluctuations
of the power of the emitted light. It is often necessary to use a preamplifier to increase
the AC amplitude and improve the signal-to-noise ratio before feeding the signal to the
OPC input. However, this may preclude the use of variant a), as small values of direct
current are only suitable for small AC signal amplitudes (Figure 7c,d). In turn, the use of
large values of direct current (variant b) will contribute to an increase in shot noise in the
photodetector, which can also worsen the signal-to-noise ratio at the OPC output. In the
case of polarization of the OLSD photodetector with reverse voltage, the leakage current
can increase significantly with the increasing voltage urev and then the detectivity [44,46,47]
of the receiver is drastically worsened.

Time-varying signals transmission tests
Taking into account the above analysis, in order to ensure low nonlinear distor-

tions during the transmission of time-varying signals through the OLED(SY)/OLSD(IPT)
optocoupler, the operating point determined by the input voltage uin,dc = 7 V (cur-
rent density jin,dc = 200 mAcm−2) was chosen. The corresponding constant com-
ponent of the radiation emittance was mdc = 16 Wm−2. The variable component
consisted of sinusoidal voltage waves uin∼(t) = uin0sin(2π f t) and rectangular
uin�(t) = uin0[1(t)− 1(t− 0.5/ f ) + 1(t− 1/ f )− t− 1.5/ f + · · · .], where t is time, f is
frequency, and 1(t) is the Heaviside step function. The amplitude of the variable com-
ponent uin0 was 0.1 V. It corresponded to the range of transmitter current changes from
190 to 210 mAcm−2. For the adopted operating point and the range of transmitter current
variation, both the emitter radiative emittance values and the corresponding photodetec-
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tor photocurrent were within the ranges of linear operation of the OPC (see the inset in
Figure 5).

Figure 8 shows sample waveforms of the variable components of the voltage ap-
plied to the device input uin� and uin∼ and the corresponding current densities at the
photodetector output jph� and jph∼ developed based on the measured oscillograms (see
Supplementary Information Figure S5). The results are presented for two selected frequency
values of 100 Hz and 158 kHz. At 100 Hz, there was no attenuation of the signal at the
output of the device. There was no phase shift in the output current relative to the input
voltage, and the input current increased immediately after the voltage jump (on a time
scale corresponding to the period of a rectangular voltage wave). However, at a frequency
of 158 kHz, the response to a rectangular wave did not resemble the shape of the input
voltage. The rise and fall of the output current corresponded to the rise (τrise) and relaxation
(τf all) times of 2 μs, respectively.
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Figure 8. Variable components of current density at the output of the OLED/OLSD optocoupler jph�
and jph∼ as a function of time t (red) after applying a voltage wave (blue) to the transmitter input.
(a,c) Rectangular uin� and (b,d) sinusoidal uin∼ of two frequencies of 100 Hz and 158 kHz; (c) the
symbols τrise and τf all denote the times of the rise and fall of the current at the output, respectively,
after applying a rectangular voltage wave to the input; (d) τdel is the delay time of the receiver
photocurrent after applying a voltage harmonic component to the input.

After the deconvolution of the waveform of the variable component shown in the
oscillogram in Figure S5, we obtained two time constants τ1 = 249 ns and τ2 = 440 ns.
For the former, the three-decibel cutoff frequency (1/(2πτ1) was 660 kHz, which roughly
corresponded to the transmitter cutoff frequency f−3dB,OLED. The second time constant
τ2 indicated that the three-decibel receiver cutoff frequency should be about 360 kHz,
which is higher than f−3dB,OLSD = 250 kHz for OLSD(IPT) (see Supplementary Information,
Table S1).

For a sinusoidal signal with a frequency of 158 kHz, the output current amplitude
decreased by

√
2 compared to the amplitude for lower frequencies (100 Hz). This would
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indicate that 158 kHz is equal to the three-decibel cutoff frequency f−3dB,OPC, but the phase
shift between the input voltage and the output current was less than π/4 (τrise = 1/(8 f )).
This in turn would mean that the three-decibel cutoff frequency was higher than 158 kHz.
In order to determine f−3dB,OPC, the frequency dependence of the relative transadmittance
TArel( f ) was investigated, calculated as the quotient of the amplitudes of the variable
components of the current at the photodetector output, and the voltage applied to the
transmitter input for frequency f was studied by referring to the same quotient, but for
the undamped frequency of 10 Hz: TArel( f ) = [iin0( f )uin0(10Hz)]/[uin0( f )iin0(10Hz)].
Figure 9 shows a comparison of the frequency spectra for the relative amplitude of radiant
emittance (mrel( f ) = m0( f )/m0(10Hz)) for OLED, relative amplitude of photocurrent
density jph,rel( f ) = jph,0( f )/jph,0(10Hz) recorded by OLSD, product mrel( f )jph,rel( f ), and
relative transadmittance TArel( f ). As expected, the spectrum obtained by multiplying the
transmitter and receiver spectra (mrel( f )jph,rel( f )) completely overlapped with the relative
transadmittance spectrum of the optocoupler in a wide range of considered frequencies
(from 10 Hz to 640 kHz). The determined three-decibel cutoff frequency of the OLED/OLSD
optocoupler was 170 kHz.
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Figure 9. Comparison of frequency spectra for relative amplitude of radiant emittance mrel of the
OLED (blue circles), relative amplitude of photocurrent density jph,rel of the OLSD photodiode (red
circles), and relative transadmittance TArel of the OLED/OLSD optocoupler (green circles). Dashed
curve—spectrum resulting from multiplication of mrel and jph,rel spectra. Vertical dotted lines indicate
three-decibel cutoff frequencies of OLED f−3dB,SY, OLSD f−3dB,IPT and OPC f−3dB,OPT .

The spectrum obtained by mathematically combining the frequency spectra of the
transmitter and photodetector matched the transadmittance spectrum measured for the
optocoupler almost perfectly. Considering the considerable t time interval (several weeks)
between the time of conducting a complete set of experiments, first performed separately
for the transmitter and photodetector, and then the production of the optocoupler and its
characterization, the overlap of the spectra indicated the stability of the fabricated devices.
It could be expected that applying a reverse voltage to the photodetector would increase
the cutoff frequency of the device. This broadening of the bandwidth also follows from the
analysis of the OPC equivalent circuit (see Figure S3 in Supplementary Information), where
capacitor Cre symbolizes the photodiode capacitance, which is the resultant of the geometric
capacitance, the capacitance of the electrode–semiconductor junctions, and the capacitance
of the bulk heterojunction. The application of an external electric field causes a decrease
in junction capacitance [48–50] and this in turn causes an increase in limit frequency
f−3dB,OPC. As a result, the frequency band for signals that can be transmitted without
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distortion is extended. However, for the OLED/OLSD optocouplers tested, no effect of
increasing the limit frequency f−3dB,OPC was observed after applying a reverse voltage
to the photodetector. This may be explained by the low leakage resistance and the small
number of junctions in the simple structure of the OLSD photodetector tested compared to
typical multilayer photodiodes described in the literature. In these photodiodes, the leakage
current reduction is achieved by introducing additional interlayers [14,41] to block the
injection of holes from the cathode and electrons from the anode. However, the additional
junctions created by the interlayers hinder the charge carrier transport for alternating
signals, because charges are accumulated near these junctions. In order to accelerate the
operation of the device, these space-charges should be removed, which is achieved by
applying a reverse voltage to the photodiode. In the case of our single-layer OLSD, the
charges from the active layer and the areas near the junctions are quickly removed even
with shorted electrodes due to the low leakage resistance; in this case, the application of a
reverse voltage does not improve the photodiode dynamics.

It should be emphasized that it is difficult to produce an optocoupler that has both
a high CTR and fast response time. In general, it can be seen that optocouplers with
high CTR values tend to operate slower than optocouplers with low CTR [8,41,51–53].
The improvement in receiver speed is usually achieved by biasing the OPDs with the
voltage urev. The assumption is that an increase in the effective electric field leads to less
carrier trapping and higher effective mobility, resulting in faster carrier extraction from the
active layer. However, in our devices, we obtained a high value of f−3dB,OPC = 170 kHz,
comparable to other OPC devices fabricated using similar organic semiconductors, but
without the need to apply urev. To the best of our knowledge, the three-decibel frequency
for the photodetectors with an ITIC:PTB7-Th mixture layer has not yet been determined.
The published data for OPD with different mixtures of the PTB7-Th/acceptor [29,30] or
with ITIC/donor [14,32] show that only photodetectors with the mixture PTB7-Th:CO1-4Cl
had cutoff frequencies f−3dB,OPC = 240 kHz comparable to our results [54,55].

The results presented in this article allow us to formulate several detailed summary
statements. An organic light-emitting diode with a single active layer made of the well-
known Super Yellow can be used as an efficient transmitter. An organic light-sensitive
diode with a single active layer made of a mixture of a polymer donor PTB7-Th and a
low-molecular-weight non-fullerene acceptor ITIC can be used as an efficient receiver.
An OPC can be easily formed by inducing a tight adhesion of the glass substrates of
OLED and OLSD, since the OLED and OLSD have the same geometry and structure:
glass/ITO/PEDOT:PSS/(active layer)/Ca/Al. Despite their simplified structure, our OPC
devices showed the ability to transmit current signals over a wide frequency band with
a good linearity of current transmission. The current transfer ratio (CTR) was 0.13%; the
three-decibel cutoff frequency was 170 kHz for harmonic signals, and the response time to
a step change in the current at the OPC input was 2 μs.

4. Conclusions

- We have shown that it is possible to produce an optocoupler that meets the applica-
tion requirements using commercially available organic semiconductors that can be
processed using solution techniques.

- The organic light-sensitive diode can efficiently operate as a receiver with short-
circuited electrodes, i.e., without any reverse voltage applied. It is often stated in the
literature that it is necessary to apply a reverse voltage to the photodiode to make
it operate in the third quadrant of its I-V characteristic and to extend the frequency
bandwidth of the device. However, from our analysis, it is clear that in order to
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minimize linearity degradation, the photodetector should not be biased or should be
biased with the lowest possible reverse voltage.

- Compared to most OPC devices with complex multi-layer transmitter and receiver
structures and the need to apply reverse voltage to the receiver, the simplest possible
design of our OPC reduces the number of manufacturing steps and greatly simplifies
the device manufacturing process.

- The simple structure of our OPC, if the vacuum-deposited Ca/Al electrodes are re-
placed with a conductive ink (e.g., zinc oxide and nanosilver suspensions), enables the
production of optocouplers by printing on flexible double-sided ITO-coated substrates.
This structure will also reduce light losses resulting from reflections at interfaces.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ma18010152/s1.
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Abstract: Geopolymer materials are increasingly being considered as an alternative to environmen-
tally damaging concrete based on Portland cement. The presented work analyzed waste from mines
and waste incineration plants as potential precursors for producing geopolymer materials that could
be used to make lightweight foamed geopolymers for insulation applications. The chemical and
phase composition, radioactivity properties, and leachability of selected precursors were analyzed.
Then, geopolymer materials were produced, and their strength properties were examined through
compression and flexural tests. The results of the strength tests guided the material selection for
foamed geopolymer materials. Next, geopolymer foams were foamed with hydrogen peroxide
and aluminum powder. The produced foamed materials were subjected to strength and thermal
conductivity tests. The results demonstrated the great potential of mine waste in the synthesis of
geopolymers and the production of lightweight geopolymer foams with good insulating properties.

Keywords: mine waste; geopolymer; foaming process; mechanical properties; thermal conductivity

1. Introduction

Geopolymers are inorganic materials created by the alkaline activation of alumi-
nosilicates [1,2]. The base materials to produce geopolymers are most often naturally
occurring minerals from the group of silicates classified as clay minerals; namely, kaolin
and metakaolin, rice husk ash, volcanic rock powders, fly ash, or slag are other precur-
sor materials [3,4]. Nowadays, geopolymer research is gaining more and more interest,
as it can be used as a cost-effective and economical alternative to organic polymers and
inorganic cement in various applications, such as aviation, high-tech ceramics, thermal
insulation foams, refractory building materials and adhesives, protective coatings, and
hybrid organic-inorganic composites [5,6]. This budding interest is due to the physical,
chemical, and mechanical properties of the geopolymers [7,8].

Research on geopolymer materials includes the analysis of the precursor selection,
geopolymerization methods and modifications that tailor strength properties through
additional components, time, annealing temperatures, and the type of activator [9,10].
The basic properties and advantages of geopolymers over conventional concrete are their
high compressive strength, thermal resistance, non-flammability, reduced energy demand,
low carbon dioxide emission, increased durability, better workability, and reduced shrink-
age [11,12]. Moreover, some geopolymers, especially those based on metakaolin or fly
ash class F, have limited predisposition to cracking. Because of that, these materials are
used in civil engineering for soil stabilization, slabs, insulation, cubes, etc. [13,14]. In
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addition, these materials are characterized by low permeability and chemical stability.
Therefore, geopolymers are also considered advantageous materials for use in different
civil engineering applications, including in marine infrastructure [15,16].

Thermal resistance is a critical property of geopolymers. A comparison of the fire
resistance of conventional concrete and a fly ash-based geopolymer indicated that the
concrete was limited to a temperature of 800 ◦C, beyond which the material undergoes
intensive cracking. In contrast, at the same temperature, the geopolymer was characterized
by small and few cracks [17–19].

The current literature on geopolymer materials focuses on solid materials, while
scientific reports on geopolymer materials in the foamed form are receiving increased
attention [20,21]. Foamed geopolymer materials are characterized by relatively low thermal
conductivities. Similarly, the low weight of foamed geopolymers is considered regarding
insulation materials, partitions, and void fillings [20,22,23]. Foamed geopolymer is obtained
by chemical or mechanical foaming [24,25]. Research on foamed geopolymers has shown
that these materials achieve thermal conductivities ~50% lower than concrete, ranging
from 0.072–0.48 W/(m·K) [25–27]. The thermal properties of geopolymers are influenced
by parameters such as size, distribution, pore shape, type and content of the foaming
agent, type and content of the binder, activator content, temperature, and method of
foaming [28–30].

The presented work demonstrates the enormous potential of geopolymer materials
due to their advantageous properties. The indispensable advantages of geopolymer mate-
rials related to environmental protection, reducing the negative environmental impact of
concrete based on Portland cement, and meeting commitments associated with the circular
economy were highlighted. The work aims to synthesize a geopolymer foam with low
thermal conductivity based on industrial waste as an innovative material for the circular
economy. The work was divided into two stages. The first stage concerns the selection
and preparation of waste materials (coal shale, fly ash, post-processing waste) for use as
raw materials in the synthesis of inorganic polymers. In the second stage, the synthesis
of waste-based geopolymers and the development of the foaming process were studied.
Various foaming methods, in particular aluminum powder, hydrogen peroxide, and mixed
methods, were utilized to prepare the foamed geopolymers. The presented research will
also contribute to the knowledge of the risks associated with waste materials disposal. Ac-
cording to the circular economy, the methods of immobilization and the use of by-products
stored in landfills to develop building materials are critical.

2. Materials and Methods

2.1. Materials

The first stage of research was the preparation of materials based on waste sources
(fly ash, mining coal waste, and post-processing waste), and the following list presents
applied materials:

• Ash from the municipal waste treatment plant in Białystok—a waste incineration plant
that processes ~15 tons of municipal waste per hour [31].

• Fly ash from the combined heat and power plant in Skawina—this plant is a producer
of electricity produced in combination with heat and is also a supplier of process
steam, drinking water, and industrial water [31].

• Mining waste from the Tauron Wydobycie S.A. mine Zakład Górniczy Sobieski—a
hard coal mine located in Jaworzno. The type of material used is flame coal.

• Mining waste from the Murcki-Staszic hard coal mine in Katowice—the exploited
coal is described as low quality due to a large amount of sulfur and a small amount
of chlorine.

• Mining waste from the Wieczorek II and Wujek hard coal mines—a mine located
in Katowice.

The selected ashes showed sufficient reactivity in the synthesis process and did not
require an additional calcination process. This was confirmed by the previous research [31].
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Therefore, the activation process using mechanical methods was carried out using mine
waste. Due to their large dimensions, the first stage of work with coal shale was frag-
mentation into smaller particles by crushing. Then, each of the crushed materials was
ground in a wheel mill to obtain particles smaller than 200 μm. After each grinding process,
the obtained type of fraction was examined. First, the particles larger than 200 μm were
crushed in an automatic grinder on a sieve with a mesh size of 0.7 mm and then a 200 μm
mesh sieve. In total, 4 kg of ground powders for each raw material were obtained. Then,
the powders were heated (calcined) in a laboratory furnace at 700 ◦C for 24 h to facilitate
alkaline activation, allowing for the appropriate microstructure.

The thermal treatment of aluminosilicate materials causes changes in their structure,
resulting from the growth of the amorphous phase. Therefore, the mechanical strength
of alkali-activated binders depends on the structural conditions of the aluminosilicate
materials. Scientific research has shown that higher mechanical strength results from
using calcined materials, such as metakaolin, or materials produced as by-products of
high-temperature fly ash processes or blast furnace slag [32,33]. As with the pozzolanic
reactivity, the alkali activation reactivity depends on the amorphous content of silica and
aluminum. The reactivity is related to the structure of the material and increases with
greater amorphous content [34].

2.2. Sample Preparation

Geopolymers were prepared using the sodium promoter and six waste materials
acting as precursors. The activation process was performed using a 10 M solution of
sodium hydroxide (NaOH) in combination with a solution of sodium silicate (and an
aqueous solution of sodium silicate R-145 with a module of 2.5 molar and a density of
approximately 1.45 g/cm3) in the proportion of 1:2, which is the most used hydroxide
activator in the synthesis of geopolymers. Furthermore, this solution is also the cheapest
and most widely available of alkali hydroxides. The solution was mixed and allowed to
stabilize to temperature and equilibrium concentrations, which took about 2 h, and then the
solution was mixed with the precursors (in six compositions obtained from waste materials
that are presented in Table 1). After obtaining a homogeneous mass with a thick, plastic
consistency, the mixtures were transferred to molds and then vibrated using a vibrating
table. The formed geopolymers were heated in a laboratory dryer (SLW 750 STD, POL-EKO-
APARATURA, Wodzisław Śląski, Poland) for 24 h at 75 ◦C under atmospheric pressure.
After 24 h, the samples were removed from the molds. The samples were designated
according to the places and origin of the raw materials—Table 1.

Table 1. The designations of the tested samples—description of the selected sample index regarding
the origin of the materials used in the production of geopolymers.

No Designation Origin of the Materials

1 Białystok Municipal Waste Disposal Plant, Białystok
2 Skawina Skawina Heat and Power Plant, Skawina
3 Sobieski Tauron Wydobycie S.A. Z G. Sobieski, Jaworzno
4 Staszic Polska Grupa Górnicza S.A. Branch of KWK Murcki-Staszic, Katowice
5 Wujek Polska Grupa Górnicza S.A. KWK Wujek branch, Katowice
6 Wieczorek SRK S.A. in Bytom, Branch of KWK “Wieczorek II”, Katowice

A foaming process was carried out on selected precursors to obtain lightweight
geopolymer materials for insulation purposes. The foaming process was carried out by
adding hydrogen peroxide 36% and aluminum powder to the geopolymer paste (Table 2).

The detailed amounts are presented in Section 3.6.
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Table 2. List of components investigated in the manufactured panels for future research.

Index Solution Foaming Agent Stabilizer

Wieczorek

NaOH 10M

4.5 g Al -

1.5 g Al

30 mL Perhydrol 36% 20 mL polyglycol

30 mL Perhydrol 36% 5 g cellulose

Staszic

4.5 g Al

30 mL Perhydrol 36% 20 mL polyglycol

30 mL Perhydrol 36% 5 g cellulose

2.3. Methods

The mineral composition of the geopolymer precursors was analyzed with X-ray
diffraction (XRD) (PANalytical, Almelo, The Netherlands) using the powder X-ray method
(Debye-Scherrer). Phase analysis for all materials was performed on the PANalytical AERIS
X-ray diffractometer using Cu-Kα radiation. The obtained distance between the planes
was used to identify the phases. X-ray analysis was performed using the HighScore Plus
software (v5.1) and the PDF4 + crystallographic database. Particle size analysis was made
using the laser diffraction method on the Anton Paar PSA 1190 LD Graz particle analyzer
(Anton Paar GmbH, Graz, Austria). Leachability and radioactivity tests were also commis-
sioned for all analyzed materials. A leachability test was performed by GIG (Katowice,
Poland). It was made according to PN EN 12457-2:2006 standard. Radioactivity tests were
performed at the accredited AP Geotechnika Laboratory (Siemianowice Śląskie, Poland)
following the PN EN 12457-2:2006 standard. Fourier-transform infrared spectroscopy
(FT-IR) analysis of bonding in the material was carried out with the use Spektromer FT-IR
Nicolet 6700 (Nicolet, Klapálkova, Czech Republic). It was performed by the Department
of Medical Physics of the Jagiellonian University. Microscopic observations and analysis of
the chemical composition in the micro-regions were performed using scanning electron
microscopy (SEM, JEOL JSN5510LV) with an energy dispersive spectrometer (EDS), (JEOL,
Tokyo, Japan). The density was determined using a geometric method. Density was deter-
mined as a ratio of mass to volume. Volume was calculated based on the arithmetic means
of the measurements for five cuboidal samples for compressive strength tests for each of
the analyzed compositions. Strength tests of the geopolymer materials were performed
on cubic samples (50 mm × 50 mm × 50 mm) to determine compressive strength (PN-EN
12390-3:2019 Testing of concrete—Part 3: Compressive strength of test specimens). Flexural
strength tests (PN-EN 12390-5:2019 Testing hardened concrete—Part 5: Flexural strength of
test specimens) were carried out on prismatic samples (50 mm × 50 mm × 200 mm) with a
150 mm distance between the support points. Strength tests were carried out on a Matest
3000 kN testing machine (Matest, Treviolo, Italy); the speed of the tests was 0.05 MPa/s.
The thermal conductivity was tested on the HFM 446 plate apparatus (Wittelsbacherstrasse,
Germany). The average temperature of testing was 10 ◦C. The temperature of the upper
plate was 20 ◦C and the lower plate was 0 ◦C. The distance between the plates was equal to
the plate thickness. All tests were performed after 28 days of conditioning the geopolymeric
samples at room temperature.

3. Results and Discussion

3.1. Summary XRD Analyses Performed and Results

Although geopolymers have an amorphous phase, the XRD technique helps analyze
their chain formation. Figure 1 summarizes the obtained patterns from XRD analysis.
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(f)

Figure 1. XRD patterns for raw materials (a) Białystok ash, (b) Skawina fly ash, (c) Sobieski, (d) Staszic,
(e) Wujek, (f) Wieczorek.

Table 3 summarizes the percentages of individually identified phases for all tested
materials to enable comparative analysis.

Table 3. Summary of the XRD phase analysis for all tested materials.

Index
Percentage [%]

Quartz
SiO2

Muscovite-2M1
KAl2(Si3Al)O10(OH,F)2

Kaolinite-1Ad
Al2Si2O5(OH)4

Illite-2M1
(K,H3O)Al2Si3AlO10(OH)2

Sobieski 26.4 14.8 45.5 13.3

Staszic 34.4 13.6 37.4 14.6

Wieczorek 49.9 7.3 28.3 14.5

Wujek 30.0 15.7 42.4 11.9

Index
Percentage [%]

Quartz
SiO2

Cyanite
Al2SiO5

Microcline
KAlSi3O8

Anhydrite
CaSO4

Diopside
MgCaSi2O6

Białystok 7.4 14.3 1.7 15.5 61.1

Skawina

Percentage [%]

Quartz
SiO2

Mullite
Al6Si2O13

Hematite
Fe2O3

Magnetite
Fe3O4

Anhydrite
CaSO4

Rutile
TiO2

42.3 54.8 0.6 0.5 1.4 0.4

The analysis of the XRD techniques demonstrated that the tested carbon shales contain
layered silicates such as quartz, kaolinite, muscovite, and illite. Waste material obtained
from Katowice’s Wieczorek II hard coal mine exhibited the highest quartz content (49.9%)
followed by the Skawina mine (42.3%). However, material from the Staszic coal mine and
Wujek contained almost equal silicon content. The greatest concentration of kaolinite, with
the lowest range of illite, was exhibited in material from the Sobieski mine.

3.2. Summary of the Microscopic Examinations and EDS Analysis

The shapes and sizes of the raw materials’ particles depend on many factors. The
particle size of the tested materials ranged from 5–200 μm [31]. The smallest, regular-
shaped particles were found in fly ash from the Skawina CHP Plant, which contained few
impurities (Table 4). The remaining materials were characterized by a large particle size
distribution. The chemical composition of the materials is characterized by the content of
silicon, aluminum, potassium, titanium, sulfur, chlorine, sodium, calcium, and magnesium
compounds. Minerals rich in iron, titanium, sulfur, phosphorus, boron, alkali metal, and
alkaline earth metal cations are common, and their distribution in the material is very
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variable. Each coal particle may contain different amounts of inorganic substances, and
thus the resulting ash may be highly heterogeneous.

The titanium present in the ashes can affect the formability of the material. Titanium
is present as an impurity in kaolin and other clays. Moreover, titanium is an excellent
nucleating agent for crystallization. Other particles may also be present in the coal fly
ash, including reactive calcium silicate phases similar to those in Portland cement. These
particles are the result of cement that fills the pores in the carbon. The presence of calcium
in large amounts can interfere with the polymerization process and change the microstruc-
ture [34]. However, there are reports of a positive effect of calcium on the geopolymerization
process. Previous research has shown that fly ash with a high concentration of calcium is
suitable as a source material for producing good-quality geopolymer materials [35,36]. The
calcium in the fly ash creates the hydrated phase of calcium silicate (C-S-H). The coexistence
of this phase with geopolymer gel positively affects the strength properties of the obtained
geopolymer materials. In addition, the high calcium content causes calcium atoms to bind
in the geopolymer lattice and act as a charge-balancing cation [37,38]. The microscopic
images and EDS analyses are shown in Figures 2–4.

Figure 2. SEM micrographs and EDS analyses for (a) Białystok ash and (b) Skawina fly ash.
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Table 4. Summary of the particle size and chemical composition of the tested materials.

Index Particle Size, [μm] Chemical Composition

Białystok 5–100 Compounds of calcium, chlorine, sulfur, sodium,
potassium, and silicon

Skawina <20 Compounds of silicon, aluminum, calcium, and iron

Sobieski 20–100 Compounds of silicon, aluminum, potassium, iron,
and titanium

Staszic 2–100 Compounds of silicon, aluminum, potassium, and iron
Wujek 10–70 Compounds of silicon, aluminum, potassium, and iron

Wieczorek 30–200 Compounds of silicon, aluminum, potassium, iron,
chlorine, calcium, and magnesium

Figure 3. SEM micrographs and EDS analyses for (a) Sobieski and (b) Staszic coal shell.
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Figure 4. SEM micrographs and EDS analyses for (a) Wieczorek and (b) Wujek coal shell.

3.3. Analysis of Radioactivity and Leachability

Leachability and radioactivity tests were carried out for all analyzed materials (Tables 5 and 6).

Table 5. Leachability results for the analyzed materials.

Element
Index

Białystok Skawina Sobieski Staszic Wujek Wieczorek Standard

pH 10.3 11.4 10.9 11.9 11.0 11.0 --- 1

Antimony [mg/L] 0.13 0.35 0.005 <0.005 <0.005 <0.005 PN-EN ISO
11885:2009

Arsenic [mg/L] 0.019 1.31 0.32 1.07 0.081 0.24 PN-EN ISO
11885:2009

Bar [mg/L] 0.24 0.033 0.23 0.022 0.079 0.14 PN-EN ISO
11885:2009

Chromium [mg/L] 0.19 0.032 0.19 3.96 0.19 0.023 PN-EN ISO
11885:2009

Chromium (IV) [mg/L] 0.14 0.030 0.18 3.9 0.18 0.020 PN-EN ISO
18412:2007

Zinc [mg/L] <0.01 0.022 0.069 0.012 0.041 0.070 PN-EN ISO
11885:2009
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Table 5. Cont.

Element
Index

Białystok Skawina Sobieski Staszic Wujek Wieczorek Standard

Cadmium [mg/L] <0.001 0.0023 <0.0005 0.0014 <0.0005 <0.0005 PN-EN ISO
11885:2009

Copper [mg/L] <0.01 0.0051 0.0063 <0.005 <0.005 0.007 PN-EN ISO
11885:2009

Molybdenum [mg/L] 0.14 0.48 0.043 0.41 0.85 0.12 PN-EN ISO
11885:2009

Nickel [mg/L] 0.024 <0.005 0.0051 <0.005 <0.005 <0.005 PN-EN ISO
11885:2009

Lead [mg/L] <0.005 0.0054 <0.005 <0.005 <0.005 <0.005 PN-EN ISO
11885:2009

Mercury [mg/L] <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 PN-EN ISO
12846:2012

Selenium [mg/L] 0.078 0.16 0.011 0.053 0.011 0.017 PN-EN ISO
11885:2009

Chlorides [mg/L] 12,500 56 5.3 45 5.5 5.5 PN-EN ISO
10304:2009

Fluorides [mg/L] 0.165 2.7 0.55 9.2 0.44 0.68 PN-EN ISO
10304:2009

Sulfates [mg/L] 5160 738 301 398 518 194 PN-EN ISO
10304:2009

RWO 2 [mg/L] 16 32 20 31 15 18 PN-EN
1484:1999

Solvent Subst.—TDS [mg/L] 31,600 4820 1480 3760 1900 1590 PN-EN
152162010

1 Not applicable. 2 Organic carbon (solved).

Table 6. Summary of radioactivity results for the analyzed materials.

Index
Activity Index Values Naturally Radioactive Elements’ Concentrations

f1 [-] f2 [Bq/kg] Potassium: K40 [Bq/kg] Radium: Ra226 [Bq/kg] Thorium: Th228 [Bq/kg]

Białystok 0.25 (±0.02) 7.05 (±2.36) 625.95 (±38.30) 7.05 (±2.36) 4.08 (±1.45)
Skawina 0.9 (±0.06) 100.64 (±8.38) 573.57 (±42.97) 100.64 (±8.38) 75.25 (±5.38)
Sobieski 0.69 (±0.05) 43.00 (±5.19) 690.37 (±45.52) 43.00 (±5.19) 63.10 (±4.60)
Staszic 0.56 (±0.04) 43.41 (±5.00) 488.87 (±53.33) 43.41 (±5.00) 52.61 (±3.97)
Wujek 0.7 (±0.05) 44.85 (±5.3) 690.61 (±45.62) 44.85 (±5.3) 65.58 (±4.72)

Wieczorek 0.5 (±0.04) 28.40 (±3.97) 629.15 (±40.51) 28.40 (±3.97) 40.70 (±3.32)

Regarding the interpretation of the radioactivity results, the important values are
f1 and f2. The most restrictive requirements are for the buildings to permanently house
people and animals—for example, residential buildings. In this case, the values of f1 and f2
have to fulfill the following requirements: f1 < 1.2. and f2 < 240 Bq/kg. All materials meet
these requirements.

The leachability and radioactivity tests for all studied materials showed compliance
with the applicable standards and regulations [39,40]. Therefore, the materials can be safely
used for construction products.

3.4. Summary FTIR Analyses Performed and Results

Infrared spectroscopy using attenuated total reflectance is a technique widely used
to detect the presence of water and the soluble silicate ratio in geopolymers. Some of the
infrared bands found in materials and geopolymers include an intense band located in the
range of 1250–950 cm−1, which corresponds to the asymmetric stretching of Si-O-R * (where
R * may represent Si o Al) [41–43]. However, these vibrations could be found in the infrared
spectra of aluminosilicates and aluminum. Some authors [44,45] suggest that the shift of
this band towards lower or higher frequencies indicates the successful completion of the
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polycondensation reaction. The band located in the range of 3600–2700 cm−1 corresponds
to the vibrations of -OH groups due to the presence of hydrogen bonds. Some authors
reported weak Si-O-Al vibrations in the range of 460–470 cm−1 or 610–620 cm−1 [41,44].
The band located in the range of 1425–1450 cm−1 is associated with -CO3 and appears as a
result of atmospheric carbonation occurring during sample synthesis [46]. The detailed
results are presented in Figure 5.

 
Figure 5. FTIR micrographs of the geopolymers made from the obtained waste materials.

3.5. Strength Tests of Manufactured Geopolymers

Before carrying out the strength tests, the density of the samples was measured using
the geometric method. Figure 6 shows the average density values.

Figure 6. Densities of the geopolymers made from the obtained waste materials.

The density should correlate with the compressive and flexural strength of geopoly-
mers. In the case of the tested samples, this tendency is slight. This tendency is more
visible in the case of foamed materials, where more voids appear. Samples prepared using
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materials obtained from the mine have a density range of 1.69–1.75 g/cm3. The obtained
flexural and compressive strength results were presented graphically (Figures 7 and 8).

Figure 7. Flexural strength of the geopolymers made from the obtained waste materials.

Figure 8. Compressive strength of the geopolymers made from the obtained waste materials.

The Skawina sample with Skawina fly ash content exhibited the greatest compressive
strength (58.8 MPa). The Staszic sample had a compressive strength nearly two times
lower (31.4 MPa) than the Skawina sample. The Wieczorek sample had a slightly weaker
compressive strength (27.9 MPa) than the Staszic sample. The most insufficient compressive
strength was for the sample prepared using waste material from Białystok (7.2 MPa).

In the case of flexural tests, the highest flexural strength was obtained for the Staszic
sample (8.2 MPa). The remaining samples, comprised of coal shale and Skawina fly ash,
exhibited similar flexural strength values of ~5.9 MPa. Samples from the waste incineration
plant in Białystok had the lowest flexural strength (similar to the compression test results).

Summarizing the obtained compressive and flexural strength results, the highest val-
ues were obtained for geopolymers based on waste material from the Staszic and Skawina
mine, which had a high content of quartz and kaolinite. On the other hand, samples
obtained using the material from the waste incineration plant in Białystok demonstrated
significantly worse results. It is worth noting that some studies of geopolymer materials
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indicate that even a small amount of quartz may positively affect mechanical properties.
In contrast, the presence of other minerals may have opposite effects. For example, illite
causes changes in geopolymer morphology and leaching behavior [47].

The results of the remaining samples, which are not significantly different, are the
starting point for future studies regarding these materials, e.g., in variable proportions. The
main difference between geopolymer concrete and Portland concrete is the binder. The
silicon and aluminum oxides in the low calcium fly ash react with the alkaline liquid to
form a geopolymer paste that binds loose, coarse aggregates, fine aggregates, and other
unreacted materials to form geopolymer concrete. As with Portland concrete, coarse and
fine aggregates account for approximately 75–80% of the weight of geopolymer concrete.
This component of geopolymer concrete mixes can be designed using the tools currently
available for Portland concrete. The compressive strength and workability of geopolymer
concrete are influenced by the proportions and properties of the constituent materials
composed by the geopolymer paste [34].

3.6. Microstructure Analysis of Manufactured Geopolymers

Figure 9a presents a geopolymer based on Białystok ash. In the case of this material,
at higher magnifications, polygonal pores were observed. The material’s structure was
brittle and segmented, resulting in deficient strength properties. EDS analysis showed
high calcium, sodium, and potassium content, and low levels of sulfur, silicon, aluminum,
chromium, iron, nickel, and copper. In the micrographs of geopolymers based on Skawina
fly ash (Figure 9b), a compact structure and visible pores with a maximum size of about
0.3 mm can be observed. However, most of the pores ranged from 10–30 μm. The structure
is amorphous. The characteristic fine-grained structure of zeolites and undiluted ash
particles were visible in the cavities. EDS analysis revealed the presence of elements such
as silicon, aluminum, calcium, sodium, potassium, iron, and carbon.

Figure 9. Optical and SEM images of (a) Białystok and (b) Skawina geopolymer samples.

Another tested material was a geopolymer based on coal shale from the Sobieski mine
(Figure 10a). The pore size was ~25 μm. The structure is brittle but relatively contained, with
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no visible cracks. Undiluted particles 10–20 μm in size were also observed. EDS analysis
showed the presence of silicon, aluminum, calcium, magnesium, and iron compounds.
There is a lack of significant changes compared to raw materials because light elements
such as sodium are not properly detected in this method. It is also worth mentioning that
EDS analysis is a qualitative method, so it does not give representative results according to
the amount of element in the whole material volume. The microstructure of the geopolymer
made from the Staszic mine (Figure 10b) is significantly different compared to previous
materials. A significant variation in the size of the structure can be noticed, ranging from
a few micrometers to several dozen. Large amorphous areas and very fine crystalline
areas are presented. The pore size is ~50 μm. EDS analysis showed the presence of silicon,
aluminum, calcium, chlorine, iron, and potassium compounds.

Figure 10. Optical and SEM images of (a) Sobieski and (b) Staszic geopolymer samples.

Geopolymers based on slate obtained from the Wieczorek mine (Figure 11a) are
characterized by significant porosity, ranging from tiny pores in the range of 2–3 μm to
pores as large as 0.5 mm. The EDS analysis identified silicon, aluminum, sodium, calcium,
potassium, chlorine, and iron compounds, as well as trace amounts of carbon. The last
tested material was a geopolymer based on ash from the Wujek mine (Figure 11b). The
microstructure analysis showed the presence of pores in the 50 μm range. Again, this
material consists of silicon, aluminum, calcium, chlorine, iron, and potassium compounds.

The present research facilitated material selection for future works connected with the
forming process.

188



Materials 2024, 17, 6143

Figure 11. Optical and SEM images of (a) Wieczorek and (b) Wujek geopolymer samples.

3.7. Development of the Foaming Process of Waste-Based Geopolymers

The final stage of the presented results was the preparation of foamed materials using
two foaming agents: aluminum powder (powder, max. particle size 60 μm, purity 99.9%,
Sigma-Aldrich, St. Louis, MO, USA) and hydrogen peroxide (perhydrol 36%, Biomus,
Lublin, Poland). Polyglycolic acid (Sigma-Aldrich) and cellulose (Sigma-Aldrich) were
added as stabilizers. To prepare the samples, the precursors were mixed with the alkaline
activator (NaOH) for 5 min. Next, foaming agents and the stabilizer were added, mixed
for 30 s, and left for foaming. The list of produced materials is shown in Table 2. The
properties of the foams are related to the introduced foaming agent, but this is not the
only factor affecting the quality of the materials. In the production of samples, the process
of mixing the materials, the concentration of additives used, and the temperature of the
geopolymerization process are also important factors. Blowing agents such as aluminum
oxide or hydrogen peroxide, in combination with calcium oxides present in the matrix
and binder, emit hydrogen, which gives porosity to the geopolymer structure. During
this reaction, hydrated calcium silicate is released, while hydrogen, being lighter than air,
escapes from the geopolymer mass, increasing the mold volume. After some time, the
hydrogen completely escapes from the mass and is replaced with air, filling the spaces
(pores) of the foamed geopolymer. Aluminum powder reacts with calcium oxides and
calcium hydroxides. In turn, hydrogen peroxide (perhydrol) also reacts with calcium
chlorides. Table 2 lists the composition of the manufactured materials.

In this part, two materials based on mine tailings have been selected. We rejected the
material from ashes because the Bialystok has very poor results, and data about foaming
fly ash class F (such as Skawina) are relatively common. There are not many publications
that investigate the foaming process for mine tailing-based geopolymers. These particular
mine tailings have been selected because of their availability and reasonable properties
gained on the previous steps presented in this article.

Strength parameters were assessed for the obtained samples, which are presented in
Table 7. The lowest densities were observed in samples foamed with hydrogen peroxide.
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Conversely, the optimal properties for compressive strength were observed in samples
foamed with aluminum powder.

Table 7. Results of the density and compressive strength tests.

Index Solution Foaming Agent Stabilizer Density, [kg/m3]
Compressive

Strength [MPa]

Wieczorek

NaOH 10 M

4.5 g Al --- 1292 14.4

1.5 g Al --- 532 0.81

30 mL Perhydrol 36% 20 mL polyglycol 529 0.62

30 mL Perhydrol 36% 5 g cellulose 535 0.69

Staszic

4.5 g Al --- 861 4.3

30 mL Perhydrol 36% 20 mL polyglycol 533 0.76

30 mL Perhydrol 36% 5 g cellulose 501 0.81

There is a correlation between the obtained strength properties and the sample density.
The compressive strength is increasing together with material density. Additionally, thermal
conductivity tests were carried out for selected samples. The results for geopolymer
foams based on mine wastes are presented in Table 8. The lowest thermal conductivity
was found in the material based on mine wastes foamed with hydrogen peroxide, while
materials foamed with aluminum powder were characterized by a relatively high thermal
conductivity. Upon visual inspection of the obtained samples, the materials foamed with
aluminum powder were characterized by lower porosity and lower volumetric compactness
of porosity. The results of thermal conductivity confirm the conclusions put forward by
other researchers that the greater the number of pores containing air, the lower the density
of the material, and thus the lower the value of thermal conductivity [48].

Table 8. Summary of selected results for thermal conductivity testing.

No. Index Solution Foaming Agent Stabilizer
Thermal Conductivity

[W/(m·K)]
Thermal Resistance

[(m²·K)/W]

1 Wieczorek

NaOH 10M

1.5 g Al 0.18522 0.1681

2 Wieczorek 30 mL Perhydrol 36% 5 g cellulose 0.11609 0.2593

3 Staszic 4.5 g Al 0.19403 0.1613

4 Staszic 30 mL Perhydrol 36% 5 g cellulose 0.15094 0.2084

4. Conclusions

The work aimed to select and prepare waste materials (mine waste, coal shale, fly
ash, post-process waste) to be used as raw materials in the synthesis of inorganic polymers
and subsequently the synthesis of waste-based geopolymers and the development of
the foaming process. Hydrogen peroxide and aluminum powder were selected for the
foaming process of geopolymer materials. The results indicated that geopolymer foams
may successfully act as an insulation material. Research on geopolymer materials is a
rapidly developing field of material science. Geopolymer materials are characterized by
low thermal conductivities, good strength properties, and low densities.

• Mineralogical composition showed a slightly different composition of ashes and main
tailings. In the case of main tailings, their composition was similar with different
proportions of layered silicates such as quartz, kaolinite, muscovite, and illite.

• The chemical composition demonstrated that selected waste and ashes could be used
as the base material to produce geopolymers, especially because of a sufficient amount
of silica and alumina.
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• The leachability and radioactivity tests for all analyzed materials were compliant with
the applicable standards.

• Samples prepared using materials obtained from the mine have a density range
of 1.69–1.75 g/cm3. The density of samples made from industrial-waste ashes was
slightly lower.

• The highest flexural strength was obtained for the Staszic sample (8.2 MPa). The
remaining samples, comprised of coal shale and Skawina fly ash, exhibited similar
flexural strength values of ~5.9 MPa. Samples from the waste incineration plant in
Białystok had the lowest flexural strength.

• The Skawina sample with Skawina fly ash content exhibited the greatest compressive
strength (58.8 MPa). The Staszic sample had a compressive strength nearly two times
lower (31.4 MPa) than the Skawina sample. The Wieczorek sample had a slightly
weaker compressive strength (27.9 MPa) than the Staszic sample. The most insufficient
compressive strength was for the sample prepared using waste material from Białystok
(7.2 MPa). The waste materials from Białystok do not have enough mechanical strength
for building applications.

• Thermal conductivity tests demonstrated that the optimal foaming agent was hydrogen
peroxide, which ensured thermal conductivity (0.11609 W/(m·K)). However, the foamed
materials were characterized by a relatively low compressive strength (0.69 MPa). There-
fore, future research will emphasize the selection of the most promising fillers, e.g., fibers
and particles, and the manufacturing of a foamed composite material.
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Abstract: Large TiN inclusions in nickel-based superalloys promote micropore formation, compro-
mising the mechanical properties of the alloys. However, current research lacks a comprehensive
coupled model that considers both solute element microsegregation and TiN precipitation specifically
in nickel-based superalloys. This study investigated TiN precipitation during the solidification of
IN718 alloys through a combined thermodynamic and kinetic approach. A modified Clyne–Kurz
model was applied to account for multi-element microsegregation, enabling an integrated analysis of
both microsegregation and precipitation processes. The results indicated that solute elements in the
molten alloy segregated to varying degrees during solidification. At an initial nitrogen concentration
of 25 ppm, TiN inclusions precipitated when the solid fraction reached 0.256, eventually resulting in
a total TiN precipitation of 64 ppm by the end of solidification, while residual nitrogen in the liquid
phase decreased to 1.3 ppm. Increasing the initial nitrogen concentration from 10 ppm to 40 ppm
advanced the onset of TiN precipitation and raised the total amount from 16 ppm to 126 ppm. Further
analysis indicated that cooling rates of 0.03 ◦C/s, 0.06 ◦C/s, and 0.18 ◦C/s did not significantly affect
the final TiN accumulation.

Keywords: thermodynamics and kinetics; solidification; TiN precipitation; microsegregation; nickel-
based superalloys

1. Introduction

The IN718 alloy is widely valued for its excellent high-temperature mechanical
properties, corrosion resistance, and creep resistance, making it indispensable for high-
performance applications in aerospace and other advanced industries [1]. However, to
meet the stringent quality standards required in these fields, further refinement of the alloy
is necessary. Aerospace components have stringent fatigue resistance requirements that are
highly sensitive to the presence and level of inclusions within the alloy. Therefore, precise
control over the size and quantity of inclusions is crucial for improving alloy quality.

Compared to oxide inclusions, TiN inclusions in nickel-based alloys are harder and
more brittle, significantly affecting the alloy’s fatigue life. Studies show that nitride inclu-
sions around 6 μm in size have a comparable impact on fatigue life to oxide inclusions as
large as 25 μm [2]. During alloy solidification, differences in the solubility of titanium and
nitrogen between the solid and liquid phases lead to their redistribution at the solid–liquid
interface, resulting in the enrichment of these elements. When the actual concentration of
Ti and N in the liquid phase surpasses the equilibrium limit, primary nitrides (primarily
TiN) begin to precipitate, often nucleating on oxides; subsequently, primary carbides may
precipitate on the surface of these TiN particles through heterogeneous nucleation [3,4].
These TiN particles may aggregate into clusters or form complex carbonitrides with pri-
mary carbides. Under applied stress, microcracks can initiate at these larger inclusions,
ultimately leading to fatigue failure of the alloy. Furthermore, blocky carbonitrides can
obstruct interdendritic channels, limiting the flow and feedability of the molten alloy, which
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results in higher porosity within the alloy ingot and a notable reduction in overall alloy
quality [5].

Over the past few decades, controlling TiN inclusions in IN718 alloys has been a
primary research focus. Young and Mitchell [6] provided a comprehensive analysis of
nitrogen additions and removals, highlighting that TiN primarily precipitates in interden-
dritic regions toward the end of solidification, where it contributes to micropore formation
that diminishes the alloy’s mechanical properties. Mitchell and Wang [7] investigated the
solidification behavior and secondary phase precipitation in IN718. Their findings revealed
that, as solidification progresses, NbC nucleates on pre-existing TiN particles. Depending
on the C and N ratio in the alloy, these NbC particles may evolve into mixed (Nb + Ti)
carbonitrides at later stages, which in turn alters the microstructure of the alloy. Sindhura
et al. [8] further emphasized the importance of controlling nitrogen and titanium concen-
trations to limit undesirable TiN inclusions. Such inclusions cause microstructural issues
like agglomeration and microporosity, ultimately weakening the alloy’s mechanical perfor-
mance. Leonardo et al. [3] introduced a method to minimize TiN precipitation through the
VIM-VAR process, which effectively eliminates nitrides and produces TiN-free IN718 alloys.
This technique helps prevent micropore formation and grain boundary weakening caused
by TiN inclusions. Overall, in IN718 alloys, TiN particles not only act as heterogeneous
nucleation sites that facilitate the formation of NbC particles but also cluster with other
inclusions. These precipitates exhibit poor distribution uniformity within the structure and
are difficult to improve through heat treatment or homogenization, ultimately affecting the
alloy’s microstructure and mechanical properties. The initial nitrogen concentration in the
alloy significantly determines the timing and total amount of TiN precipitation. Therefore,
controlling nitrogen content is crucial for minimizing TiN precipitation and enhancing the
overall performance of the alloy.

Various microsegregation models have been developed to improve predictions of
solute element redistribution between solid and liquid phases during alloy solidification.
The Lever-Rule (L-R) model predicts solute distribution under the assumption of complete
solute diffusion in both phases. In contrast, the Scheil model assumes complete diffusion in
the liquid phase but none in the solid phase. However, more accurate predictions require
accounting for the finite solute diffusion within the solid phase. The Brody–Fleming (B-F)
model, introduced by Brody and Fleming [9], incorporates a back diffusion coefficient
to address this need. Subsequent refinements to this coefficient were made by Clyne
and Kurz [10], Ohnaka [11], Voller and Beckermann [12], and Won and Thomas [13].
Despite their advancements, these foundational models overlook the impact of inclusion
precipitation on solute element microsegregation.

In fact, there is a strong interaction between the precipitation of inclusions and element
microsegregation [14]. During solidification, solute element microsegregation enriches
alloying elements in the residual liquid phase, promoting inclusion precipitation, which
then depletes certain solutes from the system. This interaction highlights the importance of
considering inclusion precipitation when predicting solute microsegregation. To address
the issue of the interaction between inclusion precipitation and elemental microsegregation,
several coupled models have been developed, integrating solute microsegregation and
inclusion precipitation modules. For example, Yang et al. [15] used a coupled Scheil-based
model to simulate solute segregation and TiN inclusion behavior during the directional
solidification of the K418 alloy. Similarly, Que et al. [2] applied the Voller–Beckermann
model (V-B model) alongside TiN precipitation and growth models to study TiN behavior
during the continuous casting of Ti micro-alloyed steels. Liu and Gui et al. [16,17] employed
the Clyne–Kurz model (C-K model) to predict TiN inclusions in steel, analyzing the effects
of Ti and N content and cooling rates on TiN formation. Lee and Li et al. [18,19] employed
the model based on Ohnaka’s theory, incorporating the kinetics of inclusion precipitation
and growth to predict the behavior of TiN inclusions during solidification. Similarly,
Shu et al. [20] combined a modified Ohnaka-based model with a KWM model to predict
inclusion size distributions during steel solidification. Won and Thomas [13] modified
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the Ohnaka parameters and, combined with the V-B model, extended the cell crystal
growth model for the application to columnar crystals. Despite these advancements, most
research has concentrated on inclusion behavior in steels, leaving a gap in studies on
element microsegregation and inclusion precipitation during the solidification of nickel-
based superalloys.

In this paper, the solidification process of the IN718 molten alloy during vacuum arc
remelting was studied. A coupled model was developed and implemented using the modi-
fied C-K model proposed by Won and Thomas to integrate solute element microsegregation
with a TiN precipitation prediction. Additionally, a thermodynamic analysis was used
to evaluate the conditions for TiN inclusion formation. By using the coupling model, we
evaluated the extent of element microsegregation and TiN precipitation levels. The effects
of varying element concentrations and local cooling rates on TiN formation were explored.
This study aims to provide a theoretical foundation for future research on the solidification
behavior of IN718 alloys.

2. Thermodynamic and Kinetic Analysis of TiN Inclusion Formation in IN718

This section systematically examined the conditions for TiN inclusion precipitation in
IN718 ingots during vacuum arc remelting (VAR), based on thermodynamic and kinetic
models. A microsegregation model was applied to calculate the segregation levels of
titanium and nitrogen in the residual liquid phase throughout solidification process. The
coupled model predicted the amount of TiN precipitation at each stage, as well as the
cumulative precipitation over the entire solidification process. Additionally, the impact of
the microsegregation of various elements on the precipitation timing, size, and quantity of
TiN inclusions was examined.

2.1. The Features of TiN Inclusions at Different Locations

Experiments were conducted on the ingot prepared by vacuum arc remelting (VAR),
with metallographic samples taken from the edge, mid-radius, and center of the ingot. After
grinding and polishing, the samples were examined under a metallographic microscope
without corrosion treatment. Figure 1 shows the features of TiN inclusions at various
locations within the ingot.

 

Figure 1. Features of TiN inclusions at various locations: (a) edge; (b) 1/2 radius; and (c) center.

These images reveal that TiN inclusions are primarily block-shaped and generally
smaller than 25 μm. At the ingot edge, TiN inclusions are relatively small, around 8 μm. As
the distance to the center decreases, both the size and quantity of TiN inclusions increase.
The trend can be attributed to the slower cooling rates that lead to larger secondary dendrite
arm spacing near the ingot center, which, in turn, facilitated the precipitation and growth
of TiN.

In the IN718 alloy, TiN and NbC share similar crystal structures, making some degree
of niobium and carbon incorporation in TiN particles unavoidable. To determine the
elemental composition of TiN particles, we conducted scanning electron microscopy (SEM)
observations on several representative TiN particles in the alloy samples. The SEM results,
shown in Figure 2, indicated that Ti and N were the primary components in TiN particles,
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though small amounts of C and Nb were also present. For a more detailed elemental
analysis, semi-quantitative point analyses were performed on the TiN particles. Figure 3
shows the locations and results of these analyses, revealing that Ti and N contents in
the analyzed areas are approximately 38–48% and 46–49%, respectively, while Nb and C
contents are only about 3–5% and 8–10%. The Ti-to-Nb ratio is approximately 13:1, and
the N-to-C ratio is around 5:1. Thus, TiN particles are composed primarily of Ti and N,
containing extremely low levels of Nb and C. Given the low Nb and C levels, their effects on
TiN particles were neglected in this study, treating TiN as pure TiN for calculation purposes.
The thermodynamic conditions for TiN formation are discussed in the following section.

 

Figure 2. The SEM images and corresponding element mappings of typical nitride particles in the
IN718 alloy: (a) nitride particle #1; (b) nitride particle #2; (c) nitride particle #3; (d) nitride particle #4;
(e) nitride particle #5.
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Figure 3. The results of point analyses for typical nitride particles in IN718 alloy: (a) nitride particle
#1; (b) nitride particle #2; (c) nitride particle #3; (d) nitride particle #4; (e) nitride particle #5.

2.2. Thermodynamic Analysis of TiN Precipitation Equilibrium

The chemical composition of the IN718 ingot used in this study is presented in Table 1.
A thermodynamic analysis was conducted to examine the precipitation process of TiN
inclusions, with the relevant chemical reaction equation and precipitation conditions
provided below [21].

[Ti] + [N] = TiN(s) ΔGӨ = −379000 + 149T (1)

ΔG ≤ 0 (2)

where ΔGӨ is the standard Gibbs free energy, J/mol; ΔG is the Gibbs free energy of the
reaction, J/mol; and T is the temperature, K.

Table 1. Chemical composition of the IN718 alloy (wt.%).

C Si Mn P S Cr Fe Cu

0.018 0.05 0.01 0.003 0.0009 17.88 18.73 0.01

Mo Ti Nb Mg Al B Co Pb

2.96 0.94 4.91 0.001 0.52 0.0032 0.01 0.0001

Bi Ca Se O N H Ni

0.00005 0.001 0.0005 0.00041 0.0025 0.00003 Bal.

According to the definition of Gibbs free energy, the equation for ΔG is given as follows:

ΔG = ΔGӨ + RT ln
aTiN

fTiΩ[Ti]% · fNΩ[N]%
(3)

where aTiN denotes the activity of TiN in the molten alloy. According to Henry’s law, f Ti
and f N represent the activity coefficients of Ti and N in molten alloy, respectively, with 1%
concentration as the standard; Ω[Ti]% and Ω[N]% represent the actual concentrations of Ti
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and N in the molten alloy, respectively; R is the ideal gas constant, 8.314 J·mol−1·K−1; for
pure TiN, the activity is 1. Then, Equation (3) is rewritten as follows:

ΔG = ΔGӨ − RT(ln fTi + ln fN + ln Ω[Ti]% ·Ω[N]%)
= ΔGӨ − RT

lge (lg fTi + lg fN + lgΩ[Ti]% ·Ω[N]%)
(4)

The natural constant e ≈ 2.718; while lgf Ti and lgf N can be determined using the
activity interaction equations:

lg fi = ∑
(

ej
i · [pctj] + rj

i · [pctj]2
)

(5)

where ej
i and rj

i represent the first-order and second-order activity interaction coefficients
of solute element j with element i in the molten alloy, and [pctj] denotes the actual con-
centration of element j. The chemical composition of the IN718 alloy used in this study
is presented in Table 1. Table 2 lists the first-order and second-order activity interaction
coefficients used in this study’s thermodynamic calculations.

Table 2. Activity interaction coefficient of components in molten nickel (1873 K).

Element C Si Mn P S Cr Cu Mo Ti Nb

ej
i

N 0.09 0.05 −0.05 0.05 0.01 −0.08 0.01 −0.04 −0.21 −0.07
Ti 0 0 0 0 0 0.025 0 0 0.048 0

rj
i

N 0 0 0 0 0 0 0 0 0 0
Ti 0 0 0 0 0 0 0 0 −0.001 0

Element Al B Co O N Ta Fe W V Zr

ej
i

N 0 0.09 −0.01 0.05 0 −0.07 −0.01 −0.02 −0.13 −0.23
Ti 0.0037 0 0 −1.8 −2.041 0 0 0 0 0

rj
i

N 0 0 0 0 0 0 0 0 0 0
Ti 0 0 0 0 0 0 0 0 0 0

From Equation (5), values for lgf Ti ≈ 0.487 and lgf N ≈ −2.314 are obtained. Subse-
quently, an expression for the concentration product of Ti and N is derived.

lg(Ω[Ti]% ·Ω[N]%) =
lge · (ΔGӨ − ΔG)

RT
+ 1.827 (6)

When ΔG = 0, TiN precipitates in the liquid phase, and the equilibrium concentration
product for TiN precipitation can be determined.

lg(Ω[Ti]%Ω[N]%) =
lge · ΔGӨ

RT
+ 1.827 (7)

The calculation results of the JMatPro7.0 show that the solidus and liquidus tempera-
tures of the IN718 alloy are 1360.15 K and 1640.95 K, respectively. By substituting TL and
TS into Equation (7), the equilibrium concentration products of Ti and N required for TiN
precipitation at both temperatures are obtained as follows:

Ω[Ti]%Ω[N]% = 0.0035(TL = 1640.95K) (8)

Ω[Ti]%Ω[N]% = 0.000011(TS = 1360.15K) (9)

A stability curve of TiN inclusion precipitation in the IN718 ingot was constructed from
Equations (8) and (9), as shown in Figure 4. In this figure, the black and red lines represent
the equilibrium curves of TiN precipitation of the molten alloy at the liquidus temperature
and the solidus temperature, respectively, while point A denotes the actual concentration
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product of Ti and N. The data showed that the actual concentration product of Ti and N
in IN718 exceeded the equilibrium concentration product at the solidus temperature but
remained below it at the liquidus temperature, indicating that TiN inclusions precipitated
during solidification. In fact, due to the differences in solubility of solute atoms between the
solid and liquid phases, solute elements tend to accumulate at the solidification front. This
elemental segregation behavior leads to an increase in the actual concentration product of
Ti and N, ultimately causing TiN inclusions to precipitate earlier during the solidification
process. Therefore, accurately evaluating the actual solute concentration at the solidification
front is essential.

 

Figure 4. Stability curve of TiN inclusion precipitation.

2.3. Microsegregation Models for Solute Elements
2.3.1. Mathematical Models

The catastrophic influence of solute redistribution on microstructural homogeneity
was realized decades ago for its ability to cause non-equilibrium phase, cracks, and other
problems. Several models were developed to characterize the behaviors of these microseg-
regation elements. Based on the Lever Rule, the initial model assumes complete diffusion to
the equilibrium of all solutes in both the liquid and the solid phase, which may be written
as the following:

CL
C0

=
1

[1− (1− k) fS]
(10)

where CL is the concentration of the solute element concerned in the liquid part at the
solidification front; C0 is the initial concentration before solidifying; fS is the solid fraction;
and k is the equilibrium partition coefficient for the given element. The validation of this
model is problematic due to the slow diffusion rate in the solid phase for large solute atoms.

The Scheil equation [22], the opposite limiting case to the L-R model, assumes complete
diffusion in the liquid phase, no diffusion in the solid phase, and local equilibrium at the
solid–liquid interface. This nonequilibrium model is the following:

CL
C0

= (1− fS)
(k−1) (11)

This model works well at the initial stage of solidification, while it turns out to be a
‘disaster’ as CL approaches infinite at fS → 1. Hence, only when the cooling rates exceed
10 ◦C/s can this equation be applied.

Many simple models were proposed to predict microsegregation during steel solid-
ification in view of finite nonzero diffusion in the solid phase. With fixed dendrite arm
spacing taken into account, Brody and Fleming [9] proposed a general model. Ohnaka [11]
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and Clyne and Kurz [10] modified the back-diffusion parameters in this model. This
equation leads to the following:

CL
C0

= [1− (1− 2Ωk) fS]
(k−1)

(1−2Ωk) (12)

Ω = α

[
1− exp

(
− 1

α

)]
− 1

2
exp

(
− 1

2α

)
(13)

α =
4DSt f

(λS/10000)2 (14)

where α is a Fourier number; DS is the diffusion coefficient of solute in the solid phase; tf is
the local solidification time (LST); and λS is the secondary dendrite arm spacing (SDAS). Ω
tends to α as α → 0, and the C-K Equation (12) tends to the Scheil Equation (11). Ω tends to
1/2 as α → ∞, and the C-K Equation (12) tends to the ‘L-R’ Equation (10). The introduction
of these parameters, i.e., DS, tf, and λS, covers all rates of solute diffusion in the solid phase,
which means a broad range of applicability. In the present work, Equations (12), (14), (17)
and (18) are regarded as the basis of calculations.

More advanced solutions and models [23–28] for microsegregation were developed
for high accuracy and board adaptability at the expense of accurate solidification process
parameters, etc. Considering the effect of coarsening on the dilution of the liquid phase,
Voller and Beckermann [12] added an additional back-diffusion term to the Fourier number,
as follows:

α+ = α + αC (15)

This model could match full coarsening model results as αC = 0.1, which extended the
model from plate to columnar dendrites. Columnar crystals are the major form of dendritic
growth during the VAR process; consequently, this model also has a certain basis for the
solidification process in VAR. As a result, Equation (13) changes into the following:

Ω = α+
[

1− exp
(
− 1

α+

)]
− 1

2
exp

(
− 1

2α+

)
(16)

Based on the C-K model, Won and Thomas accepted the proposals of Ohnaka and
Voller and Beckermann, considering the influence of columnar dendrites and coarsening
on the back diffusion coefficient:

Ω = α+
[

1− exp
(
− 1

α+

)]
− 1

2
exp

(
− 1

2α+

)
(17)

α+ = 2(α + αC) (18)

2.3.2. Calculation of TS-L During Solidification of the IN718

Previous thermodynamic theoretical works showed that the temperature at the so-
lidification front of the molten alloy (TS-L) is a function of the liquidus temperature (TL),
solidus temperature (TS), and solid-phase fraction (fS) [29]. This relationship is expressed
as follows:

TS−L = T0 − T0 − TL

1− fS
TL−TS
T0−TS

(19)

where T0 denotes the melting point of pure nickel, 1728.15 K; TL and TS are the liquidus
and solidus temperatures, respectively (determined via JMatPro7.0 software), K; TS-L is the
temperature of solidification front, K; and fS represents the solid fraction.

Figure 5 illustrates the relationship between the temperature at the solidification front
(TS-L) and the solid fraction (fS). The results showed that solidification of the alloy began
at 1367.8 ◦C when the solid fraction was zero. As the temperature decreased, the solid
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fraction in the alloy gradually increased, with the solidification rate accelerating until full
solidification was reached at 1087 ◦C, where the solid fraction was 1.

 

Figure 5. Curve of temperature at the solidification front as a function of solid fraction.

Table 3 provides data on equilibrium partition coefficients and the diffusivity of
solute elements in γ iron, showing that diffusion coefficients of solute elements vary with
temperature. This study incorporated the temperature dependence of diffusivity into the
model for accurate analysis.

Table 3. Equilibrium partition coefficients (ks) and diffusion coefficients (DS) of solute elements in γ

phase [30].

Element k DS (m2/s)

C 0.3 0.000015 Exp (−143,511/RT)
S 0.035 0.00024 Exp (−223,426/RT)
Ti 0.7 0.000015 Exp (−250,956/RT)

Nb 0.39 0.000083 Exp (−266,479/RT)
Mg 0.02 0.0000055 Exp (−249,366/RT)
Al 0.59 0.00059 Exp (−241,417/RT)
O 0.03 0.000575 Exp (−168,615/RT)
N 0.48 0.000091 Exp (−168,490/RT)

2.3.3. Calculation of Cooling Rate

To proceed with the thermodynamic calculations, the value of CL as fS increases is
essential. In Equation (12), C0 and k are constants, indicating that Ω is a key parameter.
The local solidification time is defined in Equation (14) as follows:

t f =
TL − TS

CR
(20)

where TL and TS are the liquidus and solidus temperatures of the alloy (determined via
JMatPro7.0 software), K; and CR is the cooling rate, ◦C/min.

Previous experiments measured the secondary dendrite arm spacing of the IN718 alloy
under various cooling rates and established a functional relationship between secondary
dendrite arm spacing and the cooling rate [31]. However, errors were identified in the
original fitted results, which prompted a re-fitting in this study, yielding the following:

λS = 183.72× CR
− 1

3 − 13.749 (21)

where λS represents the secondary dendrite arm spacing of the IN718 alloy, μm.
Based on the theoretical foundation of Equation (21), the local cooling rate within

the alloy ingot could be estimated by measuring the secondary dendrite arm spacing. In
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this study, Equation (21) was incorporated into a program that calculates and outputs the
cooling rate when the secondary dendrite arm spacing was provided. Additionally, the
local solidification time (tf) was determined by substituting the calculated cooling rate into
Equation (20).

Due to variations in water flow rate and cooling conditions from the outer to the
inner regions, the secondary dendrite arm spacing in the ingot’s solidification structure
ranged from 72 to 138 μm. Figure 6 displays dendrite morphologies corresponding to
typical secondary dendrite arm spacing values. The figure shows that dendrites coarsen
progressively as secondary dendrite arm spacing increases. To assess the impact of different
cooling rates on microsegregation and TiN precipitation, three representative secondary
dendrite arm spacing values (70 μm, 105 μm, and 140 μm) were selected for further analysis.

 

Figure 6. Dendrite morphology corresponding to different secondary dendrite arm spacing in
solidification microstructure: (a) 72 μm; (b) 108 μm; and (c) 138 μm.

2.4. Calculation of TiN Precipitation
2.4.1. Microsegregation Calculations of Solute Elements

During solidification, microsegregation caused the concentrations of N and Ti in
the residual liquid phase at the solidification front to increase as the solid fraction grew.
TiN inclusions began to precipitate when the actual concentration product of Ti and N
in the residual melt exceeded the equilibrium solubility product of TiN, resulting in the
consumption of N and Ti in the liquid phase.

In a fully coupled model, the consumption of both N and Ti during TiN precipitation
should be considered [32]. However, in this study, with an initial N concentration of
only 0.0025%, it was assumed that all N was consumed during TiN precipitation, while
only 0.0085% of Ti was used. Given that the Ti content in the IN718 alloy was approxi-
mately 0.94%, which significantly exceeded the amount that could be consumed by TiN
precipitation, this model neglected Ti consumption and focused solely on N consumption.

Before TiN precipitation, the concentration of each alloying elements was calculated
using Equation (22):

CL
C0

= [1− (1− 2Ωk) fS]
(k−1)

(1−2Ωk) (22)

After TiN precipitation, the concentrations of Ti and other elements continued to be
calculated using the same equation, but with adjustments to the N concentration in the
residual liquid phase. The N concentration at step n was determined using Equation (23):

CL,n = CL,eq,n−1
[1− (1− 2ΩnkN) fS]

(kN−1)
(1−2ΩnkN )

[1− (1− 2Ωn−1kN)( fS − Δ fS)]
(kN−1)

(1−2Ωn−1kN )

(23)

where CL,n is the N concentration in the calculation cell at step, wt.%; CL,eq,n−1 is the
equilibrium N concentration in the calculation cell at step (n − 1), wt.%; Ωn−1 and Ωn
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are the Ω parameter values for steps n − 1 and n, respectively; and kN is the equilibrium
partition coefficient of N between the solid and liquid phases.

2.4.2. Effect of Microsegregation of Other Alloying Elements on TiN Precipitation

During solidification, microsegregation behavior is common among all alloying ele-
ments. The enrichment of these elements in the residual liquid phase alters the activity
coefficients of N and Ti, thereby influencing TiN precipitation. Consequently, the program
developed for this study accounted for the microsegregation effects of six key alloying
elements: C, S, Nb, Mg, Al, and O. The software was equipped with a flexible interface,
which enabled the seamless integration of additional equilibrium partition coefficients and
diffusion coefficients for alloying elements as they became available.

2.5. The Unit and Process of Calculation

During solidification, primary dendrites initiate growth, with secondary dendrites
forming symmetrically on either side of the primary dendrites due to the temperature gra-
dient at the solidification front. Simultaneously, the solid–liquid interface on the secondary
dendrites gradually advances toward the center of the interdendritic region. As shown in
Figure 7, the computational unit of the coupling model used in this study started at the
central axis of a secondary dendrite in the mushy zone and extended to half the length of
the secondary dendrite arm spacing.

Figure 7. Schematic of the solidification calculation unit.

The solidification region, defined as half of the secondary dendrite arm spacing
(λS), was divided into Q segments, each with a length of ΔX, as shown in Figure 8. The
calculation step size was ΔfS. For each computational step, the solid fraction increased
from fS to fS + ΔfS, advancing the solidification front by one unit and increased the number
of solid phase cells from m to m + 1.

Before starting the calculations used the coupled model, the following assumptions
were made:

(1) Mass transfer in the calculation region was governed solely by diffusion. Solute
diffusion was limited in the solid phase but remained uniform in the liquid phase.

(2) Dendrite growth followed a parabolic shape, as shown in Figure 7.
(3) The solid–liquid interface was treated as a planar surface.
(4) At the solidification front, the reaction between Ti and N in the liquid phase reached

equilibrium, satisfying the relationship in Equation (4).
(5) The calculated unit represented half of the secondary dendrite arm spacing, as shown

in Figure 7.
(6) The precipitation of other types of inclusions during solidification was disregarded.

204



Materials 2024, 17, 5443

Figure 8. Schematic of the division of the calculation region.

The overall calculation process of the coupled model was depicted in Figure 9. In
each iteration step, fS was incremented by ΔfS (with fS = 0 for the initial step). First,
the concentrations of Ti and N in the molten alloy were calculated using the modified
C-K model, followed by an evaluation using Equation (2) to determine whether TiN
inclusions precipitated. If no precipitation occurred, the process moved to the next step. If
TiN precipitation was detected, the microsegregation module was coupled with the TiN
precipitation module to compute the concentrations of Ti and N in the residual liquid phase.
Finally, the TiN precipitation amount and its cumulative value were calculated for each
step. The process continued until fS = 1, marking the end of the calculation.

Figure 9. The main calculation process of the model.
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3. Results and Discussion

3.1. Discussion of Fundamental Results
3.1.1. Thermodynamic Calculation Results

Using Equations (1)–(3), the ΔG for the precipitation reaction of TiN inclusions at
different solid fractions was calculated to determine whether TiN precipitated. Using a
secondary dendrite arm spacing of 105 μm as an example, Figure 10 shows the variation in
the Gibbs free energy (ΔG) during solidification. The graph indicated that, as solidification
progressed, the solid fraction (fS) increased and ΔG decreased. For 0 ≤ fS < 0.256, ΔG > 0,
indicating that no TiN precipitation occurred in the residual liquid phase. At fS = 0.256,
ΔG = 0, marked the critical point for TiN precipitation. Substituting fS into Equation (19)
yielded a critical temperature for TiN precipitation at the solidification front of 1619.81 ◦C.
For 0.256 < fS ≤ 1, ΔG < 0, indicating the onset of TiN precipitation, which continued to
increase as fS rose. The maximum amount of TiN precipitation was reached when solidifica-
tion was complete (fS = 1). Reducing the initial concentrations of N and Ti in the molten alloy
effectively lowered the free energy of the TiN precipitation reaction, delaying the threshold
for TiN formation. This adjustment also decreased the total amount of TiN precipitated at
the end of solidification and reduced the potential for TiN inclusion agglomeration.

 

Figure 10. The ΔG change curve of the TiN precipitation reaction during solidification.

3.1.2. Calculation Results of the Coupled Model

By accounting for the consumption of N due to TiN precipitation (through the coupling
of the microsegregation module with the TiN precipitation module), the variation in N
concentration in the residual liquid phase under coupled conditions was obtained. Using
a secondary dendrite arm spacing of 105 μm as an example, the computational results
are shown in Figure 11. The results indicated that, without considering the impact of
TiN precipitation, the N concentration in the residual liquid phase gradually increased
during solidification, reached 52.2 ppm by the end of the process. When the effects of both
microsegregation and TiN precipitation on the N concentration were included, the results
were as follows: for fS < 0.256, the outputs from the coupled model and the microsegregation
model alone were identical. At fS = 0.256, TiN precipitation began in the residual liquid
phase. For fS > 0.256, as solidification progressed, the N concentration in the residual
liquid phase decreased, and the extent of N microsegregation diminished. By the end of
solidification, the N concentration dropped to just 1.3 ppm, indicating that nearly all N
precipitated as primary nitride or carbonitride during the solidification process.
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Figure 11. N concentration curves in the residual liquid phase were predicted using the modified
C-K model and the coupled model, respectively.

3.1.3. Microsegregation of Other Alloying Elements

The influence of microsegregation of major alloying elements on TiN precipitation
was examined. Using a secondary dendrite arm spacing of 105 μm as an example, the
microsegregation of six key elements—C, O, Mg, Nb, S, and Al—was predicted using both
the modified C-K model and the Scheil model. The results are shown in Figure 12. The
microsegregation data for Ti and N were excluded from this comparison, as their behavior
was influenced by TiN precipitation.

Figure 12 shows the concentration change curves for six major alloying elements calcu-
lated by the Scheil model and the modified C-K model. These curves reveal that, regardless
of whether the modified C-K model or the Scheil model is used, the concentration of each
alloying element in the residual liquid phase increases as solidification progresses, with
a marked acceleration in the later stages. During the initial stages of solidification, the
concentrations calculated by the Scheil model closely align with those obtained using the
modified C-K model. However, in the later stages, the Scheil model predicts much higher
concentrations than the modified C-K model, which does not align with physical expec-
tations. Table 4 compares the microsegregation ratios of these six elements as calculated
by the modified C-K model. The data indicated that the order of microsegregation ratios
during solidification was Mg > S > O > Nb > C > Al. Notably, the microsegregation of
Mg and S became particularly pronounced as solidification advanced, highlighting their
significant impact on TiN precipitation.

Table 4. The results of microsegregation of six major alloying elements were calculated using the
modified C-K model.

Initial
Concentration

C0 (wt.%)

Terminal
Concentration

CL (wt.%)

Concentration
Gradient
ΔC (wt.%)

Microsegregation
Ratio
ΔC/C0

C 0.018 0.060 0.042 2.3
S 0.0009 0.0308 0.0299 33.2

Nb 4.91 20.66 15.75 3.2
Mg 0.001 0.146 0.145 145.0
Al 0.52 0.96 0.44 0.8
O 0.00041 0.01368 0.01327 32.4
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Figure 12. Microsegregation of the six major alloying elements calculated by the Scheil model and
the modified C-K model: (a) C; (b) O; (c) Mg; (d) Nb; (e) S; (f) Al.

3.1.4. Effect of Different Models

The microsegregation behavior of Ti and N was analyzed using the L-R model, Scheil
model, modified C-K model, and the coupled model, with a secondary dendrite arm
spacing of 105 μm. For accuracy, the results for fS > 0.99 were excluded due to the Scheil
model’s limitations at the final stage of solidification. Figure 13 presents the concentration
variation curves for Ti and N.

 

Figure 13. Curves of Ti and N concentrations predicted by different microsegregation models: (a) N;
and (b) Ti.
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Figure 13a,b show that, at the start of solidification, the initial concentrations of N
and Ti were 0.0025 wt.% (25 ppm) and 0.94 wt.%, respectively. Before TiN precipitation
(fS < 0.256), the concentration results for Ti and N in the residual liquid phase were nearly
identical across all models.

However, after TiN precipitation began, the behavior of N diverged. The L-R, Scheil,
and modified C-K models predicted increasing N concentrations as solidification pro-
gressed, whereas the coupled model showed a decreasing trend due to N consumption by
TiN precipitation. The highest N concentration at the end of solidification was 0.02609 wt.%
(260.9 ppm), as predicted by the Scheil model. The L-R model and modified C-K model
provided similar results, at 0.00521 wt.% (52.1 ppm) and 0.00522 wt.% (52.2 ppm), respec-
tively, between the Scheil and coupled model. The coupled model yielded the lowest N
concentration, 0.00013 wt.% (1.3 ppm), reflecting the significant N consumption associated
with TiN precipitation. The modified C-K model’s results closely resembled those of the
L-R model due to the N element diffusing faster in the solid phase.

For Ti, all four models predicted an increasing concentration as solidification advanced.
The Scheil model forecasted the highest Ti concentration at 3.64 wt.% at the end of solidifi-
cation. The coupled model and modified C-K model produced similar results of 1.67 wt.%,
intermediate between the predictions of the Scheil and L-R models, because the effect of
TiN precipitation on Ti concentration was not considered. The L-R model predicted the
lowest Ti concentration, at 1.34 wt.%.

3.1.5. Effects of Coupled Model

Using a secondary dendrite arm spacing of 105 μm and a step size of 0.001 as an exam-
ple, the TiN precipitation amount at each step and the total accumulated precipitation were
calculated. The variation curves for stepwise precipitation and accumulated precipitation
as functions of the solid fraction are shown in Figure 14. Figure 14a indicates that, when
fS < 0.256, the concentration product of Ti and N in the residual liquid phase is below
the equilibrium concentration product, resulting in no TiN precipitation. Once fS ≥ 0.256,
TiN begins to precipitate in the residual liquid phase. As the solid fraction increases, the
amount of TiN precipitated at each step gradually decreases until it reaches zero at the
end of solidification. Figure 14b illustrates that, when fS < 0.256, there is no accumulation
of TiN in the residual liquid phase. When fS ≥ 0.256, the accumulated amount of TiN
increases progressively with the solid fraction. However, the rate of accumulation slows
as solidification continues, eventually reaching zero at the end of solidification. By the
completion of solidification, the total accumulated TiN precipitation reaches 64 ppm.

 

Figure 14. (a) TiN precipitation at each step; (b) accumulated TiN precipitation during solidification.

3.2. Effect of Initial Concentration of N on TiN Precipitation

Using a secondary dendrite arm spacing of 105 μm as an example, the accumulated
precipitation amounts of TiN in the residual liquid phase were calculated for initial N con-
centrations of 10, 25, and 40 ppm. The variation curves of accumulated TiN precipitation as
a function of the solid fraction are shown in Figure 15. The results indicated that, as the
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initial N concentration increased, TiN began to precipitate earlier, and the accumulated
precipitation at the end of solidification rose significantly. At an initial N concentration
of 10 ppm, TiN started to precipitate at fS = 0.606. As solidification progressed, the pre-
cipitation gradually increased, reaching an accumulated amount of 16 ppm by the end
of solidification. When the initial N concentration was raised to 25 ppm, TiN began to
precipitate at fS = 0.256, and the accumulated precipitation at the end of solidification
increased notably to 64 ppm. At an initial N concentration of 40 ppm, TiN precipita-
tion started before solidification began, and the final accumulated precipitation reached
126 ppm. The results indicated that higher initial nitrogen concentrations led to earlier
TiN precipitation and a greater total amount of TiN formed. The increased number of TiN
particles provided abundant heterogeneous nucleation sites for NbC precipitation. During
the later stages of solidification, these TiN and NbC particles further evolved into mixed
(Nb + Ti) carbonitrides. These precipitates exhibited poor distribution uniformity within
the structure and were difficult to adjust effectively through subsequent heat treatment
or homogenization, ultimately becoming part of the solidified structure and negatively
impacting the mechanical properties of the alloy [7]. Therefore, controlling the nitrogen
concentration in the alloy was crucial for optimizing the microstructure and enhancing the
mechanical properties of the alloy.

 

Figure 15. Curves of TiN accumulated precipitation with solid fraction under different initial N
concentrations: (a) 10 ppm; (b) 25 ppm; and (c) 40 ppm.

3.3. Effect of Cooling Rate on TiN Precipitation

The curve of the secondary dendrite arm spacing against the cooling rate was es-
tablished based on the re-fitting Equation (21). The local cooling rates corresponding to
secondary dendrite arm spacings of 70 μm, 105 μm, and 140 μm were predicted. The
results are shown in Figure 16. This figure shows that the secondary dendrite arm spacing
gradually decreases as the cooling rate increases.

 

Figure 16. Curve of secondary dendrite arm spacing at different cooling rates.
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For secondary dendrite arm spacing values of 70 μm, 105 μm, and 140 μm, the corre-
sponding local cooling rates were 0.18 ◦C/s, 0.06 ◦C/s, and 0.03 ◦C/s, respectively. Using
the coupled model, the N concentration in the residual liquid phase and the accumulated
TiN precipitation at these cooling rates were estimated, with the results shown in Figure 17.
This figure revealed that increasing the cooling rate from 0.03 ◦C/s to 0.18 ◦C/s had few
effects on the N concentration and accumulated TiN precipitation. When the impact of
TiN precipitation on the N concentration was ignored, the N concentration at the end of
solidification remained 52 ppm for all three cooling rates. When TiN precipitation was con-
sidered, the final N concentration dropped to 1.3 ppm for all rates, with a total of 64 ppm
of TiN precipitation throughout the solidification process. These findings suggested that
increasing the cooling rate had little effect on solute microsegregation or TiN precipita-
tion within dendritic cells. However, higher cooling rates effectively reduced secondary
dendrite arm spacing, thereby decreasing the size of microsegregation units (half of the
secondary dendrite arm spacing), which significantly influenced solute microsegregation
and TiN precipitation.

 

Figure 17. The concentration of N and TiN accumulated precipitation in the residual liquid
phase during solidification at different cooling rates: (a,d) CR = 0.18 ◦C/s; (b,e) CR = 0.06 ◦C/s;
(c,f) CR = 0.03 ◦C/s.
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4. Conclusions

Large TiN inclusions in nickel-based superalloys promote micropore formation, com-
promising the mechanical properties of the alloys. However, current research lacks a
comprehensive coupled model that considers both solute element microsegregation and
TiN precipitation specifically in nickel-based superalloys. This study integrated microseg-
regation and TiN precipitation calculations to conduct a comprehensive thermodynamic
analysis of element microsegregation and TiN precipitation during the solidification of
IN718 alloys. The effects of the coupled model, multi-element microsegregation, initial
N concentration, and the cooling rate on TiN precipitation were evaluated. The main
conclusions are as follows:

1. The microsegregation ratios of solute elements (excluding Ti and N) in the IN718
molten alloy followed the order: Mg > S > O > Nb > C > Al. Niobium showed
the most significant increase in concentration during solidification (approximately
15.75 wt.%), due to its high initial concentration. This finding highlights the impor-
tance of considering multi-element microsegregation in thermodynamic calculations
of TiN precipitation in the IN718 alloy.

2. Without coupling the TiN precipitation module with the microsegregation module,
the N concentration in the residual liquid phase rose to 52.2 ppm by the end of
solidification. When the modules were coupled, the N concentration decreased to
1.3 ppm after TiN precipitation, demonstrating a marked difference between the
two scenarios.

3. Thermodynamic analysis indicated that TiN inclusions began to precipitate when
the solid fraction exceeded 0.256. As solidification progressed, the amount of TiN
precipitation increased and reached 64 ppm by the end of solidification.

4. With an increase in the initial N concentration from 10 ppm to 40 ppm, the solid
fraction at which TiN precipitation began shifted from 0.606 to a point before the
onset of solidification, and the accumulated TiN precipitation during solidification
increased from 16 ppm to 126 ppm.

5. The variation in N concentration and accumulated TiN precipitation was predicted for
cooling rates of 0.03 ◦C/s, 0.06 ◦C/s, and 0.18 ◦C/s. The results were nearly identical,
suggesting that changes in cooling rate had little effect on TiN precipitation.
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Abstract: This article presents the first use of shape forming elements (SFEs) to produce architected
composites from multiple materials in an extrusion process. Each SFE contains a matrix of flow
channels connecting input and output ports, where materials are routed between corresponding
ports. The mathematical operations of rotation and shifting are described, and design automation
is explored using Bayesian optimization and genetic algorithms to select fifty or more parameters
for minimizing two objective functions. The first objective aims to match a target cross-section by
minimizing the pixel-by-pixel error, which is weighted with the structural similarity index (SSIM). The
second objective seeks to maximize information content by minimizing the SSIM relative to a white
image. Satisfactory designs are achieved with better objective function values observed in rectangular
rather than square flow channels. Validation extrusion of modeling clay demonstrates that while SFEs
impose complex material transformations, they do not achieve the material distributions predicted
by the digital model. Using the SSIM for results comparison, initial stages yielded SSIM values near
0.8 between design and simulation, indicating a good initial match. However, the control of material
processing tended to decline with successive SFE processing with the SSIM of the extruded output
dropping to 0.023 relative to the design intent. Flow simulations more closely replicated the observed
structures with SSIM values around 0.4 but also failed to predict the intended cross-sections. The
evaluation highlights the need for advanced modeling techniques to enhance the predictive accuracy
and functionality of SFEs for biomedical, energy storage, and structural applications.

Keywords: architected composites; additive manufacturing; artificial intelligence; optimization

1. Introduction

Recent advances in modeling, simulation, and manufacturing are accelerating the
discovery of new materials while also reducing the time and cost of bringing new prod-
ucts to market. The materials genome initiative [1,2] reinforces these trends by seeking
to accelerate materials discovery to enable materials-by-design wherein material and ul-
timate product properties are predicted from first principles; the end goal is to benefit
humanity by creating new materials that support novel applications while reducing cost
and environmental impact. Architected and cellular material composites offer promising
avenues for creating efficient structures with previously impossible properties. Examples
include lightweight structures and “white-space” materials [3] with gradient properties [4],
negative Poisson’s ratio [5], and other tunable properties [6]. While nature provides abun-
dant examples of architected materials [7], a review of the literature suggests that most of
the recent work relies on additive manufacturing methods to achieve complex material
placement at the mesoscale and microscale. Kladovasilakis et al. [8] provide a recent re-
view with a classification of architected materials based on the geometry, e.g., stochastic,
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homogeneous, and pseudo-periodic architectures. There are at least two issues with the
use of additive manufacturing (AM) as the production route for architected materials. First,
while layer-based AM processes such as Continuous Liquid Interface Production (CLIP) [9]
and Computed Axial Lithography (CAL) [10] are substantially faster than extrusion-based
and laser-based processes, they remain extremely slow and energy intensive relative to
net-shape manufacturing processes [11,12]. Second, products made by AM processes have
significant failure modes related to finite layer thickness [13], fatigue [14], and quality
assurance [15]. Together, these issues preclude the adoption of architected materials in
mass production with the most prevalent applications being lattice-based structural designs
with mesoscale features [16].

This article provides the first investigation of the design and use of shape forming
elements as a method for the mass production of architected material composites. The
goal is to provide a structured methodology for designing architected composites that
supports efficient and scalable production. The approach is a two-dimensional extension
of one-dimensional layer multiplying elements [17] used in polymer processing to cre-
ate multi-layered sheets [18,19], tubes [20,21], and simple hierarchical structures [22]. As
described, a shape forming element (SFE) converts an input cross-section to an output
cross-section with differing geometry through the use of multiple flow channels that de-
form, rotate, and shift the local distributions of materials; multiple SFE stages are then used
to achieve higher levels of complexity of architected composites with high production rates
when implemented in processes such as extrusion and injection molding. The article then
describes implementations of design automation using Bayesian optimization and generic
algorithms. Validation of the SFE designs using flow simulation and rapid prototyping is
described, and significant implementation issues with the SFE concept related to optimiza-
tion of the architected composites and methods of manufacture are identified. Accordingly,
suggested modeling extensions are discussed to enable broad and practical applications in
various industries, including biomedical and aerospace.

2. Materials and Methods

2.1. Shape Forming Elements

Consider a cross-section composed of two materials processed through sets of flow
channels provided within two shape forming elements (SFEs) as shown in Figure 1. There
are at least five operations that each SFE can provide: (1) cutting, (2) rotation, (3) shifting,
(4) combining, and (5) reshaping. The first four operations are the focus of this article;
reshaping SFEs are in concurrent development but in need of further research with respect
to design automation. Other SFE functions such as flipping, copying, and deleting are easy
to model in theory but difficult to realize in practice without transient actions implemented
within the manufacturing process.

Figure 1. Flow channel designs implemented in a first SFE with the rotation matrix of Equation (3)
and a second SFE with a rotation matrix of Equation (6) also with a shift matrix of Equation (8). The
material traverses from left to right resulting in the three material cross-sections M0, M1, and M2

corresponding to Equations (1), (5) and (9).
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The input section of Figure 1, M0, is modeled as two materials in a 6 × 6 matrix:

M0 =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1
1 0 0 0 0 1
1 0 0 0 0 1
1 0 0 0 0 1
1 0 0 0 0 1
1 1 1 1 1 1

⎤
⎥⎥⎥⎥⎥⎥⎦ (1)

The use of the {0,1} material representation allows for straightforward computation
of the relative material concentrations. For the defined M0, material 1 is located at 20 of
36 overall locations, so the concentration of material 1 is 0.55. While a 6 × 6 matrix is
used for illustration purposes, larger matrices are later analyzed for providing improved
resolution across multiple shape forming operations. Multiple materials and their blends
can be modeled by extension.

A rotation matrix for each i-th SFE, Rijk, is defined for each jk-th port representing a
partition of the input material matrix Mi. The number and locations of the ports define the
number of cuts and partitions, Pjk, of the input material matrix. For example, suppose that
a first SFE has a 2 × 2 set of ports, as shown in Figure 1. Then, M0 can be represented as a
set of Pjk as

M0 =

⎡
⎢⎢⎢⎢⎢⎢⎣

P11 =

⎡
⎣1 1 1

1 0 0
1 0 0

⎤
⎦ P12 =

⎡
⎣1 1 1

0 0 1
0 0 1

⎤
⎦

P21 =

⎡
⎣1 0 0

1 0 0
1 1 1

⎤
⎦ P22 =

⎡
⎣0 0 1

0 0 1
1 1 1

⎤
⎦

⎤
⎥⎥⎥⎥⎥⎥⎦ (2)

The material processed through each jk-th port can be rotated relative to the center-line
axis of the swept section in its flow direction. For the example of Figure 1 in which R121 =
2, a rotation matrix in which only the top right port is rotated 180◦ in the first SFE is:

R1jk =
π

2

[
0 2
0 0

]
, (3)

where in the output Mi,rot from the rotation function, rot(), for the i-th SFE is:

Mi,rot = rot(Mi−1, Ri) =
[[

rot90
(

Pijk, Rijk

)]]
. (4)

Here, the rot90() operation is the built-in Matlab (Mathworks, Waltham, MA, USA)
function for rotating a matrix by 90◦ counterclockwise Rjk times, allowing for the straight-
forward manipulation of matrix orientations. An interactive design function Design_SFE()
is provided in the Supplementary Materials along with other routines for optimization as
later described. Appendix C provides a synopsis of these and other Matlab built-in and
developed functions used in the performance of the research; all developed functions are
available as described in the Supplementary Materials Section.

The result of Equations (2)–(4) is the first output material, M1:

M1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

P111,rot =

⎡
⎣1 1 1

1 0 0
1 0 0

⎤
⎦ P112,rot =

⎡
⎣1 0 0

1 0 0
1 1 1

⎤
⎦

P121,rot =

⎡
⎣1 0 0

1 0 0
1 1 1

⎤
⎦ P122,rot =

⎡
⎣0 0 1

0 0 1
1 1 1

⎤
⎦

⎤
⎥⎥⎥⎥⎥⎥⎦ (5)
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Successive rotation and shifting operations may be defined and applied. For example,
suppose that material M1 is fed into a second SFE with a set of 3 × 3 ports and a rotation
matrix defined as:

R2 =
π

2

⎡
⎣0 0 0

0 3 1
0 2 1

⎤
⎦ (6)

Then, M2 = rot(M1,rot, R2) would be

M2 =

⎡
⎢⎢⎢⎢⎢⎢⎣

rot90
([

1 1
1 0

]
, 0
)

rot90
([

1 1
0 1

]
, 0
)

rot90
([

0 0
0 0

]
, 0
)

rot90
([

1 0
1 0

]
, 0
)

rot90
([

0 1
0 0

]
, 3
)

rot90
([

1 1
0 1

]
, 1
)

rot90
([

1 0
1 1

]
, 0
)

rot90
([

0 0
1 1

]
, 2
)

rot90
([

0 1
1 1

]
, 1
)

⎤
⎥⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 0 0
1 0 0 1 0 0
1 0 0 0 1 1
1 0 0 1 1 0
1 0 1 1 1 1
1 1 0 0 1 0

⎤
⎥⎥⎥⎥⎥⎥⎦ (7)

Each SFE can also shift the material flows from the input port locations to different
output port locations using defined shift matrices, SX,ijk and SY,ijk, in which integer ele-
ments represent the relative movement between the jk-th ports located along the respective
X and Y axes in the i-th SFE. For example, the second SFE of Figure 1 swaps the top center
and top right port outputs by defining SX,2jk as:

SX,2jk =

⎡
⎣0 1 −1

0 0 0
0 0 0

⎤
⎦ (8)

Applying the shift() function to the shift matrix of Equation (8) with the material
distribution of Equation (7) yields:

M2,shi f t = shi f t
(

M2,rot, SX,2jk

)
=

⎡
⎢⎢⎢⎢⎢⎢⎣

1 1 0 0 1 1
1 0 0 0 0 1
1 0 0 0 1 1
1 0 0 1 1 0
1 0 1 1 1 1
1 1 0 0 1 0

⎤
⎥⎥⎥⎥⎥⎥⎦ (9)

Figure 1 depicts the flow channels of the first and second SFE examples along with
the modeled architected composite cross-sections wherein the lighter and darker sections,
respectively, represent materials 0 and 1.

2.2. Design Automation

A salient feature of the shape forming element method is that many designs can be
achieved across multiple SFE stages. However, achieving a target architecture by manual
design is literally puzzling, akin to a tiling puzzle [23], with non-obvious solutions. A
significant issue is that the rotation of the material partitions can be hard to visualize
across SFE stages to achieve desired material architectures. Furthermore, the number of
combinations that may be considered is staggering. The number of combinations is on
the order of dp where p represents the number of design parameters and d represents
the number of degrees of freedom for each design parameter (typically four considering
only port rotation but much greater when shifting and other transforms are considered).
The later design examples have a design space comprising around 455 or 1.27 × 1030

combinations. Thus, design automation was implemented using Bayesian optimization
and genetic algorithms.

Arróyave and McDowell [24] provide a review of systems approaches for materials
design in which they suggest that “the most efficient methods for materials discovery are
based on variants of Bayesian optimization (BO)”. According to Brochu [25], “Bayesian
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optimization employs the Bayesian technique of setting a prior over the objective function
and combining it with evidence to get a posterior function. This permits a utility-based
selection of the next observation to make on the objective function, which must take
into account both exploration (sampling from areas of high uncertainty) and exploitation
(sampling areas likely to offer improvement over the current best observation)”. Thus,
Bayesian optimization allows for the exploration of a vast design space more efficiently
than traditional methods, which is particularly advantageous in the context of complex
material architectures where intuitive design approaches might fail.

Striving for intelligent design through design automation, integer optimization was
first implemented using the Matlab function bayesopt() to design a series of SFEs to minimize
an objective function G according to the flowchart of Figure 2. The algorithm iteratively
performs successive levels of design optimization, starting with the initial level (iLevel
= 0). In this initial level, the algorithm loops through multiple input cross-sections (later
demonstrated) and evaluates the objective function for each and selecting the best. The
Bayesian optimization then progresses for each SFE, allowing the algorithm to refine and
optimize the number and specific rotation of the flow channels to minimize the objective
value. After each iteration, the selected design and resulting output section are adopted
for subsequent analysis until the number of SFE stages is met (iLevel = m) or there is no
improvement in the objective function (ΔG = 0).

Figure 2. Implemented algorithm for shape function element (SFE) design using sequential Bayesian
optimization.

To assist the evolution of the architected cross-section across sequential SFE and
Bayesian optimization stages, a first objective function G1 was developed so that the
output material matches a target cross-section design represented as a binary image, ITarget.
Mathematically, this first objective is achieved by minimizing G1, which is defined as:

G1 = w·MSSE
(

ITarget, IOutput
)
+ (1− w)(1− SSIM)

(
ITarget, IOutput

)
(10)

Here, MSSE represents the mean sum squared error representing a pixel-by-pixel
comparison of the target image, ITarget, and the output image, IOutput, computed as:

MSSE
(

ITarget, IOutput
)
= ∑

(
ITarget − IOutput

)2/N2 , (11)
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where the two images are binary (as in the representation of Equation (1) and scaled to size
N; this definition is similar to the Matlab function immse(). Meanwhile, SSIM represents
the structural similarity index for measuring image quality as defined by Wang et al. [26].
Since SSIM approaches a value of 1 with perfect correlation, the value of (1 − SSIM) is
calculated as the error norm in the objective function for minimization purposes. The
purpose of the scalar weighting value, w, is to balance between the trade-off between local
pixel matching driven by MSSE and overall structural similarity driven by SSIM. A value
of 0.5 was typically used as the weighting value with similar execution time and results for
non-extreme values, e.g., w ∈ (0.1, 0.9).

As later characterized, the testing and validation of Bayesian optimization using the
sequential algorithm of Figure 2 frequently resulted in poor results. The reason was that the
optimal design requires the selection of input cross-section and early SFE stages that are far
from optimal as measured by the objective function. In other words, the sequential Bayesian
optimization falls prey to the same limitation of human sequential design thinking in which
the architected design only comes together in the latter SFE stages based on unobvious
intermediate cross-sections. As such, a different integer optimization was implemented
according to the flowchart of Figure 3 in which all design parameters are concurrently
optimized. The vector of design parameters is defined as:

x =
[
iInput, {(m1, n1), . . . , (mN , nN)},

{[
R1jk

]
, . . . ,

[
RNjk

]}]
, (12)

where Rijk is the rotation matrix for a given stage i per Equation (3), mi and ni are the
number of SFE ports in the x and y directions, and iInput is an integer representing the input
material cross-section. This implementation allows for non-square fluid ports, although
square ports are also implemented with the assumption that mi = ni and a corresponding
reduction in the length of the design vector x.

Figure 3. Implemented algorithm for shape function element (SFE) design using concurrent Bayesian
optimization or genetic algorithms.

Given this problem structure, it was straightforward to also implement a solution
based on genetic algorithms (GAs) as shown in the flowchart of Figure 3. This implementa-
tion calls Matlab’s ga() function that mimics the process of natural selection to iteratively
improve a population of candidate solutions [27]. The GA’s convergence is guided by
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constrained optimization as described by Conn, Gould, and Toint in their works on globally
convergent augmented Lagrangian algorithms [28]. The resulting GA method is generally
well adapted to handling large systems with complex constraints. Subsequent testing
showed that GA tended to outperform BO, which tended to converge to local, suboptimal
solutions.

The first objective G1 per Equation (10) was developed for SFE design automation to
match a target image. For demonstration purposes, a second objective, G2, is defined as:

G2 = SSIM
(

IWhite, IOutput
)

(13)

Here, IWhite represents a plain white image such that the intent is to maximize the
difference between the output and a uniform material. In other words, the minimization of
G2 should drive the SFEs to produce a highly complex, architected material like a T-square
or other fractal [29] as related to the concepts of negentropy [30] and Gibbs’ free energy [31].
While the objectives G1 and G2 are used as examples, other objective functions are needed
to derive architectures to maximize material and product performance.

2.3. Physical Prototyping

SFEs were also physically embodied and tested for demonstration purposes. A co-
extrusion setup as shown in Figure 4 was implemented with dual injection cylinders having
a bore diameter of 22 mm and a depth of 40 mm. The plungers were designed with a
diametral clearance of 0.1 mm and a series of four 0.5 mm grooves to provide a dynamic
seal that minimizes leakage under pressure. SFEs were designed with input and output
boundaries as an 11 by 11 mm square. This section size allows for a 4 by 4 grid of flow
channels each having a port geometry of 2 by 2 mm with a separating wall thickness of
1 mm. Prior work with these processes (e.g., [32]) as well as design guidelines from AM
service providers indicated that the hydraulic port diameter should be greater than 2 mm
with a length/diameter ratio greater than 10 to avoid clogging. In addition, a minimum
wall thickness of 0.8 mm is needed between the passageways within an SFE to provide
sufficient structural integrity during additive manufacturing and end use.

For the purposes of this article, the extruder and SFEs were produced in PA12 by
Autotiv (Salem, NH, USA) through a selective laser sintering process having a resolution
of approximately 60 microns. The implemented design for the G1 objective is shown
in Figure 4. Three-dimensional (3D) computer aided design (CAD) models for this and
the G2 designs are provided as described in the Supplemental Information. The stacked
assembly was bolted together after which the bores for the inner and outer materials
were, respectively, filled with 11.4 cm3 of blue and yellow modeling clay (Amazon part no.
B000KI7XA2 and B0015ZV6CK); previous studies have successfully utilized these materials
for similar flow validation purposes, demonstrating its relevance in characterizing non-
Newtonian flow in extrusion processes [33,34]. The assembly was then placed in an Arbor
press that extruded the clay with a force of 200 kgf on the pistons with an extrusion time of 6
s. These imposed conditions correspond to a material pressure of 2.6 MPa and a volumetric
flow rate of 3.8 cm3/s that were adopted for flow simulation.
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Figure 4. Three-dimensional models and cross-sections of the prototyped experimental design for a
G1 objective.

2.4. Flow Simulation

To understand the material distribution resulting from each stage of SFEs, transient
multi-phase flow simulation including moving interfaces was performed with Comsol
4.6 (Stockholm, Sweden) using the level set method. The level set method [35] represents
moving material interfaces using a fixed mesh by modeling the isocontour of the materials
as a smooth step function between a first material represented as 0 in one domain and a
second material represented as 1 in the second domain. The viscosity η for each material
was modeled as isothermal but non-Newtonian with the Williamson equation [36]:

η
( .
γ
)
=

η0

1 +
(
λ

.
γ
)1−n (14)

In this model, η0 represents the Newtonian limit of the viscosity [Pa.s] at a zero-shear
rate

.
γ [s−1] and reference temperature, n is the power-law index, and λ is a characteristic

relaxation time [s]. The material coefficients correspond to industrial recycled polyolefins of
current interest [37]. Appendix B provides further details including the model coefficients,
simulation conditions, and other details to access the CAD developed from the SFE design
optimization; additional results are provided in Appendix B to investigate the roles of mesh
refinement and viscosity modeling on development of the material cross-sections.

3. Results

3.1. Manually Created Designs

A Matlab script, Design_SFE(), available as described in the Supplemental Information,
was authored to interactively create architected designs for systems up to four shape
forming layers. One relatively simple design, referred to as “boxes”, is shown in Figure 5 in
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which the first, second, and third rotation matrices, respectively, provide sets of 2 by 2, 4 by
4, and 3 by 3 ports. For demonstration purposes, selected ports are rotated by 180 degrees
to convert a co-extruded square cross-section to a “plus” shape, then a “hash” shape, and
finally to the “boxes” shape. The starting section M0 is represented by an integer, iinput,
that maps the two starting materials to (1) a square cross-section, (2) an inverted square
cross-section, (3) a bi-layer system, and (4) a tri-layer system.

Figure 5. An interactively created “boxes” design specifying the input cross-section, rotation matrices
having 2, 4, and 3 ports per side, and the resulting composite cross-sections.

3.2. Automated Design Solutions

Even when restricting the ports to a square geometry, the number of possible archi-
tected designs increases very quickly with the number of SFEs and number of ports in
each SFE. A Matlab script, SFE_Opt(), was authored to implement design automation as
described with respect to Figure 3 and Equation (12). To test the methods, the first objective
G1 was minimized to match the output of the automated designs with the interactively
designed cross-section of Figure 5. The design vector, x, was developed assuming square
ports so that its length of 52 elements included one material input type, three integers cor-
responding to the number of ports per SFE side, and three sets of 16 integers representing
up to 16 port rotations per SFE. The developed script was coded and tested to be fully
parallelized and also scalable with respect to the number of SFEs and ports. The material
sections at each SFE level were each represented by a set of 220 by 220 pixels having values
of 0 or 1; this size of 220 was selected as the product of 3, 4, 4, and 5 to provide reasonable
image resolution with minimal computing resources.

Figure 6 provides example results for the Bayesian optimization (BO, at left) and
genetic algorithms (GA, at right); the outputs are the same though the two algorithms
produce different rotation matrices for the flow channels in the SFEs. The Supplemental
Information provides the corresponding convergence plots for each of the solutions. Both
the BO and GA methods were able to reproduce the design of Figure 5. However, the
number of iterations and CPU time varied drastically. The BO called the SFE processing
function only 300 times but consumed significant compute time updating its Gaussian
process models and optimizing its acquisition function to determine the next point to
evaluate. As a result, the BO method typically required on the order of 1200 s to converge.
By comparison, the GA method performs approximately 100 times the number of function
evaluations than the BO to support GA’s generative iteration. However, given that the
image matrix operations are relatively trivial and speedy, the GA method was much faster,
typically requiring 20 s to converge.
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(a) (b) 

Figure 6. Solutions automatically generated to minimize G1 to match the target “boxes” image
through (a) Bayesian optimization and (b) genetic algorithms. Corresponding objective function
values are respectively indicated.

Turning to the G2 objective to minimize the structural similarity index with a white
square, the same script SFE_Opt() was implemented with the results of Figure 7 for (top)
square and (bottom) non-square ports. In the latter case, the non-square ports were modeled
by augmenting the design vector, x, to allow the number of ports in the horizontal and
vertical directions to vary such that the number of design parameters increased from 52
to 55. The modeling of non-square input and output ports was performed by mapping
the partition of each input material using Matlab’s meshgrid() and then interpolating the
cross-section to the output shape using Matlab’s interp2() function. This interpolation can
result in non-binary material values (e.g., 0.5) depending on the size and number of the
rotations as well as the size of the modeled material matrix.

  
(a) (b) 

Figure 7. Solutions automatically generated to minimize G2 (structural similarity index) with
(a) Bayesian optimization and (b) genetic algorithms using (top) square and (bottom) rectangu-
lar ports.

Figure 7 illustrates a black and white pictorial representation of the successive ar-
chitected material cross-sections resulting from the SFE design matrices provided above
each section. The primary conclusion with respect to Figure 7 is that the relaxation of the
square port assumption provides a significant improvement in the objective function; this
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result is not dissimilar to the finding of Li, Dul, and Kim [38] that material performance
improved when a larger number of material microstructures is allowed in optimization.
The secondary conclusion is that the GA method again outperformed the BO method for
both the square and non-square problems.

To further investigate the use of the BO method, the hierarchical implementation
of Figure 2 was also implemented to minimize the G2 objective assuming square ports.
In this implementation, each of the input types is evaluated relative to the SSIM. The
lowest SSIM is then adopted for further processing with the SFEs with a varying number
of ports (1× 1, 2× 2, 3× 3, and 4× 4). Compared to the concurrent implementation of
Figure 3, the hierarchical method greatly reduces the size of the design vector, x, to exactly
the number of parameters needed for each optimization stage. The results are shown in
Figure 8 wherein the different rows correspond to different SFE stages, the number of
ports in each SFE stage is presented from 1× 1 at left to 4× 4 at right, and the green lines
correspond to the selected solution at each step in the hierarchy. The results show that the
co-extruded square and inverted square have the same G2 relative to a white target image;
this result is expected given their similar structure. The bi-layer and tri-layer have higher
G2 values so the first input type is accepted. The optimization of the first SFE tests 1 by 1, 2
by 2, 3 by 3, and 4 by 4 sets of fluid ports as depicted with the columns going from left to
right. The 3 by 3 is found to provide the lowest G2 value and so is adopted. The analysis
then proceeds to the second and third SFE stages that respectively result in the selection of
a 4 by 4 and then 3 by 3 stage.

Figure 8. Hierarchical Bayesian optimization of the G2 objective showing each stage of the optimiza-
tion with accepted (green) design and inferior (red) solutions.

In Figure 8, each SFE stage provides a reduction in the G2 value. However, the
hierarchical adoption results in a suboptimal solution relative to the concurrent selection
of all design parameters, x, yielding the results at top in Figure 7 (BO: G2 = 0.300 and
GA: G2 = 0.265). As previously discussed, the performance of the hierarchical solution
is limited since the optimal value at an upstream stage does not guarantee a globally
optimal result given the drastic changes in the architecture’s topology associated with
downstream partitions and rotations. It may be that a closed-form (algebraic) solution or
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an inverse solution methodology (designing from the output back to the input) exists that
can efficiently lead to globally optimal solutions.

3.3. Validation

Figure 9 provides the validation results for the G1 “boxes” objective including the
design intent on the left, sections from physical prototyping in the center, and cut plots from
multi-phase flow simulation on the right. The top row of Figure 9 shows that the initial
condition is reasonably achieved with the physical prototype though there is some rounding
as well as variation in the wall thickness of the outer material around the perimeter. By
comparison, the flow simulation predicts a more octagonal shape with minor rounding of
the material interfaces.

Figure 9. Validation results for the G1 objective including design intent on the left, physical prototyp-
ing in the center, and multi-phase flow simulation on the right.

The second row corresponds to the output of the first SFE in which each flow channel
in a 2 × 2 grid is rotated by 90 degrees. The physical prototype shows inconsistent results
in that the flows of the top two (upper) quadrants are not significantly altered from their
input state, while the bottom two (lower) quadrants clearly demonstrate some rotation in
the material distribution. However, the bottom two quadrants undergo only about 45◦
rather than the desired 90◦ of rotation. Meanwhile, the flow simulation predicts a minor
distribution between the center and the edges, resulting in an hourglass shape. The lack of
accuracy in the flow simulation is troubling, since it precludes model-based optimization.
Regardless, both the prototype and simulation results suggest that more deformation is
needed to achieve the desired output; this increased deformation could be achieved by
making the flow channels longer with further rotation.

The third and fourth rows of Figure 9 provide the prototyped and simulated results for
the second and third SFEs, respectively. It is clear that control of the material distribution
is lacking. In the prototyped material, the proportion of flow from the top-left quadrant
is significantly greater than the other quadrants. This result is surprising since the flow
channels in the SFEs are similarly sized and fed by fully symmetric feed channels. Re-
gardless, the prototyped results clearly show the incursion of the outer material into the
core with multiple material interfaces. By comparison, the flow simulation underpredicts
the amount of flow deformation and the extent of the material interfaces observed in the
physical system. Regarding gradation, the prototyped material showed little gradation
between the two materials while the flow simulation suggests significant gradation as the
flow progressed.
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Figure 10 provides the validation results for the G2 objective to maximize the informa-
tion content of the material architecture (minimize structural similarity index to a white
square) including the design intent on the left, sections from physical prototyping in the
center, and cut plots from multi-phase flow simulation on the right. The nature of the
results in Figure 10 is similar to those discussed for the results in Figure 9. The prototyped
results again clearly show the incursion of the outer material into the core with multiple
material interfaces. By comparison, the flow simulation again underpredicts the amount of
flow deformation and the extent of the material interfaces observed in the physical system.

Figure 10. Validation results for the G2 objective including design intent on the left, physical
prototyping in the center, and multi-phase flow simulation on the right.

3.4. Structural Similarity Analysis of Resultant Sections

The developed cross-sections across different stages of the prototyped and simulated
manufacturing process are compared to the intended designs using the structural similar-
ity index (SSIM). This methodology involves preprocessing images to a uniform size of
300 × 300 pixels and converting them into grayscale to ensure consistency in comparison.
The SSIM is then calculated between the images categorized into three paired comparisons:
Design to Prototype (D to P), Design to Simulation (D to S), and Prototype to Simulation (P
to S).

The results from this analysis for the images of Figure 9 are provided in Table 1.
The SSIM values for the inlet (i = 0) are around 0.8 across all comparisons, indicating a
reasonable translation of the design into both prototype and simulated forms. However, in
the subsequent SFE stages (i = 1 through 3), there is a notable decline in the SSIM values.
After the first SFE (i = 1), the SSIM values drop significantly to 0.1924 (D to P) and 0.1950 (D
to S), though there is a moderate similarity between the prototype and simulation (0.4893).
The similarity values are fairly stable after the second SFE stage with a slight decrease in
similarity between the prototype and simulation (0.4364) compared to the first SFE stage.
After the third SFE, there is a slight improvement in all SSIM values though more similarity
between the prototype and simulation than with the intended design.
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Table 1. Structural similarity indices for results of Figure 9 by image comparison.

SFE Stage Design to Prototype
Design to

Simulation
Prototype to
Simulation

0 (inlet) 0.7547 0.7949 0.7875

1 0.1924 0.1950 0.4893

2 0.2002 0.1965 0.4364

3 (outlet) 0.3175 0.3456 0.4418

The structural similarity indices were also calculated for the images of Figure 10 in
which the objective was to minimize the SSIM relative to white space. The results are
provided in Table 2. As the material progresses through subsequent SFE stages, a marked
decline is again observed in the SSIM values (0.2602, 0.3944, 0.3813 in the second set; 0.1873,
0.1958, 0.4513 in the third; and 0.0287, 0.0230, 0.3902 in the fourth), underscoring a growing
discrepancy between the expected and actual results.

Table 2. Structural similarity indices for results of Figure 10 by image comparison.

SFE Stage Design to Prototype
Design to

Simulation
Prototype to
Simulation

0 (inlet) 0.7547 0.7949 0.7875

1 0.2602 0.3944 0.3813

2 0.1873 0.1958 0.4513

3 (outlet) 0.0287 0.0230 0.3902

The consistent trend in both sets of results suggests a fundamental issue with the
material processing stages not adhering to the design assumptions, leading to a decrease in
predictive accuracy as the material undergoes further processing. The consistent reduction
in similarity across these stages highlights the challenges in maintaining design integrity
during material transformation processes. It underscores the need for refining our modeling
and simulation approaches to better account for the complexities and variabilities inherent
in material processing, aiming to enhance the fidelity and reliability of the outcomes at
each stage of development as subsequently discussed.

4. Discussion

4.1. Optimization of Material Architecture

The use of SFEs can enable new material architectures with enhanced properties. This
article described examples with objectives for (1) matching a pre-defined cross-section and
(2) maximizing the negentropy relative to a uniform material. However, none of these ex-
amples claimed to be optimal, and a framework for establishing optimal architecture on an
application-specific basis needs to be developed. There is significant related research such
as the handling of objectives and constraints in material architectures [39,40], consideration
of interfacial properties [41,42], leveraging gradient-based property distributions [43,44],
utility and cost of material architectures [45,46], nonlinear material properties as a function
of their processing history [47–49], gradation of the materials as a function of process-
ing [50,51], and sustainability concerns [45,47], among others. Theoretically, a fundamental
goal is to prove the optimality of an architected material composite for a given application.
More practically, the goal is to ensure acceptable robust performance, i.e., fitness for use
given uncertainty in material properties and end-use requirements [52,53]. Finite element
analysis of the architected composites can be employed to provide model-based topology
optimization of the stresses and structural performance.

228



Materials 2024, 17, 5339

4.2. Coding and Decomposition

Both the BO and GA optimizations were implemented with the design vector, x, of
Equation (13) for square and rectangular flow ports without a shifting function. In an
efficient implementation, the number of design parameters in this vector is equal to the
number of ports in each SFE stage such that an SFE with a 2 by 2 set of ports would have
four parameters, while an SFE with a 4 by 4 set of ports would have 16 parameters. In
the current implementation, however, the design vector comprised a fixed number of
parameters to accommodate the maximal number of ports. In other words, the rotation
matrices for all the SFEs are sized to (the maximum number of ports per side)2, e.g., 42 or
52.

This coding has the effect of not only increasing the dimensionality of the optimiza-
tion problem but also confounding the trialed changes to the dummy design parameters
alongside those of the truly significant design parameters. Consider the G1 target matching
example of Figure 6. If the design parameters representing the input cross-section and
number of ports per SFE stage are explicitly set as x1:4 → {1, 2, 4, 3} and removed from the
optimization problem, then the number of design parameters in the matrix x is reduced
from 1 (for the type of input material cross-section) plus 3 (for the number of ports per side
for each SFE) plus 3 × 42 (for three SFEs each having up to 4 by 4 ports to rotate), which
equals 52 to 22 + 32 + 42 = 29. This change results in a 4(52−29) or 7.04× 1013 reduction in the
number of combinations to be explored. While the GA was robust with respect to converg-
ing to an acceptable solution with reasonable compute time, both implementations would
benefit through the use of improved coding to provide the minimal number of design
parameters and a more efficient design search. The number of design parameters could
also be reduced through the implementation of logic supporting symmetry conditions.

Such improvements would facilitate the application of SFEs to a higher number of
stages, greater number of ports per stage, shifting of ports, and other relaxations made
to the current set of assumptions. More generally, however, is the need for architecture
decomposition into a minimal number of stages with a minimal number of ports while
also relaxing the assumptions of 1:1 mapping between the input and output ports as
well as the narrow use of square or rectangular ports. While these assumptions were
made to demonstrate the SFE concept and methodology, much more capable systems
are envisioned with further modeling and AI advances. Badini et al. [54] provide some
AI-inspired approaches that are closely related to the architectures that may be realized
with SFEs.

4.3. Shape Forming Element Design

A square grid of input and output ports for each SFE was assumed for the initial
exploration of the SFE concept. While this square port assumption was relaxed in the
second example investigating the G2 objective (minimal SSIM) with rectangular ports, the
broader objective of the shape forming elements is to operate with more general transforms
mapping the input to output for each SFE to create complex material architectures. The
input and output ports can be designed with other shapes (triangular, circular, and non-
convex), non-bijective connections (two inlets to one outlet, one inlet to two outlets, etc.),
and intermediate flow channel operations to provide custom transforms between the
input and output sections. Figure 11 provides some example transforms, including their
preliminary flow channel designs and predicted material distributions.
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Figure 11. Examples of custom input-output transforms beyond square and rectangular mappings.

The design of such custom transforms can be accomplished manually, but the work
is non-trivial and tedious. The triangular transform (on the left in Figure 11) was first
attempted with a simple loft connecting the rectangular input and triangular output. The
resulting material distribution in the output section was highly circular and concentrated
at the corners with the shortest flow path. The material distribution with the diagonal
transform design was improved by implementing a first loft to an intermediate slot to
distribute the flows across the hypotenuse of the triangle and then a second loft to the
triangular output. The “X” design (middle of Figure 11) is the third design iteration with a
routing of four black triangular legs around the white core material. The design still needs
additional flow balancing to achieve a more uniform output material distribution. The
“bullseye” design at right was the easiest to design and provided the desired output with
three nested flow layers (innermost white circle, intermediate black annulus, and outer
white annulus).

More generally, design automation of the flow geometry to create these material trans-
forms is a critical extension that can be enabled by modeling and artificial intelligence
including consideration manufacturing constraints. For a given input–output transform,
the routing, cross-section shapes, and associated design parameters can be determined
using the methods similar to the described BO or GA tied to flow simulation for perfor-
mance prediction; each of the flow simulations shown in Figure 11 required approximately
300 s of compute time and could be readily integrated into a design system. The processing
performance measures in the objective function should include at least the output material
distribution and its uniformity of flow rates. Constraints related to the pressure drop,
minimum flow channel dimensions, and minimum wall stock between flow channels
would ensure manufacturability and processability. The minimum wall stock is critical to
the creation of physically robust SFEs that can withstand the stresses imparted by the flow
material during manufacturing. In practice, no failure has yet been observed in polymer
or metal prototypes with a 1 mm minimum wall thickness during validation experiments.
In the future, an application programming interface (API) to 3D CAD could be used to
directly build the SFEs with final expert approval.

5. Conclusions

The concept of shape forming elements (SFEs) was described for the first time, aiming
to provide a framework for the design of architected composites for industrial applications.
The enablement of high-throughput manufacturing techniques for architected composites
presents significant opportunities to enhance material properties through innovative mate-
rial and process design strategies. Specifically, shape forming elements (SFEs) provide a
systematic approach to the intelligent manufacturing of architected materials with high
production rates, low cost, and a low carbon footprint.
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The method was demonstrated for square and rectangular ports with a 1:1 mapping
of inputs to outputs. Design automation by Bayesian optimization and genetic algorithms
provided reasonable solutions for multi-objective optimization with a design vector on
the order of 50 parameters. The provided results shows that the shape forming elements
enable a wide array of architectures driven by the orientation and shifting of the con-
stitutive materials within each SFE stage. Relaxation of the assumptions in the current
implementation will lead to the more precise control needed to achieve more complex and
capable composite architectures. While the current work demonstrated rotation, shifting,
and limited shaping between rectangular ports, a more complex reshaping of input and
output sections is straightforward to model but needs more advanced integration with
higher level systems optimization to achieve improved material architectures. Other SFE
functions such as copying and deleting would be desirable and can be computationally
modeled but are difficult to practically implement in simple physical systems.

The use of shape forming elements could represent a significant step forward in the
design of new material systems that combine light weight with high performance, which
are increasingly demanded in industries ranging from aerospace to biomedical engineering.
However, the results clearly show the need for further research to identify the optimal
architected designs and methods for their manufacture.
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Appendix A. Optimization Details

Figure A1. Convergence plot for converged design solution for G1 objective with Bayesian optimiza-
tion (compute time: 1201 s).

Figure A2. Convergence plot for converged design solution for G1 objective with genetic algorithm
(compute time: 21.32 s).

Appendix B. Flow Simulation Details

Transient, non-Newtonian, multi-phase flow simulations using the level set method
were performed with Comsol 4.6 using a segregated solver that iteratively solves the fluid
flow and level set (material concentration) fields. Materials 0 and 1 (properties indicated in
Table A1) were specified at the top inlet ports with a uniform velocity corresponding to a
volumetric flow rate of 5 cm3/s; an atmospheric pressure boundary condition was specified
at the outlet. Figure A3 provides the quarter-model design, simulation, and concentration
results for a quarter-symmetry model (with symmetric conditions specified for both the
flow fields and material levels on the right and front planes). This first model contained
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1,465,781 elements and required a solution time of 4080 s, physical memory of 8.82 GB, and
virtual memory of 10.74 GB. All simulations were conducted on an AMD Ryzen 9 7900X
CPU operating at 4.70 GHz with 24 logical processors.

Figure A3. Design, mesh, and concentration results from the Comsol level-set simulation.

To investigate the role of mesh dependence on the development of the developed
material flow fields, a higher fidelity mesh was created by changing the Comsol mesh
setting from “Fine” to “Finer.” This mesh refinement resulted in an increase in the number
of tetrahedral elements to 3,703,025. The simulated processing time was also increased
from 20 to 30 s to ensure a more fully developed flow field. These changes resulted in
an increase in the run time to 30,195 s as well as an increase in the physical and virtual
memory to 16.62 and 20.07 GB, respectively. The material concentration results for the
different levels of mesh refinement are provided in Figure A4. The results suggest that the
material distribution is more refined with additional mesh refinement but still far from
predicting the material behavior observed via extrusion with the physical prototype.

Similar mesh refinement was also conducted for the second example of Figure 10
in which the maximum edge length of the tetrahedral elements was reduced from 0.2 to
0.1 mm. This resulted in a mesh having 6,787,935 that required 52,926 s with physical
and virtual memory of 28.21 and 33.78 GB, respectively. Furthermore, to evaluate the
possibility that the extruded materials are not shear thinning as modeled with the described
Williamson equation, materials 0 and 1 were both modeled as Newtonian fluids with
respective viscosities of 162 and 582 Pa.s. The results are shown in Figure A5 and suggest
a similar refinement of the flow behavior during material processing with no additional
discernible effect of the change in the viscosity model relative to the impact of mesh
refinement previously demonstrated in Figure A4.
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Figure A4. Design, prototype results, and “fine” and “finer” flow simulation results for the example
of Figure 9.

Figure A5. Design, prototype results, and “Fine, WE” and “Finer, N” flow simulation results for the
example of Figure 10 wherein “WE” represent the non-Newtonian fluid model with the Williamson
equation while “N” represents the Newtonian viscosity model.

The solver convergence is shown in Figure A6 for the “Finer, N” condition with all
three modeled SFEs and the die filled with material 0 initially at rest. The perturbations
at iterations 100 and 150 correspond to the movement of the level set interface between
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materials 0 and 1 traveling through the latter SFE flow channels. The pressure history as
a function of time is shown in Figure A7. The early fluctuations are associated with the
travel of the level set interface through the flow channels in the SFEs with the propagation
of material 1 that has higher viscosity (582 Pa·s) than the material 0 (162 Pa·s). The pressure
plateau after 15 s suggests that the material interfaces depicted in Figure 10 are fully
developed as simulated.

Figure A6. Convergence plot for Comsol flow simulation of SFE design example #2 (Figure 10).

Figure A7. Pressure history plot for Comsol flow simulation of SFE design example #2 (Figure 10).

Table A1. Flow simulation material data for materials 0 and 1.

Material Property Material 0 Material 1

MFR (g/10 min, 2.16 kg) 8.63 ± 0.05 5.67 ± 0.12

Melt density, kg/m3 850 850

Willamson, zero-shear viscosity, η0(230 ◦C) [Pa] 1127 1935

Willamson, power-law index, n 0.249 0.283

Willamson, characteristic relaxation time, λ [s] 0.0232 0.0437
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Appendix C. Description of Matlab Functions

Bayesopt: The bayesopt function in Matlab is a statistical technique for optimizing
nonlinear objective functions that are expensive to evaluate. It operates by constructing a
probabilistic model of the objective function and iteratively selecting the most promising
data points to evaluate based on current estimates. The function integrates prior belief
about the objective function and updates the model as new data are gathered, balancing
exploration of the design space with exploitation of known good regions. This approach is
particularly advantageous for optimizing complex material architectures where the direct
evaluation of every design configuration is computationally prohibitive.

Compare_Results: The Compare_Results.m Matlab script was written for this article
to compare the images from various stages of material processing experiments, specifi-
cally for Design (D), Prototype (P), and Simulation (S). This script automates the loading,
processing, and comparison of images corresponding to these stages using the structural
similarity index (SSIM) to quantitatively assess their similarity. The script can handle
both grayscale and black/white images with a Boolean option (bGray) to toggle between
these modes based on the analysis needs; each image is resized to a standard dimension
(300 × 300 pixels) to ensure consistency in comparison.

Design_SFE: The Design_SFE.m function is a Matlab script authored in this research
that is designed to create and visualize shape forming elements (SFEs) with configurable
square port rotations for material distribution in architected composites. The function
includes a graphical user interface (GUI) that allows users to interactively set the num-
ber of ports per stage and adjust the rotation of each port using keyboard inputs. The
script initializes a figure with controls to navigate through stages and modify port con-
figurations, supporting the design of complex flow channels in multi-layered structures.
This tool is built to aid in the visualization and manual adjustment of SFE configurations,
enabling a hands-on approach to designing optimized material architectures for various
manufacturing processes.

Ga: The ga function in Matlab implements genetic algorithms (GAs), which is a class of
optimization techniques inspired by natural selection that are effective for solving complex
optimization problems with large solution spaces. This function works by generating
a population of candidate solutions, which are then subjected to operations such as se-
lection, crossover, and mutation to evolve the population toward better solutions over
successive generations. Each candidate is evaluated based on a fitness function, and the
best-performing individuals are more likely to contribute to the next generation. Genetic al-
gorithms are particularly useful for exploring high-dimensional design spaces and finding
global optima in problems where traditional gradient-based optimization methods might
fail due to nonlinearity or discontinuities.

Immse: The immse function in Matlab is an acronym for IMage Mean Squared Error,
which is used to compute the mean squared error between two images. This function is
typically employed to quantify the difference between a reference image and a test image,
providing a measure of the distortion or error introduced during image processing or
transmission. The mean squared error calculated by immse reflects the average of the
squares of the pixel intensity differences between corresponding pixels of the two images.
It is a critical tool in image analysis, and it is particularly useful in optimization routines
for image processing where reducing the error metric is a common objective, such as in the
manuscript’s context for validating composite architectures.

Interp2: The interp2 function in Matlab performs two-dimensional interpolation on
matrices, which is used for estimating intermediate values between discrete data points in a
grid. This function can accept various methods of interpolation such as linear (used in this
research), cubic, or spline, allowing users to choose the one that best suits their application
needs. In this application, it supports the creation of smooth representations of the material
concentrations in matrices of varied sizes and aspect ratios as discussed in the context of
transforming material cross-sections in the manuscript.
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Meshgrid: The meshgrid function in Matlab is used to create two 2D arrays containing
the coordinates of points on a grid, where one array holds the x-coordinates and the
other holds the y-coordinates. It is a method for mapping functions over a grid, enabling
vectorized operations on matrices that represent points across a meshed domain. This
function is used to support the interpolation of material distributions when mapping
material concentrations in the partition of the output from one SFE to an input partition of
the next SFE and they have different pixel sizes.

Rot90: The rot90 function in Matlab rotates a matrix or an array by 90 degrees coun-
terclockwise. This function is used to manipulate image data or reorient matrices to align
with different coordinate systems or perspectives. A second argument specifies the number
of times the matrix should be rotated by 90 degrees, enabling flexibility in achieving the
desired orientation. For example, the function call rot90(A,2) would rotate the matrix A by
180 degrees.

SFE_Opt: The SFE_Opt.m function is a Matlab script authored for this research that
optimizes shape forming elements (SFEs) through integer-valued Bayesian optimization
(BO) and genetic algorithms (GAs). This script is designed to optimize the design of
SFEs used in creating architected material composites by adjusting parameters such as
port shapes, sizes, and rotations to achieve specific performance objectives. Users can
configure the optimization process through Boolean options to choose between using
Bayesian optimization or genetic algorithms, specify the shape of ports (square or non-
square), and decide on varying input types which directly affect the degrees of freedom in
the optimization problem. Key options in the script allow users to penalize the number of
ports, append results to an archive for later review, and display cross-sectional views and
objective values during optimization runs. The script also accommodates non-rectangular
ports and includes placeholders for future functionalities like solving from the bottom
up or sequentially through stages. Different objectives functions are also implemented
including placeholders and trial functions related to mechanical properties.

SSIM: The ssim function in Matlab calculates the structural similarity index (SSIM)
between two images, which is a method for measuring the similarity between two images.
SSIM is a perception-based model that considers image degradation as a perceived change
in structural information, incorporating aspects of luminance, contrast, and structure. The
SSIM function returns a decimal value between 0 and 1 that, respectively, indicates no and
perfect similarity.
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Abstract: The exploration of Hot Dry Rock (HDR) geothermal energy is essential to fulfill the energy
demands of the increasing population. Investigating the physical and mechanical properties of heated
rock under different cooling methods has significant implications for the exploitation of HDR. In
this study, ultrasonic testing, uniaxial strength compression experiments, Brazilian splitting tests,
nuclear magnetic resonance (NMR), and scanning electron microscope (SEM) were conducted on
heated granite after different cooling methods, including cooling in air, cooling in water, cooling
in liquid nitrogen, and cycle cooling in liquid nitrogen. The results demonstrated that the density,
P-wave velocity (Vp), uniaxial compressive strength (UCS), tensile strength (σt), and elastic modulus
(E) of heated granite tend to decrease as the cooling rate increases. Notably, heated granite subjected
to cyclic liquid nitrogen cooling exhibits a more pronounced decline in physical and mechanical
properties and a higher degree of damage. Furthermore, the cooling treatments also lead to an
increase in rock pore size and porosity. At a faster cooling rate, the fracture surfaces of the granite
transition from smooth to rough, suggesting enhanced fracture propagation and complexity. These
findings provide critical theoretical insights into optimizing stimulation performance strategies for
HDR exploitation.

Keywords: rock mechanical properties; cooling treatments; heated granite; experimental research

1. Introduction

With the increasing global demand for energy, the development and utilization of
sustainable energy resources have emerged as a critical global issue [1–3]. Geothermal
energy, recognized as a clean, efficient, and renewable resource, offers considerable po-
tential for development [4–6]. In particular, Hot Dry Rock (HDR) geothermal systems,
known for their high temperatures and substantial energy storage deep within Earth’s
crust, represent a promising geothermal resource [7,8]. It is estimated that the geothermal
energy content of HDR is 800 times that of hydrothermal resources and 300 times that
of the total energy from fossil fuels [9]. Effective exploitation of HDR resources can not
only help alleviate the energy crisis but also reduce environmental pollution and green-
house gas emissions, offering significant environmental and social benefits. The creation
of sufficiently interconnected channels within the reservoir is crucial for commercial-scale
heat extraction from HDR geothermal systems [10]. During the geothermal extraction
process, the introduction of low-temperature fluids, such as water or liquid nitrogen, into
the rock strata cools the high-temperature HDR reservoirs and generates thermal stress,
inevitably damaging the reservoirs. This reduces the fracturing stress during hydraulic
fracturing and enhances reservoir permeability [11], which significantly impacts the ex-
traction efficiency of HDR [12]. However, different cooling rates have varying impacts on
the physical and mechanical properties of high-temperature rocks, thereby affecting the
extent of damage. Therefore, a thorough understanding of the effects of cooling rates on
the physical and mechanical properties of rocks is particularly crucial for the production
efficiency of geothermal engineering.
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HDR reservoirs are characterized by high temperatures, which significantly alter
the properties of rocks [13–16]. The effects of heating on rock properties have been well-
documented, with changes in physical and mechanical properties primarily due to the
evaporation of pore water [17–19], decomposition of mineral components [20–23], and
transformations in the crystal structures within mineral grains [24–26]. The contact between
the high-temperature rocks of HDR reservoirs and external cold media during extraction
induces thermal stress due to cooling, thus affecting the rock properties. Water cooling, a
widely used method, has been extensively studied in recent years. Wu et al. [27] found
that heated granite subjected to water cooling during Brazilian split tests exhibited severe
thermal damage, resulting in lower tensile strength (σt) compared to samples that were nat-
urally cooling. Xue [28] explored the impact of water cooling on rock crack formation and
morphology through the thermal/hydro/mechanical coupling model and hydraulic frac-
turing experiments on heated granite. The results indicated that water cooling significantly
reduces σt and elastic modulus (E) of rocks, especially under high temperatures, promoting
crack formation and expansion, thus leading to a more complex fracture network. Zhu
et al. [29] observed that the density and mechanical strength of granite decreased with
increasing cycles of cyclic water cooling, with notable reductions in uniaxial compressive
strength (UCS) and E after 30 cycles. Scanning electron microscopy (SEM) results suggested
that the significant increase in microcracks was the primary cause of the deterioration in
the physical and mechanical properties of granite. Further studies by Cui et al. [30] showed
that increasing the number of heating/cooling cycles gradually decreased the P-wave
velocity (Vp) of granite, with a reduction in mass and an increase in volume, attributed
to structural changes caused by the thermal expansion and contraction of mineral parti-
cles due to moisture evaporation under high temperatures. Moreover, Wang et al. [31]
investigated the effects of different water cooling durations under varying temperatures
on the fracture performance of granite. The results indicated that the influence of water
cooling on fracture performance was slightly less than that of temperature. At the same
temperature, the fracture toughness first decreased, then increased, and finally, decreased
again as the water cooling duration extended. Fu et al. [32] analyzed the impact of water
cooling treatment on the mechanical properties and damage behavior of clayey sandstone,
indicating that E, cohesion, and internal friction angle of clayey sandstone significantly
decreased, with the extent of damage closely related to the temperature and number of
water cooling cycles. These findings collectively highlight the profound impact of water
cooling on the structural integrity and mechanical properties of rocks, providing robust
support for the extraction of HDR.

When the environmental temperature of reservoir rocks changes abruptly, thermal
stress is generated within the rocks, determined by the temperature difference between
the rock and the cooling medium. Therefore, some pioneering studies have attempted to
use cooling media at lower temperatures to enhance the extraction efficiency of HDR [33].
Liquid nitrogen (LN2), with a temperature as low as −196 ◦C under normal atmospheric
conditions, creates a substantial temperature difference when introduced into HDR reser-
voirs, thereby altering the physical and mechanical properties and pore structures of
rocks [34]. Su et al. [35] used LN2 to cool heated marble, observing a significant increase
in porosity, while l Vp, UCS, and E showed a decreasing trend, primarily due to thermal
damage incurred during rapid cooling. Similarly, Ding et al. [36] found that liquid ni-
trogen cooling significantly increased the total porosity of heated limestone, especially
after high-temperature treatment. The increase in internal porosity of the rocks reduces
their mechanical properties. Additionally, Zhou et al. [37] discovered that LN2 cooling
significantly reduces the σt of rocks, with the degree of reduction varying at different
temperatures. Before reaching a temperature threshold, the effect of liquid nitrogen cooling
was found to be superior to that of water cooling; beyond this threshold, its effectiveness
was less than that of water cooling. However, when temperatures exceeded 200 ◦C, liquid
nitrogen cooling resulted in granite exhibiting more shear or mixed-mode fractures during
failure, increasing the roughness of the fracture surface. Xi et al. [38] conducted Hopkinson
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bar tests on rocks after LN2 cooling and found that the fragments had a higher fractal di-
mension, indicating that the rapid cooling by LN2 caused a swift release of internal stresses,
resulting in numerous small and complex fragments and varying degrees of damage within
the rocks. Since Vp can effectively reflect the damage in rocks, Sun et al. [39] observed
attenuation in Vp, amplitude, and main frequency with each LN2 cooling cycle, where
wave velocity attenuation could reach up to 85.01%. These studies clearly demonstrated
that LN2 cooling treatment has profound effects on the physical and mechanical behavior
of various rocks. It is evident that not only the choice of cooling medium but also the rate
at which cooling is applied plays a pivotal role in determining the extent and nature of
rock damage in HDR systems. This understanding is essential for optimizing extraction
processes and improving the overall efficiency of geothermal energy systems.

Existing research has extensively investigated the impacts of heating/cooling cycles
on the physical and mechanical properties of rocks; some related research is summarized
in Table 1. Furthermore, some researchers have observed significant differences in the
dynamic mechanical properties of sandstone after heating under various cooling treatments
(natural cooling, water cooling, and LN2 cooling) [40]. This indicates that the rate of cooling
can significantly affect the physical and mechanical properties of rocks. It can be inferred
that due to the cooling shock from cooling media during the extraction process of Hot
Dry Rock (HDR) reservoirs, different cooling rates can also significantly alter the physical
and mechanical properties of the reservoir rocks. However, current research on the effects
of different cooling rates on heated granite, a common matrix rock in HDR geothermal
reservoirs, remains relatively scarce. Although some studies have explored the impacts of
natural cooling, water cooling, and liquid nitrogen cooling on the physical and mechanical
properties of heated rock, systematic studies on cyclic liquid nitrogen cooling are still
limited. In particular, research comparing the effects of cyclic liquid nitrogen cooling
with other cooling methods, such as natural cooling, water cooling, and single liquid
nitrogen cooling, on the physical and mechanical properties of heated granite is still
not comprehensive. Therefore, this study aims to investigate the deteriorative effects of
different cooling rates (cooling in air, cooling in water, cooling in LN2, and cyclic cooling
in LN2) on the physical and mechanical properties of heated granite. We designed a
series of physical property tests and mechanical experiments on granite heated to different
temperatures and subsequently subjected to various cooling treatments. The study first
analyzed changes in granite density, Vp, UCS, σt, and E after different treatments. Then, the
microstructural features of the samples were examined using NMR non-destructive testing
and SEM. Finally, the damage mechanisms of heated granite treated with different cooling
methods were analyzed. This research can provide theoretical insights for the extraction of
geothermal resources.

Table 1. Related indicators in the published literature.

Granite Preparation Method
Physical and Mechanical

Characteristics

Ref. [27] Changsha gray granite Slow heating followed by water or
air cooling Tensile strength

Ref. [29] Gray and fine-grained granite Cycle heating and water-cooling Volume, mass, density, UCS, and E
Ref. [31] Granite from Hubei province, China Water cooling after heated Fracture toughness

Ref. [37] Granite from Rizhao, China Liquid nitrogen cooling and
water cooling Tensile strength

2. Materials and Methods

Granite, as a typical rock type in Hot Dry Rock, was selected as the experimental
material in our study. This study utilized granite samples sourced from Rizhao, Shandong
Province, China, for subsequent experiments. Samples were selected from large rock
masses that exhibited no visible cracks or signs of weathering. In accordance with the
International Society for Rock Mechanics (ISRM), a rock-cutting machine was used to
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cut the rocks into standard specimens of 50 mm diameter × 100 mm height and disc
specimens of 50 mm diameter × 25 mm height. All specimens were polished on both ends
to ensure end flatness of less than 0.02 mm, as shown in Figure 1a. The 50 × 100 mm2

specimens were used for wave velocity tests and uniaxial compressive strength tests, while
the 50 × 25 mm2 specimens were used for Brazilian split tests to determine tensile strength.
MTS 815 Flex Test GT rock mechanics system produced in the United States and AG-250kN
IS Electronic Precision Material Testing Machines produced in Japan were employed for
the uniaxial compressive strength experiment and Brazilian split tests, respectively, as
illustrated in Figure 1b,c. For MTS 815, the maximum axial load reaches 2800 kN, the
maximum peripheral pressure is 80 MPa, the maximum pore water pressure is 80 MPa, and
the temperature is up to 200 ◦C. The maximum axial load of the AG-250kN IS is 250 kN, the
tester stiffness is 15 GN/m, and the range of the loading rate is 0.0005–1000 mm/s [41,42].

 

Figure 1. Samples and equipment. (a) Specimens for uniaxial compression strength experiment
and Brazilian split tests. (b) MTS815 experimental apparatus. (c) AG-250kN IS Electronic Precision
Material Testing Machine.

After processing, based on existing research, a heating rate of 2 ◦C/min was selected
to heat the temperature to the target value to avoid thermal shock [5]. The target values in
this study are 200 ◦C and 300 ◦C. Once the target temperature was reached, the temperature
was maintained for 10 h to ensure uniform internal heating of the samples. After heating,
the samples were subjected to four types of cooling treatments: cooling in air (CA), cooling
in water (CW), cooling in liquid nitrogen (CL), and c cycle cooling in liquid nitrogen (CCL)
for 5 cycles, as detailed in Table 2. After the cooling treatment, the granite specimens
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were dried again in an air-drying oven, and then physical and mechanical tests were
performed. We first tested the density and wave speed of the granite standard pieces before
and after the heating/cooling treatment. Before conducting mechanical experiments, we
tested the pore structure of the heated granite samples after cooling treatments. Then,
uniaxial compressive strength tests and tensile strength tests were conducted after the
heating/cooling treatments. After the mechanical experiments, samples were sliced from
the fracture surfaces for SEM testing to obtain the microstructural damage characteristics
under different cooling methods.

Table 2. Summary of different heated temperature and cooling methods of granite.

Number Heated Temperature Cooling Methods

CA-200 200 CA
CA-300 300 CA
CW-200 200 CW
CW-300 300 CW
CL-200 200 CL
CL-300 300 CL

CCL-200 200 CCL
CCL-300 300 CCL

3. Results

3.1. Physical Properties
3.1.1. Density

Changes in the mass and volume of granite can reflect alterations in its internal
structure to some extent. High temperatures and rapid cooling can cause changes in the
internal pore structure of granite, such as the merging of pores or the formation of new
pores, which also affect the rock’s density. During the heating and rapid cooling process,
the detachment of boundary particles in granite may occur, reducing the mass of the granite
and thereby decreasing its density. Therefore, this paper first calculates the mass loss rate,
volumetric expansion rate, and density of granite after treatment with different cooling
methods. The formulas used for these calculations are as follows:

Δm =
m1 −m0

m0
× 100% (1)

ΔV =
V1 −V0

V0
× 100% (2)

ρ =
m1

V1
(3)

where m0 and m1 represent the mass of the granite sample before and after the heat-
ing/cooling treatment, respectively, g; V0 and V1 represent the volume of the granite
sample before and after the heating/cooling treatment, respectively, cm3.

At temperatures of 200 ◦C and 300 ◦C, both the mass loss rate and the volumetric
expansion rate of granite show significant changes with varying cooling methods, as
illustrated in Figure 2. The CCL treatment results in higher mass loss rates and volumetric
expansions compared to the other three methods. The reasons for these trends can be
attributed to two main factors. On the one hand, moisture evaporation plays a role, as
granite contains certain amounts of bound and free water. During the heating process,
a considerable amount of free water and some bound water evaporate in gaseous form,
which is a key factor in the mass loss of granite. On the other hand, the detachment of
surface particles is due to differences in the coefficients of thermal expansion among the
various mineral components of granite. Heating causes uneven expansion within the rock’s
internal minerals, followed by uneven contraction during subsequent cooling. This uneven
thermal expansion and contraction weaken the binding ability between rock particles,
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potentially leading to the detachment of surface particles. With increased cooling rates,
granite undergoes more intense uneven contraction, potentially leading to greater surface
particle detachment and, thus, larger mass loss.

Figure 2. Changes in mass loss rate and volume expansion rate of granite under different heating
temperatures and cooling treatments. (a) Results of the temperature at 200 ◦C. (b) Results of the
temperature at 300 ◦C.

Changes in the density of granite following different cooling treatments are shown in
Figure 3. At 200 ◦C, the density of granite remains virtually unchanged after CA and CW
treatments, whereas it changes significantly after CL and CCL treatments. At 300 ◦C, the
density of granite changes after CW, CL, and CCL treatments, with no significant change
following CA treatments. This indicates that the greater the temperature difference during
cooling treatment, the more likely it is that the density of granite will significantly decrease
after treatment. The mass loss rates, volumetric expansion rates, and density of high-
temperature granite all change after undergoing different cooling treatments, suggesting
that the internal structure of the rock may be affected, which could further influence its
wave speed characteristics. Therefore, we further analyze the changes in the Vp of granite
before and after cooling treatment.

Figure 3. Density changes of granite after different cooling methods. (a) Results of the temperature
at 200 ◦C. (b) Results of the temperature at 300 ◦C.

3.1.2. Effect of Different Cooling Treatments on Vp

As a non-destructive testing method, measuring Vp is highly sensitive to internal rock
features such as cracks and porosity, thus effectively reflecting the internal damage state of
the rock and indirectly estimating its mechanical strength. As shown in Figure 4, under
conditions of 200 ◦C and 300 ◦C, Vp after all four cooling treatments exhibited significant
changes. At 200 ◦C, compared to pre-treatment speeds, the Vp of samples after CA, CW,
CL, and CCL cooling treatments decreased by 20%, 26.3%, 29.9%, and 44.4%, respectively.
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Similarly, at 300 ◦C, Vp samples after CA, CW, CL, and CCL cooling treatments decreased
by 25.2%, 26.4%, 38.3%, and 54.5%, respectively, compared to before treatment. This is
because as the cooling rate increases, the uneven thermal stress within the rock intensifies,
leading to the formation and expansion of microcracks, which, in turn, affects the rock’s
density and internal structure, resulting in a reduction in wave speed, as described in
Section 3.1.1. The density of granite is also significantly affected by different cooling
treatments.

Figure 4. Changes of Vp of granite treated with different cooling methods. (a) Results of the
temperature at 200 ◦C. (b) Results of the temperature at 300 ◦C.

3.2. Mechanical Properties
3.2.1. Effect of Different Cooling Treatments on UCS

As shown in Figure 5, the UCS (uniaxial compressive strength) of granite generally
decreases with increasing cooling rates. At 200 ◦C, compared to the UCS of samples after
CA (cooling in air) treatment, the UCS of samples after CW (cooling in water), CL (cooling
in liquid nitrogen), and CCL (cycle cooling in liquid nitrogen) treatments decreased by 2.6%,
13.4%, and 26.7%, respectively. Similarly, at 300 ◦C, compared to the UCS of samples after
CA treatment, the UCS of samples after CW, CL, and CCL treatments decreased by 7.9%,
17.9%, and 32.2%, respectively. It is evident that different heating temperatures and cooling
rates significantly affect the UCS of granite, particularly after CCL treatment, where the
reduction in UCS is especially pronounced. This is due to the differences in the coefficients
of thermal expansion of the various mineral particles composing the granite. During the
cooling process, an increase in the cooling rate exacerbates the mismatched deformation
between different mineral particles and also increases the temperature gradient between
the inner and outer layers of the granite, thus generating higher thermal stresses, which
further intensify the internal damage to the granite, reducing its mechanical strength.

 

Figure 5. Uniaxial compressive strength of granite after different cooling treatments.
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3.2.2. Effect of Different Cooling Treatments on σt

As shown in Figure 6, the σt (tensile strength) of granite samples tends to decrease
with increasing cooling rates. Particularly at 300 ◦C, the σt of granite samples subjected
to rapid cooling significantly decreases. Specifically, at 200 ◦C, compared to the σt of
samples after CA, the σt of samples after CW, CL, and CCL treatments decreased by 9.5%,
20.8%, and 25.5%, respectively. Similarly, at 300 ◦C, compared to the σt of samples after
CA, the σt of samples after CW, CL, and CCL treatments decreased by 25.9%, 34.4%, and
37%, respectively. The reduction in σt is mainly due to various degrees of internal damage
caused by temperature differences. During rapid cooling, the sharp decrease in temperature
causes rapid contraction of the mineral grains within the rock. Due to the heterogeneity of
mineral composition, differences in the coefficients of thermal expansion among different
minerals lead to uneven distribution of internal stresses, thereby causing the formation and
expansion of microcracks, which, in turn, reduces the σt of granite.

 

Figure 6. Changes in the tensile strength of granite under different cooling methods.

3.2.3. Effect of Different Cooling Treatments on E

E represents the rock’s ability to resist deformation. As shown in Figure 7, except
for natural cooling, the E of granite at 200 ◦C is higher than at 300 ◦C. With increasing
cooling rates, the E of granite shows a decreasing trend. At 200 ◦C, compared to the E
of samples after CA, the E of samples after CW, CL, and CCL treatments decreased by
4.9%, 7.3%, and 11.3%, respectively. At 300 ◦C, compared to the E of samples after CA,
the E of samples after CW, CL, and CCL treatments decreased by 6.2%, 13.5%, and 19%,
respectively. At lower cooling rates, the internal temperature distribution of granite is
relatively uniform, producing relatively minor thermal stresses; therefore, the development
of microcracks inside the rock is slow, and changes in the granite’s E are minimal. However,
rapid cooling can cause a significant temperature difference between the surface and the
interior of the granite, leading to substantial thermal stress, which in turn rapidly generates
and expands internal microcracks, thereby reducing the rock’s E. Since E is closely related
to the integrity of its internal structure, an increase in microcracks and porosity means
the internal structure of the rock becomes more loose and fragile. Therefore, we further
analyzed the changes in the micro-porous structure of granite before and after different
cooling treatments.

3.3. Microstructural Features
3.3.1. Effect of Different Cooling Treatments on Heated Granite Pore Size

We used nuclear magnetic resonance (MacroMR12-150H-I) to test the porosity of gran-
ite. Drawing on current research on micro-porous structures, we have categorized the poros-
ity of granite into large pores (>10 μm), mesopores (1–10 μm), small pores (0.1–1.0 μm), and

247



Materials 2024, 17, 4539

micropores (<0.1 μm), as shown in Figure 8. The porosity of granite is primarily composed
of micropores, small pores, and mesopores. With increasing cooling rates, the proportion
of micropores and small pores in granite gradually increases, and there is a clear trend
of increasing pore size. For instance, at 200 ◦C, the proportion of small pores in granite
subjected to cyclic liquid nitrogen treatment is slightly lower than that observed under
the other three treatments, but the volume proportion of these pores is significantly larger,
notably higher than the mesopore proportion under other treatments. Similarly, at 300 ◦C,
the mesopore volume proportion in granite samples treated with cyclic liquid nitrogen
is the largest. Specifically, at 200 ◦C, the proportions of micropores in samples after CA,
CW, CL, and CCL treatments are 3.95%, 3.24%, and 3.62%, respectively; small pores are
71.11%, 73.39%, and 73.37%, respectively; and mesopores are 24.94%, 23.37%, and 53.42%,
respectively. At 300 ◦C, the proportions of micropores in samples after CA, CW, CL, and
CCL treatments are 6.14%, 5.23%, and 4.97%, respectively; small pores are 66.20%, 64.39%,
45.96%; and mesopores are 27.66%, 30.38%, 49.08%. This indicates that an increase in
cooling rate facilitates the formation of small pores and promotes the transformation of
small pores into mesopores in heated granite, thereby altering the physical and mechanical
properties of the rock and causing varying degrees of reduction.

 

Figure 7. Changes of elastic modulus of granite under different cooling methods.

 

Figure 8. Pore size distribution of heated granite samples under different cooling methods. (a)
Results of the temperature at 200 ◦C. (b) Results of the temperature at 300 ◦C.
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3.3.2. Effect of Different Cooling Treatments on Porosity

Porosity is an important parameter reflecting the pore structure characteristics of rocks,
significantly influencing their physical properties, mechanical strength, and permeability.
Porosity can be defined as the ratio of pore volume to the total volume, known as the
porosity rate, as shown in Figure 9. With increasing cooling rates, the porosity of granite
shows an upward trend, with more significant changes in porosity rate observed at 300 ◦C.
This is because rapid cooling can be considered a form of cold shock to the rock. Since there
is a greater temperature difference between the rock heated to 300 ◦C and LN2, undergoing
LN2 treatment can generate a greater cold shock. This shock can lead to rapid development
and interconnection of microcracks within the rock, forming larger pores. Additionally, the
liquid-to-gas phase transition of LN2 may also generate pressure within microcracks and
pores of rock, promoting the connectivity of the pores.

3.3.3. Effect of Different Cooling Treatments on the Micromorphology of Heated Granite

From the results shown in Figures 10 and 11, it can be observed that with increasing
cooling rates, the microstructure of granite gradually transitions from dense to loose, and
the characteristics of the fracture surfaces reflect a transition from brittle to ductile fail-
ure. After CA treatment, the fracture surfaces of granite samples are relatively smooth,
with large blocky structures at 500×magnification and a relatively sparse distribution of
crack networks. When granite samples undergo CW treatment, the blocky structures are
reduced in size at 500×magnification, and the crack network becomes denser. After CL
treatment, the granite samples display visible cracks at 500×magnification, and multiple
pores and fragments appear at 2000× magnification. Following CCL treatment, distinct
through-going cracks can be observed at 500×magnification, with significantly widened
crack openings. At 2000×magnification, the fracture surface shows a net-like distribution
of cracks after CCL treatment, with microcracks significantly denser than those seen with
the other three cooling treatments. These results of SEM provide a visual reference for
understanding the impact of different cooling methods on the microstructure of granite.
It can be seen that cooling treatments can alter the microstructure of heated granite, espe-
cially CCL treatment, which significantly increases the roughness of the fracture surfaces,
effectively deteriorating the fine microstructure of the granite.

 

Figure 9. Changes in granite porosity under different cooling methods.
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Figure 10. Morphology of fracture surfaces of heated granite under different cooling treatments
at 200 ◦C.
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Figure 11. Morphology of fracture surfaces of heated granite under different cooling treatments
at 300 ◦C.
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4. Discussion

4.1. Damage Factor

It has been demonstrated that the Vp of rocks can provide a significant indication of
their damage situation [43]. As suggested by some researchers, a damage factor is defined
in this research, which is related to the Vp, shown as:

D = 1−
(

Vpost

Vbe f ore

)2

(4)

where D is the damage factor, and Vpost and Vbefore are the P-wave velocities of the
heat/cooling-treated specimens and untreated specimens, respectively.

Figure 12 shows the trend of D in granite following different cooling treatments.
According to the results shown in the figure, different cooling methods significantly affect
the extent of damage in granite. As the cooling rate increases, D at different temperatures
shows an upward trend. At 200 ◦C, the D of granite after CA, CW, CL, and CCL treatments
are, respectively, 0.3582, 0.4397, 0.4274, and 0.6544. At 300 ◦C, the D of granite after CA, CW,
CL, and CCL treatments are, respectively, 0.5077, 0.6184, 0.6809, and 0.7924. Comparisons
reveal that at heating temperatures of 200 ◦C and 300 ◦C, the increase in the damage variable
after CCL treatment is significantly greater, being 45.3% and 35.9% higher than after CA
treatment, respectively. This may be due to the rapid contraction of any existing microcracks
or pores within the granite under the extremely low temperatures of CCL treatment,
causing stress concentration, which can rapidly lead to material damage in localized areas.
Generally, D can reflect the internal damage of rock specimens with temperature and
different cooling treatments, consistent with the experimental results. As described in
Sections 3.2.1–3.2.3, the mechanical properties of granite have been significantly weakened.

Figure 12. Changes in D of heated granite under different cooling methods.

4.2. Damage Mechanism of Heating and Different Cooling

In this section, we aim to reveal the mechanisms of thermal cracking from both
perspectives of heating and different cooling treatments. The damage to granite in this
study is primarily caused by two factors: high temperatures during the heating process,
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causing rock damage, and thermal stress from cooling treatments, causing additional
rock damage. Granite is composed of various mineral grains, such as quartz, feldspar,
and mica, arranged in a disordered manner within the rock. After the samples are heated,
incompatible deformations between these minerals, along with thermal stress caused by the
evaporation of free and bound water, lead to the formation and expansion of microcracks.
Increasing the temperature gradually increases the thermal stress within the rock, providing
energy for the expansion of these microcracks. Therefore, in the temperature changes set in
this study, granite samples heated to 300 ◦C exhibited a more pronounced decrease in wave
speed and an increase in porosity. This further leads to a larger damage factor in granite
treated at 300 ◦C.

Moreover, when high-temperature granite undergoes rapid cooling, the intense cold
shock generates a considerable temperature gradient, further increasing thermal stress.
According to research by Kim et al. [44], when heated rocks come into contact with a
coolant, the temperature gradient near the surface of the sample is much higher than near
the center of the sample. This creates tensile stress in the external regions of the sample and
compressive stress internally. Granite, being a typical brittle material, is more susceptible
to damage under tensile stress than under compressive stress. Thus, the tensile stress
generated in the external areas of the sample is the primary cause of microcrack expansion
and the subsequent deterioration of the rock’s properties.

To quantitatively describe the impact of thermal shock on high-temperature granite,
Collin et al. proposed a formula for calculating the tensile stress generated in brittle
materials due to thermal shock:

σT
t =

EαΔT
1− μ

fh (5)

fh =
1

ak
hr + b− ce−dk

hr
(6)

where k, E, μ, α, and r represent the thermal conductivity, elastic modulus, Poisson ratio,
thermal expansion coefficient, and radius of the sample, respectively; ΔT and h represent
the temperature difference and the heat transfer coefficient between the sample and the
coolant, respectively; the coefficient a, b, c, and d for the brittle material can be obtained
from Collin and Rowcliffe.

For granite heated to a specific temperature, the constants k, E, μ, α, and r remain
unchanged. Therefore, according to Equation (5), the tensile stress is determined by ΔT
and h. The heat transfer coefficients, h, for water and liquid nitrogen exhibit significant
differences. For cylindrical granite, this coefficient ranges from 200 to 1400 W/m2 K during
water cooling and escalates to between 3000 and 39,000 W/m2 K during liquid nitrogen
cooling [45]. Collin and Rowcliffe point out that f h increases monotonically with the heat
transfer coefficient h [45]. Therefore, this results in higher values of f h for the LN2 cooling
condition compared to the CW treatment condition. Moreover, due to the markedly low
temperature of LN2 (−196 ◦C), the temperature difference ΔT between the heated granite
and the LN2 far exceeds that between the heated granite and water. Therefore, compared to
CW treatment, the tensile stress generated internally by CL treatment is higher, resulting in
more pronounced damage to the samples treated with LN2. This also explains the reason
that heated granite shows more significant deterioration in density, Vp, UCS, E, and σt, as
well as rougher fracture surfaces after CL and CCL treatments compared to samples treated
with CA and CW treatments. These results indicate a substantial decline in the physical
and mechanical properties of granite treated with CL treatment, particularly after CCL
treatments. Therefore, in future HDR extraction processes, LN2 fracturing or cyclic LN2
fracturing holds significant potential, likely enhancing the production efficiency of HDR.

5. Conclusions

Investigating the physical and mechanical properties of heated rock under different
cooling methods has significant implications for the exploitation of HDR. Ultrasonic testing,
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uniaxial strength compression experiments, Brazilian splitting tests, nuclear magnetic
resonance (NMR), and SEM were conducted on heated granite after different cooling
methods, including cooling in air, cooling in water, cooling in liquid nitrogen, and cycle
cooling in liquid nitrogen in this study. The special conclusions are as follows:

(1) As the cooling rate increases, the mass loss rate and volumetric expansion rate of
granite gradually increase, while the density and Vp of granite tend to decrease.

(2) With an increasing cooling rate, the UCS, σt, and E of heated granite show an overall
decreasing trend. Samples subjected to CCL treatment not only exhibit a more pro-
nounced decline in mechanical properties but also a higher degree of damage. These
results can provide a theoretical reference for the liquid nitrogen cycle fracturing
process in geothermal production, thereby optimizing fracturing parameters and
improving geothermal production efficiency.

(3) Both the pore size and porosity of granite tend to increase with an increasing cooling
rate, and the morphology of the fracture surfaces transitions from smooth to rough,
forming more complex surface cracks.
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