iy,
o &,
3 £
3‘ .\';i 3 ‘ ’H’\:\\\' KALYONCLI y GAZIANTEP UNIVERSITY ,
" UNIVERSITESI HAVERA CONGRESS AND ART CENTER
o GAZIANT TURKIY

63. INSPECTION OF WELD AREA JOINING MIILUX PROTECTION 600 ARMOR STEEL
WITH METAL INERT GAS WELDING (MIG) 329

64. INVESTIGATION OF THE EFFECT OF YARN A VALUE ON ENDHEM SHRINKAGE
RATIO 338

65. INVESTIGATION OF THE EFFECTS OF PRETREATMENTS ON THE PRINTING
PROCESS IN TOWEL FABRIC 339

66. PASLANMAZ CELIK SACDAN MAMUL BIR PARCANIN DERIN CEKME PROSESININ
ARI ALGORITMASI KULLANILARAK OPTIMIZASYONU 340

67. THE BLUETOOTH-BASED SMART DOORBELL SYSTEM FOR HEARING-IMPAIRED
USERS 349

68. DIS HEKIMLIGI UYGULAMALARI ICIN DENTAL REGCINEDE HIDROKSIAPATIT
KATKISININ URETILEBILIRLIGI VE YAPISAL OZELLIKLERE ETKISI 358

69. METALLURGICAL ASPECT OF WIREDRAWING PROCESS OF METALLIC WIRES 359

70. FLUID STRUCTURE INTERACTION FSI BEHAVIOR OF A VVER 1200 NUCLEAR
REACTOR VESSEL UNDER NORMAL OPERATING CONDITIONS 367

71. AUTOMATED IDENTIFICATON OF FORMED OR BENT SHEET METAL PARTS 368

72. INVESTIGATION OF FLOW BEHAVIOR AND SHARP CORNER EFFECTS IN ABRASIVE
FLOW MACHINING OF ADDITIVELY MANUFACTURED PARTS 369

73. COMPARATIVE STUDY OF DEEP LEARNING SEGMENTATION MODELS FOR
BACKGROUND SUBTRACTION AND PRE DEFECT DETECTION IN LARGE SCALE 3D
PRINTING 370

74. AFORGING LOAD BASED DIGITAL TWIN APPROACH FOR CONCEPTUAL DESIGN OF
PRECISION GEAR DIES 371

75. FINITE ELEMENT ANALYSIS OF THE V BENDING PROCESS OF ALUMINIUM COPPER
CLAD SHEETS 372

<<vj>>



iy,
o &,
3 £
3‘ .\';i 3 ‘ ’H’\:\\\' KALYONCLI y GAZIANTEP UNIVERSITY ,
" UNIVERSITESI HAVERA CONGRESS AND ART CENTER
o GAZIANT TURKIY

76. ROBOTIK TEKNOLOJI KULLANILARAK METALIK EFEKTLI UZUN DAMARLI
MUHENDISLIK TASLARININ GELISTIRILMESI 373

77. MUHENDISLIK TASI PARLATMA ATIKLARININ ALTERNATIF HAMMADDE OLARAK
YENIDEN KULLANILMASI 379

78. NUMERICAL AND EXPERIMENTAL STUDY OF THE SHEAR PROPERTIES OF
COMPOSITE LAMINATES 387

79. YUKSEK ENTROPILI SUPER ALASIMLARIN MEKANIK OZELLIKLERINE AL TI
ORANININ ETKISI 398

80. HADDELENMIS BORAKS TAKVIYELIAL METAL MATRIS KOMPOZITLERDE ISIL ISLEM
PARAMETRELERININ KOROZYON DIRENCINE ETKISI 399

81. FARKLI HAV YUKSEKLIGINDEKI POLYESTER HALILARIN SIKISTIRMA VE GERI
DONME PERFORMANSLARININ INCELENMESI 400

82. EVALUATION OF LOW PRESSURE INJECTION MOLDING PROCESS FOR RAPID
MANUFACTURING 401

83. OTOMOTIV FREN DISKLERININ HARMONIK VE TRANSIENT ANALIZLERI SONLU
ELEMANLAR YONTEMI ILE TERMOMEKANIK DAVRANISIN INCELENMESI 402

84. KALSINASYON ISLEMININ ELEKTROSPINNING YONTEMIYLE SENTEZLENEN
YUKSEK ENTROPILI OKSIT NANOFIBERLERIN FAZ DONUSUMLERI VE KRISTALLESME
DAVRANISI UZERINE ETKISI 403

85. SEMANTIC SEGMENTATION AND DOMAIN ADAPTATION FOR ROBUST
IDENTIFICATION OF SHEET METAL PARTS 404

86. SURFACE ENHANCEMENT OF ADDITIVELY MANUFACTURED MICRO CHANNELS
VIAABRASIVE FLOW MACHINING AFM PROCESS 405

87. OPEN END IPLIK EGIRME YONTEMI ILE GERI DONUSUMLU PAMUK KARISIMLI
HAVLU HAV IPLIGI URETIMI VE OZELLIKLERININ INCELENMESI 406

<< viji >>



iy,
o &,
3 £
3‘ .\';i 3 ‘ ’H’\:\\\' KALYONCLI y GAZIANTEP UNIVERSITY ,
" UNIVERSITESI HAVERA CONGRESS AND ART CENTER
o GAZIANT TURKIY

88. A CONCEPTUAL FRAMEWORK FOR ENHANCING JUTEPOLYPROPYLENE
INTERFACE USING A PINE RESIN ADDUCT 407

89. EFFECT OF RECYCLING GLASS FIBER REINFORCED ELIUM THERMOPLASTIC
COMPOSITE MATERIALS ON MECHANICAL PROPERTIES 413

90. ENHANCING IRRIGATION SCHEDULING ACCURACY THROUGH MACHINE
LEARNING AND DEEP LEARNING A CASE STUDY ON EVAPOTRANSPIRATION AND SOIL
WATER CONTENT MODELING 418

91. INVESTIGATION OF HOT PRESS JOINING OF GLASS FIBER REINFORCED PA66 AND
AlS| 304 420

92. COMPREHENSIVE PROFIT OPTIMIZATION FOR E COMMERCE FIRMS UNDER
RESOURCE CONSTARINTS 421

93. CEMENT POWDER EFFECT ON THE STRUCTURAL AND MORPHOLOGICAL
PROPERTIES OF AL 5 5ZN 2 5MG 1 5CU ALLOY ALUMIX 431 422

94. SYNTHESIS AND ELECTROCHEMICAL PERFORMANCE INVESTIGATION OF SB
DOPED Na0.66MnO2 CATHODE MATERIAL 429

95. SOME FORMULAS AND IDENTITIES FOR KAPPA BERNSTEIN POLYNOMIALS 430

96. PROBABILISTIC HERMITE POLYNOMIALS ASSOCIATED WITH CERTAIN
APPLICATIONS 431

97. EMPIRICAL VALIDATION OF AN INTEGRATED MCDA LCA DECISION FRAMEWORK
FOR 3D PRINTING ADOPTION IN HIGHER EDUCATION FACILITIES MANAGEMENT 432

98. SEQUENTIAL REBALANCING FRAMEWORK FOR STOCHASTIC USHAPED
DISASSEMBLY LINES 433

99. TENSILE PROPERTIES Of GFRC AFTER SUNLIGHT CONDITIONING 441

100. ALUMINYUM ESASLI TANE INCELTICI ALASIMIN KOROZYON VE MEKANIK
DAVRANIS ANALIZI 452

<< viii >>



iy,
S &,
3 £
3‘ .\';i 3 ‘ ’H’\:\\\' KALYONCLI y GAZIANTEP UNIVERSITY ,
" UNIVERSITESI HAVERA CONGRESS AND ART CENTER
o GAZIANT TURKIY

101. MULTI AGENT REINFORCEMENT LEARNING BASED COMMUNICATION AND
TRAFFIC MANAGEMENT ALGORITHM FOR AUTONOMOUS MOBILE ROBOTS 453

102. GAZIANTEP'TEKI BIR TEKSTIL FIRMASINDA GES UYGULAMASI ENERJI
VERIMLILIGI VE EKONOMIK KAZANCLARIN ANALIZI 454

103. ANALYSIS OF AXIAL BUCKLING RESISTANCE IN CARBON/EPOXY LAMINATED EPP
FOAM STRUCTURES FOR UAV DESIGN 455

104. HALI KENAR SACAK ATIKLARINDAN ELDE EDILEN GERI DONUSTURULMUS
ELYAFLARIN IPLIK URETIMINDE KULLANIMI VE MEKANIK OZELLIKLERININ
INCELENMESI 465

105. DESIGN AND DEVELOPMENT OF A YARN RECYCLING MACHINE FOR THE
RECOVERY OF CARPET WEAVING SELVEDGE WASTES 472

106. PERFORMANCE OF OLIVE OIL AND ALTERNATIVE FRYING OILS, FRYING
METHODS, CHEMICAL CHANGES AND WASTE MANAGEMENT 481

107. INTEGRATING ENVIRONMENTAL, ECONOMIC, AND SOCIAL METRICS FOR MULTI-
CRITERIA DECISION ANALYSIS OF HYDROGEN PRODUCTION TECHNOLOGIES 491

108. EFFECT OF TOOL TIP GEOMETRY ON THE MECHANICAL PROPERTIES OF
ROTARY FRICTION WELDED JOINTS 492

109. AIR PERMEABILITY PROPERTIES OF THREE-THREAD KNITTED FABRICS
PRODUCED WITH SUSTAINABLE LYOCELL/ORGANIC COTTON FIBER BLENDS 500

110. HIJYEN UYGULAMALARI IGIN SPUNLACE-MELTBLOWN HIBRIT NONWOVEN
KUMAS GELISTIRILMESI 501

111. YENILENEBILIR VE BIYOBOZUNUR LIFLERLE SURDURULEBILIR ISLAK MENDIL
KUMASI GELISTIRILMESI 505

112. AIR PERMEABILITY PROPERTIES OF THREE-THREAD KNITTED FABRICS
PRODUCED WITH SUSTAINABLE LYOCELL/ORGANIC COTTON FIBER BLENDS 511

<< ix >>



6-9 OCTOBER, 2025 , :
HAVERi‘CZOI::;EE:SU:IN"DE:’HIT':ENTEN I l‘ M E I Z 5

113. HAVA ARACLARINDA KESTIRIMCI BAKIM UYGULAMASI 517

e Ui,
F G2
3 .\@ : 4 HASAN KALYONCU
" ’ UNIVERSITESI
873 x

114. PAMUK VE ISIRGAN LIiFi (BIYOBAZLI ELYAF) KARISIMLI iPLIKLERDE BUKUM

FARKININ iPLIK KALITE OZELLIKLERI UZERINE ETKISININ INCELENMESI 527

115. A SYSTEMATIC REVIEW OF GOAL PROGRAMMING APPLICATIONS IN LOCATION
ALLOCATION PROBLEMS 541

116. PREDICTIVE MAINTENANCE OF LINEAR GUIDEWAYS IN PVC WELDING MACHINES
USING FAILURE MODE DETECTION 566

117. COMPARATIVE STUDY OF WINGLET AND WINGTIP DESIGNS ON GLIDER
EFFICIENCY 580

<< x>>












Tahminsel dagilim grafiklerinden elde edilen sonuglara gore, JKS marka apron en yiliksek uzama
degerini saglamistir (Sekil 23). 70 Shore sertligindeki manson, uzama performansi agisindan en
iyi sonucu vermistir (Sekil 24).

Probability Plot of Elongation
Normal - 95% ClI
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.,‘,}/ /// Apron
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Sekil 23. Apronlara gore tahminsel dagilim grafigi (Uzama)
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Sekil 24. Mansonlara gore tahminsel dagilim grafigi (Uzama)

Ayrica, kopga tiirleri arasinda en ideal performans UL tipi kopgayla elde edilmistir (Sekil 25).

Probability Plot of Elongation
Normal - 95% CI
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Sekil 25. Kopcalara gore tahminsel dagilim grafigi (Uzama)
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Bu calismada, iiretim parametreleri ile kalite ¢iktilar1 arasindaki iligkileri belirlemek amaciyla

Minitab 18 istatistiksel analiz yazilimi1 kullanilarak korelasyon analizi gergeklestirilmistir. Yapilan
analiz sonucunda, baz1 degigken ciftleri arasinda yiiksek diizeyde dogrusal iligki tespit edilmistir.
Elde edilen en yiiksek korelasyon katsayilar1 agagida verilmistir:

e Apron — Ince (yiizde 50 oraninda): r = 0,84
e Kopga — Neps (ylizde 200 oraninda): » = 0,789
e Apron — Tiyliilik: » = 0,765

Bu sonuglar, s6z konusu iiretim bilesenlerinin kalite parametreleri iizerinde belirgin etkiler
olusturdugunu ortaya koymaktadir.

Cok kriterli karar verme siirecinde ise, R Studio programi igerisinde yer alan TOPSIS (Technique
for Order Preference by Similarity to Ideal Solution) yontemi kullanilmistir. TOPSIS, karar
noktalarinin ideal ¢6ziime olan uzakliklarinin hesaplanmasina dayanmakta olup, ideal alternatife
en yakin ve ideal olmayan alternatife en uzak olan secenegi en uygun alternatif olarak
belirlemektedir.

Bu yontem kapsaminda kullanilan karar kriterleri su sekilde tanimlanmuistir:

e Minimize edilmesi hedeflenen kriterler: Diizgilinsiizliik, ince yer, kalin yer, neps, tiiyliiliik
e Maksimize edilmesi hedeflenen kriterler: Mukavemet, uzama

Analiz kapsaminda, toplam 81 farkli alternatif degerlendirmeye alinmis ve her biri TOPSIS
yontemi dogrultusunda siralanarak en uygun iiretim parametreleri belirlenmistir.

4. Sonuc¢

Bu calisma kapsaminda, Ne 20/1 Ecocell marka liyosel ring ipligi ile iiretim siirecinde toplam 9
farkli parametre, 27 farkli durum 6 tekrarli ¢alisilmistir. 36 saatte bir kez alinan numuneler fiziksel
Olclim parametreleri ile 6l¢limlenmistir.

Calisma, apron, manson ve kopca gibi temel iiretim parametrelerinin iplik kalite 6zelliklerine
etkilerini incelemektedir. Minitab 18 programi ile gerceklestirilen korelasyon analizleri
sonucunda, apron ile ince yer olusumu (r=0,84), kopga ile neps (r=0,789) ve apron ile tiiyliiliik
(r=0,765) arasinda yiiksek diizeyde pozitif iligki tespit edilmistir. Tahminsel dagilim
grafiklerinden elde edilen bulgulara goére, JKS marka apron tiim kalite parametrelerinde en iyi
sonuglart vermistir. Mansonlarda 68 Shore sertlik diizgiinsiizliik ve neps agisindan, 75 Shore
tiiyliiliik, 70 Shore ise uzama acisindan en ideal degerleri saglamistir. Kopga tiirleri arasinda UM
tipi diizgiinsiizliik ve hatalar agisindan; UL tipi ise RKM, tiiyliilik ve uzama agisindan en iyi
performansi gostermistir. R Studio ortaminda uygulanan TOPSIS yontemi ile yapilan ¢ok kriterli
degerlendirme, grafiksel ve istatistiksel bulgularla yiiksek oranda oOrtiismiis ve en uygun iiretim
kombinasyonlar1 belirlenmistir.
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Abstract

The literature on university-industry collaboration has generally focused on the long-term
outcomes and final performance indicators of collaboration. However, the initial phase of the
collaboration process, and particularly the strategic dynamics that emerge when each actor takes
the initiative, has been relatively neglected. There is only a limited number of theoretical and
empirical studies on how leadership initiative shapes behavioral patterns prior to collaboration.
This gap necessitates the development of new models to better understand the strategic decision-
making processes of the parties. To address this deficiency, this study examines the collaborative
dynamics between the Technology Transfer Office (TTO), the University, and the Company trio
during the new product development process within the framework of the Stackelberg leader-
follower model. The model is based on the leader's announcement of the collaboration proposal
and the governance framework, while the other actors make the strategic decision to accept or
reject the proposal. Threshold values are defined for each scenario. Furthermore, it demonstrates
how behavioral patterns differ depending on which actor initially assumes leadership. The
analysis results demonstrate that the leadership role is a critical determinant in negotiation
processes. In conclusion, this study highlights the importance of actor-based leadership initiatives
in the new product development process. Thus, it provides a unique theoretical framework for
understanding strategic decision-making processes in the technology transfer ecosystem.

Keyword: Technology Transfer Office (TTO), University-Industry Collaboration, Game Theory,
Stackelberg Model
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1. Introduction

Digitalization, sustainability, and accelerating knowledge cycles have transformed university-
industry interactions into a strategic lever-not only for enhancing internal innovation capacity
within firms but also for improving regional ecosystem performance. Recent studies have
remapped dynamic structures such as joint research, contract research, consulting, and informal
ties, showing that “academic interaction” is a contextual and non-linear process on the path to
commercialization [1]. On the institutional architecture side of university-industry collaboration,
the role of Technology Transfer Offices (TTOs) has evolved throughout the 2020s from a classical
licensing intermediaries to a capacity and resource design that manages the diffusion of
transformative technologies [2]. In this context, the updates of the Triple/Neo-Triple Helix
approaches in the 2020s offer an “ecosystem-focused” structure that addresses the sustainable
development goals of public, university, and industry actors together with the need for governance
in data-intensive industries [3].

AZIANTEF TURKIYE

However, in the innovation ecosystem literature, strategic interactions at the early stage-in other
words, how negotiation thresholds and behavioral patterns shift depending on which actor initiates
the process-have become a focus of recent studies. Findings suggest that the level of collaboration
readiness, inter-institutional trust, intellectual property expectations, and market entry strategies
influence early-stage decisions [4]. Research, particularly in emerging economies, highlight that
limited access to information and awareness of academic-industry collaboration opportunities, as
well as financing constraints, are the most critical obstacles, and the importance of TTOs in
bridging these gaps [5].

Strategic interactions among actors in university-industry collaborative R&D and new product
development (NPD) projects is one of the key factors determining outcomes. In the literature, the
Stackelberg leader-follower model is widely used to model this interaction within a game-theoretic
framework. Collaboration decisions unfold over time, and the efforts of the parties have dynamic
effects on parameters such as knowledge, technological level, and market acceptance [6].

In formalizing strategic interactions, Stackelberg (leader-follower) structures are suitable for
explaining the equilibrium outcomes of acceptance-rejection thresholds and sharing parameters
(revenue/cost share, effort allocations) through backward induction logic, which traces the best
response functions of the followers after the leader announces his commitment [7]. In the existing
literature, the Stackelberg model has been used in various fields of study involving collaboration.
In the evaluation of patent licensing strategies, the licensing choice (per unit vs. ad valorem) is
used to structure the Stackelberg leader/follower model [8]. In addition, by comparing different
licensing schemes (fixed fee, per unit, ad valorem and two-part structures) in the Stackelberg
scenario, where the innovator is the follower, it has been shown that the optimal choice varies
significantly with respect to the leader/follower position and the demand-cost parameters; As a
result, both profitability and consumer welfare are sensitive to the license type. [9]. Differential
game-based studies on university-industry collaborations reveal that the choice of governance
mode (Nash—Stackelberg—cooperative) significantly affects system output through time-varying
effort decisions [10]. Methodologically, it is shown that in environments with strategic response,
the rule declared by the leader need not be deterministic and that optimal policy families exist that
depend on response costs, thus providing normative design insights into the question of “who is
the leader?” in early-stage negotiations [11].
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The purpose of this study is to examine the question of who take the leadership role in planning
new product development efforts in university-industry collaborations for Technology Transfer
Office (TTO) activities. The model evaluates collaboration initiation scenarios for the TTO,
university, and company within the framework of Stackelberg Game Theory, and analyzes the
behavior of the parties' strategies over time.

The study contributes to the strategic understanding of collaboration dynamics within the
university-industry collaboration ecosystem and to concretely present the TTO's policy
recommendations.

2. Materials and Methods
In this study, the assumptions for the Stackelberg game model are set as follows:

Assumption 1: The total project revenue is Rt and the cost is Cr.

Assumption 2: When the TTO participates in the project, it earns revenue equal to R1. When the
TTO participates, it makes an effort to reduce the total cost. The cost of this effort is Ci, and as a
result, it reduces the university's cost by G; and the firm's cost by G2. When the TTO does not
participate in the collaboration, its revenue decreases by f, and its revenue is R = f.R1, where f'is
a coefficient in the range (0, 1).

Assumption 3: 1f the university participates, it earns revenue equal to R3 and shares cq4 of the cost.
cd is a coefficient in the range (0, 1). If the university does not participate and chooses to produce
and license the underlying technology, it bears the R&D cost denoted by C,. The university
demands a fixed L; from the firm for the licensing fee.

Assumption 4: If the firm participates, it earns revenue Rs and covers the cost (1-cq). If it chooses
not to participate and transfers the technology directly, it pays a fixed fee Fi. After acquiring this
core technology, the firm can independently innovate and apply it in production. Cs represents the
firm's innovation cost. R¢ represents the benefits the firm obtains through independent
technological innovation. R7 represents the firm's profit without collaboration, C; represents the
R&D cost, and C; represents the innovation cost, resulting in revenue expression: R7=Re-Ca-
Cst+L.

Assumption 5: The revenue sharing coefficients of the total revenue R, for TTO, university, and
firm are 01, 02, and 03, respectively such that (61 + 0, + 03 = 1). 0 is a profit-sharing coefficient in
the range (0,1).

The net payoffs under participation and non-participation are presented in Table 1.

Table 1. Net payoffs of Actors.

Actors Participation (1) Non-Participation (0)
TTO [Ir=0:.xR—-C; H_T=R2=f><R1
University H[é:) B2 X R = (cax Cr IIu=F—-C

- 1
Firm HF=O3XR_((1_Cd) H_F=R6—C2—C3+L1

X Cr—G2)
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The participation constraints for the TTO, the university, and the firm are presented in Table 2.

Table 2. The participation constraints for Actors.

Actors Participation Condition

TTO 0 xRt—Ci>f xRy

University 02 xRt —(ca xCt—G1)>F1 —C2

Firm 05 X RT—((1—ca) XCr—G2)>Re —C2o—Cs+ Ls

This study focuses on three scenarios in which TTO, University, and Firm act as the leader,
respectively.

TTO Leadership Scenario; TTO is assumed to initiate a new product development project through
an innovative university-industry partnership. Because 770 is the first move, it is defined as the
leader in the collaboration.

max_{91,92,93,G1,Gz}HT= 01'R—C: (1)
Subject to;

0:+0:+0:=1,0; € (0,1) (2)
0<G1<ceCr,0<G2<(1—¢q) Cr. (3)
0'R—Ci>fRu 4)
02 R—(ca'Ct—G1)>Li— C2 (5)
0:'R — ((1-cqd)'Ct—G2) > Re —C2 — Cs + L (6)

University Leadership Scenario; University is assumed to initiate a new product development
initiative through an innovative university-industry partnership. Because University takes the first
move, it is defined University is considered a leader in the collaboration.

maX_{91,92,93,(G1,G2)}HU =0 R — (Cd‘CT - G1) (7)
Subject to;

02R—(ca'Ct—Gi)>1I1 v=L1 — C: (8)
0:'R—Ci>fRu 9)
0:'R — ((1-cq)' Ct—G2) > Re —C2 — Cs + L (10)

Firm Leadership Scenario; Firm is assumed to initiate a new product development initiative
through an innovative university-industry partnership. Because Firm takes the first move, it is
defined as the leader in the collaboration.

maX_{91,92,93,(G1,G2)}HF =0:'R— [ (l—Cd)'CT - G2 ] (1 1)
Subject to;

05 R—[(1-ca)'Ct— G2 ]>I1l =R —C2—Cs+ Ls (12)
0'R—Ci>fRu (13)
02R — (ca'Ct—G1) > Li — C2 (14)
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3. Results and Discussion

In this study, a numerical simulation based on the Stackelberg game model was conducted to
analyze how collaborative dynamics among a Technology Transfer Office (TTO), University, and
Firm evolve under different leadership structures. Total payoff trajectories were constructed to
illustrate changes in the parties' payoffs over time. The study compared the equilibrium
convergence rate the overall system efficiency under three different scenarios—770 Leadership,
University Leadership, and Firm Leadership. The parameters used in the model are as follows:
Rt =240, Cr =100, C, = 20, C. =30, C5 =70, ca = 0.25, f = 0.5, G1 =20, G2 =40, 6: = 0.2, 0. =
0.3, 0: = 0.5, Li = 50, and the firm's independent innovation payoff, Rs = 100. Accordingly, This
parameter set was used to observe how leadership allocation influences the system’s equilibrium
trajectory and overall payoff distribution.

Figures 14 depict the dynamic behavior of the payoffs obtained by the TTO, university, and firm
across the three leadership scenarios.

= TTO Payoff
University Payoff
= Firm Payoff

—— TTO Payoff
University Payoff
—— Firm Payoff

60

5 10 15 20 25 30

Time Time

Figure 1. TTO Leadership Figure 2. University Leadership

—— TTO Payoff
Universi ty Payoff
—— Firm Payoff

80 1

60

201

0 5 10 15 20 25 30

0 5 10 15 20 25 30
Time

Time

Figure 3. Firm Leadershi Figure 4. Actors Payoffs
g p g y

In this scenario, the collaboration process is initiated by the TTO Leadership. Due to the TTO's
role in coordination and trust-building, payoffs increase more slowly but steadily in the early stages
of the process. As shown in Figure 1, under TTO leadership, both the university and the firm
gradually join the collaboration; however, the rate of increase in total payoffs remains slower than
in other scenarios.
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Under University Leadership, collaboration is shaped around knowledge generation and R&D
capacity. The impact of academic leadership leds to a more balanced distribution of benefits
between the parties. According to the findings in Figure 2, total returns increase faster under
university leadership than under TTO leadership, but it takes longer for the system to reach final
equilibrium than under firm leadership.

AZIANTEF TURKIYE

Under Firm Leadership, collaboration dynamics exhibit a market-oriented and application-focused
character. In this scenario, the system achieves the highest total benefits and the fastest equilibrium
in Figure 3. Under firm leadership, the university's knowledge inputs and the TTO's coordination
contribution translate into economic output at an early stage. This suggests that the market's
dynamic responses accelerate the overall growth rate.

Figure 4 illustrate how total returns evolve over time under three different leadership structures.
An increasing trend is observed across all scenarios along the time axis; however, there are
significant differences between the slopes of the curves and the speed at which they reach
equilibrium. Firm leadership achieves equilibrium most quickly, yielding the highest total benefit.
This finding suggests that market-focused strategic decisions accelerate the rate of
commercialization of collaboration outputs. University leadership ensured a more balanced
increase in returns, creating a sustainable growth dynamic in the long term. In the TTO leadership
scenario, returns increased more slowly, but the system's stability is higher.

The general trend observed in Figure 4 indicates that all actors move toward a full collaboration
equilibrium over time, but the speed at which this equilibrium is reached varies depending on the
leadership structure. The Company > University > TTO ranking confirms that the Stackelberg
leader-follower structure directly affects the speed of innovation diffusion and the overall
performance of the system.
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4. Conclusions:

This study modeled the strategic interaction between the Technology Transfer Office (TTO),
university, and firm using the Stackelberg game theory approach, revealing how collaboration
dynamics evolve across different leadership structures. The findings demonstrate that leadership
position determines not only revenue sharing but also the speed at which the system reaches
equilibrium and the diffusion of innovation.

AZIANTEF TURKIYE

The results indicate that under firm leadership, the system reaches equilibrium most quickly and
yields the highest total return. A market-oriented decision-making structure offers the advantage
of high efficiency and commercialization in the short term. However, the risk that firm-centric
leadership can make the partnership balance dependent on firm strategies in the long term should
not be overlooked. In the university leadership scenario, a governance model based on knowledge
production and R&D provides a more balanced distribution of benefits between the parties. This
scenario offers a suitable governance framework for long-term sustainable collaborations in
knowledge-based innovation ecosystems. In the case of TTO leadership, while the growth rate is
relatively lower, system stability is high. This result demonstrates that TTO leadership creates a
structure that strengthens system stability in the long term, despite a limited growth effect in the
short term. While the TTO's coordination, trust, and process management capacity may produce
limited returns in the short term, they create a stable equilibrium mechanism in the long term.

As a result of the overall assessment, the ranking of Firm> University > TTO among the three
scenarios reveals a fundamental performance pattern that defines collaboration speed and
economic outcomes. The results clearly demonstrate that strategic leadership position is a key
control variable determining synergy among stakeholders in technology transfer ecosystems, and
the leader's role in optimizing collaboration dynamics determines the direction of systemic
outcomes. Future studies are recommended to more comprehensively examine the system's
equilibrium stability by integrating factors such as information asymmetry, trust level, and
technology maturity level (TRL) into the model.
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Assessing the Impact of Digital Modelling and Automation on Sustainability
Metrics in 3D Printed Buildings: A Data-Driven Analysis

ZEYAD ASAAD AALBDULLAH “|, MUAMMER KOC !, SHOUKAT KHAN!

1Division of Sustainable Development, College of Science and Engineering, Hamad Bin Khalifa University, Qatar
Foundation, Doha P.O. Box 34110, Qatar

Abstract

The combination of 3D printing, digital modeling, and automation is transforming the construction
industry by enabling the creation of environmentally friendly structures that utilize materials
efficiently and feature geometric complexity. This study presents a data-driven comparative
analysis of 25 peer-reviewed investigations that evaluate the environmental, economic, and
operational performance of 3D-printed edifices to traditional construction techniques. Life Cycle
Assessment (LCA) results show significant drops in key environmental metrics: carbon dioxide
emissions by up to 47%, embodied energy by 37%, water use by 21%, construction waste by 70—
80%, and construction time by 95%. The chances of acidification, eutrophication, and fossil fuel
depletion decrease by 50-55%, while the chances of non-carcinogenic toxicity decrease by 98%.
In terms of financial savings, 3D printing can reduce capital costs by 78%, annual energy costs by
37%, and operational costs by up to 60%. However, costs in the life cycle and design phases can
be higher in some cases. The results indicate that combining parametric design, digital twin
technology, and robotics is the most effective approach to maximize sustainability and operational
efficiency. The paper concludes that 3D printing, when combined with advanced digital
workflows, is a feasible approach for decarbonizing the built environment and attaining next-
generation sustainable construction.

Keyword: Sustainable construction, 3D printing, Digital modelling, Parametric Design, Life cycle
assessment, Automation.
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HARDOX-400 VE 1045 CELIKLERININ MAG YONTEMIYLE
BIRLESTIRILMESI, MIKROYAPI VE MEKANIK OZELLIKLERININ
INCELENMESI

HALIL iBRAHIM KURT !, IBRAHIM YILMAZ !, AYSENUR YAYLA'

ISamsun Universitesi, Mithendislik ve Doga Bilimleri Fakiiltesi SAMSUN, TURKIYE.

OZET

Bu c¢alisma kapsaminda, yliksek asinma direncine sahip Hardox 400 ¢eligi ile orta karbonlu 1045
kalite galvanizli ¢elik plakalarin MAG kaynag1 yontemiyle birlestirilmesi, mikroyap: ve mekanik
ozelliklerinin incelenmesi amaglanmistir. 100x100 mm boyutlarinda ve 2 mm kalinligindaki metal
plakalar, saniyede 5 cm tel ilerleme hiz1 kullanilarak birlestirilmis; ardindan 1s1l islem uygulanarak
farkli ortamlarda sogutulmustur. Mikroyapilar optik ve SEM ile mekanik o6zellikler sertlik ve
cekme testi yapilarak aragtirilmistir. Yapilan analizler; iki farkli ¢elik tiiriiniin kaynak sonrasi
uyumluluk durumu, sertlik dagilimi, ¢ekme mukavemeti ve mikroyapisal doniisiimleri ortaya
konmustur. Maksimum sertlik (235 HV) ve maksimum g¢ekme dayanimi (314 MPa) suda
sertlestirilmis numunelerde elde edilmistir. Sonug olarak, yapilan mikroyapi ve mekanik analizler,
Hardox 400 ve galvanizli 1045 ¢eliginin MAG kaynagi ile basarili sekilde birlestirilebildigini ve
uygulanan 1s1l islemlerin kaynak kalitesini olumlu yonde etkiledigini gdstermistir.

Anahtar Kelimeler: MAG kaynagi, Hardox 400, 1045 celik, 1s1l iglem

1. Giris

Yiiksek asinma direncine sahip Hardox 400 ¢eligi ile orta karbon igerigine sahip 1045 galvanizli
celigin birlestirilmesi, endiistriyel uygulamalarda hem dayanim hem de islenebilirlik 6zelliklerini
bir arada kullanmay1 muhtemel kilabilir [1]. Hardox 400, isve¢li SSAB firmas: tarafindan iiretilen,
yaklasik 400 Brinell sertlige (HB) sahip, yiiksek asinma direnci saglayan 6zel bir celiktir [2].
Martenzitik mikroyapisi sayesinde darbe dayanimi yiiksek ve dayanikli bir yap1 malzemesi olup,
ozellikle madencilik ekipmanlari, kamyon kasalari, kiricilar ve asindirict ortamlarda calisan
makinelerde tercih edilmektedir [3]. Bu ¢elik tiirli, yiiksek asinma direnci ile hizmet Omriinii
uzatirken, daha ince kesitlerle yapisal mukavemetin korunmasina olanak tanir [3]. Yaklagik 1000
MPa akma dayanimina ve 1250 MPa ¢ekme dayanimina sahiptir. Yogunlugu 7.85 g/cm?'tiir ve
yiiksek tokluk (darbeye dayaniklilik) sergiler [4]. Kaynaklanabilirligi iyi olmakla birlikte, kalin
kesitlerde on 1sitma tavsiye edilir [5]. Islenebilirligi nispeten zayif olup, dzel kesici uglar
gerektirebilir [6]. Avantajlar1 arasinda uzun hizmet Omrii, yliksek darbe dayanimi, iyi
kaynaklanabilirlik ve ince kesitlerle yiiksek dayanim saglanabilmesi bulunur [4,5]. Ancak, sertligi
nedeniyle soguk sekillendirme smirhidir, kaynak oOncesi On 1sitma gerekebilir ve 1sil islem
uygulanmaz ¢linkii 6zel alagimli yapisi ve sertligi fabrikada saglanir.

Ote yandan, 1045 ¢eligi, yaklasik %0.45 karbon oranina sahip, orta karbonlu, sade bir miihendislik
celigidir. Isil islemle mekanik 6zellikleri genis bir aralikta ayarlanabilir ve yaklasik 7.85 g/cm?
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yogunluga sahiptir [7]. Genel imalat sektoriinde yaygin sekilde kullanilan, iyi kaynaklanabilirlik
ve islenebilirlik 6zelliklerine sahip bir malzemedir [8]. Tavlanmis halde yaklasik 170 HB sertlige,
310-370 MPa akma dayanimina ve 570-700 MPa ¢ekme dayanimina sahipken, su verilmis ve
temperlenmis halde sertligi 200-300 HB araligina yiikselebilir [9]. 1045 ¢eligi 1s1] isleme oldukg¢a
uygundur; su verme (martenzitik yap1 kazandirma), temperleme (tokluk kazandirma), tavlama
(yumusatma ve islenebilirligi artirma) ve indiiksiyonla ylizey sertlestirme gibi islemler
uygulanabilir [9]. Ucuz ve yaygin bulunabilirligi, 1s1l islemle kolayca ayarlanabilen mekanik
ozellikleri, iyi islenebilirligi ve yeterli dayanim saglamasi avantajlaridir [7,8]. Ancak, galvaniz
kaplama nedeniyle ylizeyde bulunan ¢inko, kaynak sirasinda buharlasarak kaynak dikisinde
porozite, catlak ve diger kusurlarin olusmasina sebep olabilmektedir [10]. Bu nedenle, kaynak
oncesi ylizey hazirligi, kaynak parametrelerinin optimizasyonu ve uygun 1s1l islem siireglerinin
belirlenmesi biiylik 6nem tagimaktadir [10]. Ayrica, yliksek karbon orani nedeniyle kaynak
yapilacaksa On 1sitma ve sonrasinda yavas sogutma gerekebilir; Hardox gibi 6zel asinma
celiklerine gore daha diisiik asinma direncine sahiptir ve yliksek sertlik istendiginde
gevreklesebilme riski nedeniyle dikkatli temperleme ihtiyact bulunur [7,10].

MAG yonteminde tipik olarak %100 CO: koruyucu gaz, otomatik beslenen celik kaynak teli,
dogru akim (DC) ve elektrot pozitif kutuplu baglant1 kullanilir. Akim aralig1 100-300 A, gerilim
aralig1 18-30 V ve tel ¢ap1 0.8 mm — 1.2 mm arasinda degisir [11]. Uygulama alanlar1 yapisal ¢elik
imalati, otomotiv parga iiretimi, basingli kaplar, tarim makineleri ve agir makine saseleridir [11].
Ancak farkli karbon igerigine sahip metallerin kaynaginda, 1s1 tesiri altindaki bolgede (HAZ)
meydana gelen faz doniisiimleri ve sertlik gradyanlari, kaynak kalitesini dogrudan etkilemektedir
[12]. Bu nedenle, kaynak islemi sonrasinda uygulanan 1s1l islemlerle bu etkilerin kontrol altina
alinmas1 miimkiindiir [12]. Isil islemle, hem kaynak bolgesindeki gerilmelerin azaltilmasi hem de
daha homojen bir mikroyapinin elde edilmesi hedeflenmektedir [12].

Merig ve arkadaslar1 (2008): Siirtlinme kaynagiyla birlestirilen yiiksek alasimli ¢eliklerin kaynak
bolgesini incelenmigti. SEM ve EDS analizleriyle kaynak hattindaki yap1 ve faz gecisleri
degerlendirilmis, mekanik Ozelliklerin hangi bdlgede zayifladigr belirlenmistir. Malzeme
eslesmesi ve kaynak parametreleri onerilmistir [13]. Bekoz ve Yildirim (2010): Hardox 400 ve
Hardox 450 ¢eliklerini MAG yontemiyle birlestirmis ve karsilastirmali olarak kaynak
edilebilirlikleri analiz etmislerdir. Her iki malzemenin kaynak bdlgesinde olusan yapilar
incelenmis, SG3 telin 6zellikle Hardox 450 ile daha iyi performans verdigi gosterilmistir [14].
Teker ve Geng¢dogan (2020): Hardox 450 ile AISI 430 ferritik paslanmaz ¢eligi ¢ift tarafli TIG
kaynagiyla birlestirilmis ve kaynak bolgesindeki faz dontistimleri, Cr,Cs, CrsNis ve martensit
olusumlar1 detayli olarak analiz edilmistir. SEM, EDS ve EBSD yo6ntemleri kullanilarak kaynak
bolgesindeki difiizyon mekanizmalar: agiklanmistir [15]. Ayyildiz (2022): Robotik gazalti ark
kaynag ile Hardox 450 ve S355J2 ¢elikleri birlestirilmistir. Kaynak hizi ve 1s1 girdisinin mikro
yap1 ve mekanik ozellikler tizerindeki etkileri degerlendirilmistir. Sertlik artig1 ve tane biiylimesi
gibi degisimler detaylandirilmig, kaynak bolgesinin homojenligi acisindan uygun parametreler
onerilmistir [16]. Ozturan (2022): Hardox 450 ve S355]2C+N celikleri gazalti ark kaynagi
yontemiyle birlestirilmistir. Deneysel olarak yapilan bu calismada kaynak dikislerinin mikro
yapist, sertlik profili ve ¢gekme dayanimi dl¢lilmiistiir. Kaynak bolgesinde ~249 HV sertlik elde
edilirken, Hardox tarafinda 311 HV o6l¢ililmiistiir. En yiiksek ¢ekme dayanimi ise 899 MPa olarak
tespit edilmistir [17].
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Bu caligmada, s6z konusu iki gelik tiiriiniin Metal Aktif Gaz (MAG) kaynagi yontemi ile
birlestirilmesi ve kaynak sonrasi uygulanan 1sil islemlerin kaynak bélgesine olan etkilerinin
incelenmesi amacglanmustir.

2. Malzeme and Yontem

Bu calismada, yiiksek asinma direncine sahip Hardox 400 ¢eligi ile orta karbon igerigine sahip,
galvanizli 1045 celigi kullanilmigtir. Tablo 1'de Hardox400 ve 1045 celiklerinin igerik tablosu
verilmistir.

Tablo 1. Hardox400 ve 1045 Celiklerinin Icerik Tablosu

Element
(wt.%)

Hardox400 0.12-0.18 1.30-1.60 0.25-0.45 <1.00 <1.00 <0.60 <0.025 <0.010 <0.005 Kalan

m 043-050  060-090  0.10-035 <0.050 Kalan

Her iki malzeme de, kaynak sonrast mikroyap1 ve mekanik 6zelliklerin incelenmesi amaciyla, 100
mm x 100 mm boyutlarinda ve 2 mm kalinliginda levha formunda hazirlanmistir. Malzeme
seciminde, farkli mekanik Ozelliklere sahip celiklerin birlestirilmesiyle elde edilen kaynak
bolgesindeki yapisal farkliliklarin ve 1s1l islem sonrasi doniisiimlerin detayli olarak analiz
edilebilmesi hedeflenmistir. Celik levhalar, Metal Aktif Gaz (MAG) kaynak yontemi ile
birlestirilmistir. Kaynak isleminde koruyucu gaz olarak %100 karbondioksit (CO:) tercih
edilmistir. Kaynak teli olarak @1 mm ¢apinda ¢elik kaynak teli kullanilmis olup tel ilerleme hiz1
5 cm/sn olarak ayarlanmistir. Kaynak sirasinda torg agis1 70°, kaynak gerilimi 22 V, akim siddeti
100 A olarak belirlenmistir. Levhalar arasinda 1 mm bindirme ile sabitleme yapilmis ve kaynak
islemi ¢ift paso olarak uygulanmistir. Kaynak isleminin gerceklestirilmesinde kullanilan ekipman
Sekil 1°de goriilmektedir. Deney sirasinda, Hardox 400 ve 1045 celikleri arasindaki birlestirme
islemi, MAG kaynak yontemi ile gerceklestirilmis ve bu isleme ait gorsel Sekil 2°de sunulmustur.
Kaynak islemi sonrasinda elde edilen numuneler, belirli sicaklik kosullarinda firinda 1s1 islemine
tabi tutulmustur. Bu agsamada kullanilan 1s1 islem firm1 Sekil 3’te verilmis olup, firinda 950 °C
sicaklikta 60 dakika bekletilen numunelerin sogutulmadan 6nceki durumu Sekil 4’te gosterilmistir.
Isil islem sonrasi bazi numuneler metalografik inceleme i¢in mikroyapi analizine hazirlanmis ve
bu kapsamda yapilan kesme islemi sirasinda kaydedilen gorsel Sekil 5°te yer almaktadir. Bu
islemler sayesinde, kaynak bolgesindeki mikro yapisal doniisiimler detayli bicimde analiz
edilmistir.Kaynak igsleminin ardindan, elde edilen numunelere farkli sogutma ortamlarinda 1sil
islem uygulanmistir. Numuneler, 950°C sicakliga firinda 1sitilmis ve bu sicaklikta 60 dakika
stireyle bekletilmistir. Isitma sonras1 numuneler ii¢ farkli sogutma ortamina tabi tutulmustur.
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Sekil 3: Numunelerin Isil Islem Gordiigii Firin Sekil 4: Firinda Sogutulan Numunelerin

Goruntisu

Sekil 5: Mikroyapt Numune Cikarim Esnasinda Cekilen Goriintii

Bu c¢aligmada, Hardox 400 celigi ile galvanizli 1045 celiginin MAG kaynak ydntemiyle
birlestirilmesinden sonra olugan mikroyapi1 ve mekanik 6zellikler detayli olarak incelenmistir.
Oncelikle numuneler mikroskobik analizlere uygun hale getirilmis; kesme, zimparalama ve
parlatma iglemlerinden gegirilerek uygun reaktiflerle daglanmistir. Daglanmis numuneler 151k
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mikroskobu altinda incelenmistir. Bu incelemeler, martensitik yap1 olusumu, tane biiylimesi ve faz
dontistimleri gibi mikro yapisal degisimleri ortaya koyarak farkli ¢elik tiirleri arasindaki metaliirjik
uyum hakkinda 6nemli bilgiler sunmustur. Mekanik ozelliklerin degerlendirilmesi amaciyla
cekme ve sertlik testleri gerceklestirilmistir. Cekme testleri ile numunelerin akma dayanimai,
kopma mukavemeti ve uzama ytizdesi gibi temel 6zellikleri 6l¢iilmiis; boylece kaynak bdlgesinin
yapisal dayanimi dogrudan degerlendirilmistir. Sertlik Ol¢timleri, Vickers yontemiyle kaynak
dikisi, HAZ ve ana malzeme iizerinde yapilmis ve 1s1 girdisinin bolgesel etkileri belirlenmistir.

3. Bulgular ve Tartiyma
3.1. Mikroyapi Sonuclari
3.1.1 islem Gormemis Numune

Sekil 6°da islem géormemis numunenin optik mikroskop goriintiisii verilmistir.
Vickers HV1 3 7

Nr: 25 Ortalama 168.20 Std dev: 48.77 ~M

Sekil 6. Islem gérmemis numunemoptlk mlkroskopgoruntusu

Bu yapi, iiretim sirasinda dis miidahale olmadan ¢evre sicakliginda sogutulmus bir ¢elige
aittir. Herhangi bir 1s1l islem uygulanmadigi i¢in karbon atomlar1 difiizyonla yeterli siire
bulmus, bu da ferrit ve perlitin dogal oranlarinda ve daginik sekilde olusmasina neden
olmustur. Ferrit taneleri biiylimeden dnce difiizyon tamamlandigi i¢in orta boyutta kalmistir.
Yap1 yonsliz, diizensiz ve hafif heterojendir. Yapinin yer yer perlitce zengin (daha sert), yer
yer ferritge baskin (daha yumusak) oldugunu ve homojenlikten uzak oldugunu
gostermektedir. Bu yapi, havada sogutulmus numuneye benzer sertlik diizeyinde olsa da,
kontrolsiiz soguma nedeniyle mikroyap1 farkliliklar1 daha belirgindir.

3.1.2 Firinda Sogutulan Numune
Sekil 7°de firinda sogutulan numunenin optik mikroskop goriintiisii verilmistir.

188

GAZIANTEP UNIVERSITY ’
MAVERA CONGRESS AND ART CENTER
GAELAN - TORKIY



o U

%
% o VAT KALYONCU

UNIVERSITESI

6-9 OCTOBER, 2025

e AT ST T I C M E T’ 2 5

GAZIANTEP - TORKIYE

4

G4z,
/s,
4,

X 1873 x

LIVE VIEW

Gorselde ¢ok sayida es biiytikliikte, belirgin sinirlarla ayrilmis tane yapisi goriilmektedir. Bu
taneler ferrit + perlit fazlaridir. Ag¢ik gri alanlar: Ferrit (yumusak ve siinek faz) daha koyu renkli
alanlar ise Perlit (ferrit + sementit lamellerinden olusan daha sert faz) fazidir. Yapida martenzit,
bainit veya herhangi bir hizli soguma iiriinii bulunmamakta, bu da yavas sogumanin sonucudur.
Firinda yavas soguma ile gerilimler giderilmis, daha siinek ve iglenebilir bir yap1 elde edilmistir.
Firinda yavas sogutma sonucunda doniisiim i¢in yeterli zaman oldugu i¢in dengeli mikroyapi1
gelismistir. Perlit lamelleri daha kalin ve ayrismis sekildedir. Soguma hiz1 diistiikge perlit lamel
aralig1 artar. Tane bliyiikliigii nispeten daha fazladir (¢iinkii yiiksek sicakliklarda uzun siire kalmak,
tane biliylimesine neden olmaktadir [19].

3.1.3 Havada Sogutulan Numune
Sekil 8’de havada sogutulan numunenin optik mikroskop goriintiisii verilmistir.
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Sekil 8. Havada sogutulan numunenin optik mikroskop goriintiisii

Yapida ¢ok sayida belirgin taneler goriilmektedir; bu taneler daha kiicliik ve daha yogun
yerlesmistir. Goriintiide hem ferrit (acgik gri bolgeler) hem de perlit (koyu renkli alanlar) yer
almakta, fakat perlit orani firinda sogutulmus yapiya gore daha fazladir. Hafif lamelli bir yap1
gozlemlenmektedir, bu da daha ince yapili perliti isaret eder (daha hizli soguma = daha ince
lameller). Hava ortaminda soguma, firina gore daha hizli oldugundan, karbon atomlari
diflizyonla daha az zaman bulur, bu nedenle perlit oran1 artar ve ferrit taneleri kiigiiliir.

3.1.4 Suda Sogutulan Numune

Sekil 9°da havada sogutulan numunenin optik mikroskop goriintiisii verilmistir.

LIVE VIEW "« SPParely

2 RNCUR.
R (U

%

4)«
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Sekil 9. Suda sogutulan numunenin optik mikroskop goriintiisii
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Sekil 9’da havada sogutulan numunenin optik mikroskop goriintiisii verilmistir. Goriintiide
mikroyapi olduke¢a ince ve igne (akupunktur ignesi gibi) bi¢cimli fazlardan olusmaktadir. Bu yap1
tipik olarak martenzit fazidir. Martenzit, ¢ok hizli soguma ile (6rn. su banyosu) Gstenitin
difiizyonsuz dontisiimiidiir. Oldukca sert, kirilgan ve yogun i¢ gerilime sahiptir.

Yapida ayrica: Daha koyu, igne benzeri yap1: Martenzit Daha agik alanlar: Donlismemis Ostenit ya
da az miktarda ferrit olabilir. Mikro yapinin homojen olmadigi, bazi bolgelerde farkli sertlik
degerleri gosterdigi goriilmektedir.

Su ile sogutma, celikte en hizli faz donlisiimiinii tetikler. Austenit - Martenzit doniisiimiiyle
sonuglanir. Bu yap1 en yiiksek sertlik degerini verir. Ancak hizli soguma i¢ gerilimler, catlak
olusumu ve kirilganlik riskini de artirir. Suda sogutma ile celikte sert, kirilgan, igne yapil
martenzitik bir mikro yap1 olugsmustur. Bu yap1 yliksek asinma direnci saglar ancak
sekillendirilebilme 6zelligi diisiiktiir. Genellikle sertlik istenen uygulamalarda kullanilir. I¢
gerilimlerin giderilmesi i¢in temperleme (tavlama) gibi islemler uygulanabilir.

3.2 Mekanik Test Sonuclari
3.2.1 Sertlik Sonuclari
Sekil 10°da sertlik sonuglar1 verilmistir.

=@ [slemsiz Firinda Havada Suda

400
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300

Lo

200

150 AN e /

100

Sertlik (HV)

50

1045 HAZ Kaynak Bolgesi HAZ HARDOX400

Sekil 10. Vickers sertlik grafigi

Farkli konumlardan alinan sertlik 6l¢limleri, sogutma yonteminin malzeme i¢ yapisindaki
degisimlere dogrudan etki ettigini gdstermistir. Ortalama sertlik degerleri islemsiz numune
i¢in ortalama 172 HYV, firinda sogutulan numune i¢in ortalama 128 HV, havada sogutulan
numune i¢in ortalama 155 HV ve suda sogutulan numune i¢in ortalama 235 HV dir. En yiiksek
sertlik degeri, dogal olarak hizli sogutulan ve islemsiz numunede gdézlenmistir. Bu yapi,
martenzitik faz olusumuna benzer sekilde daha sert ama gevrek bir yap1 olusturur. Firin
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ortaminda yavas soguma ile elde edilen diisiik sertlik degeri, daha biiyiik ve kaba ferrit-perlik
yapinin olustugunu gostermektedir. Bu yumusaklik, ayni zamanda siinekligin artmasini da
desteklemistir.
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Islem gérmemis ¢elik numune, hem ferrit hem de perlit fazlarini iceren klasik bir ferrit-perlit
mikroyap1 sergilemektedir. Sertlik bakimindan orta seviyede bir deger sunarken, yonsiiz ve
diizensiz tane yapist nedeniyle mekanik 6zellikler bolgeler arasinda degiskenlik gosterebilir.
Bu tiir yapilar genellikle 6n islem géormemis, soguk sekillendirme veya talasli imalat 6ncesi
ham ¢eliklerdir. Firinda sogutulan numunenin ortalama Vickers sertligi 128 HV olarak
Ol¢iilmiistir. Bu deger, ferrit agirlikli, diisiik sertlikte bir yap1 oldugunu destekler. Sertlik disiik,
stineklik yiiksektir. Bu tip yapi, kaynak sonrasi gerilim giderme islemleri veya sekillendirme
oncesi 1s1l islemler i¢in uygundur. Havada sogutma, ¢elige orta derecede bir sertlik ve yeterli
siineklik kazandirir. Yap1 daha fazla perlit (ince) icerdiginden, mekanik dayanim artar. Yine
de ¢ok sertlesmedigi icin sekillendirme islemleri yapilabilir. Bu tiir bir yap1 genellikle
normalize edilmis celik yapisina benzer. Suda sogutulan numunenin ortalama sertlik: 235 HV
dir ve bu deger, diger numunelere kiyasla en yiiksek sertlik seviyesidir.

3.2.2. Cekme Testi Sonuc¢lari
Sekil 11°de farkli ortamlarda sogutulan numunelerin ¢ekme testi sonuglar1 verilmistir.

mYS mUTS %E
350 14
300 I 12
= 250 i 10
a
= I o
= 200 8 E
o ©
€ < N
(0]
é 150 6 <
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3
S 100 4
50 2
0 0
islemsiz Firinda Havada Suda

Sogutma Ortami

Sekil 11. Farkli ortamlarda sogutulan numunelerin ¢gekme testi sonuglari

Bu c¢alismada, MAG kaynag ile birlestirilen Hardox 400 ve galvanizli 1045 c¢eliklerinin,
kaynak sonrasi farkli sogutma kosullarina tabi tutulmasinin mekanik 6zellikler tizerindeki
etkileri arastirilmistir. Elde edilen veriler; ¢ekme dayanimi (UTS), akma dayanimi (YS),
kopma uzamasi (%E) ve sertlik ol¢iimleri ¢ergcevesinde degerlendirilmistir.

Numunelere uygulanan ¢ekme testleri sonucunda, en yiiksek ¢ekme dayanimi 314 MPa ile
suda sogutulan numunelerde goézlenmistir. Bu durum, hizli sogutma sayesinde yapida
martenzitik faz olusumunun yogunlagmasina baglanabilir. Islemsiz numunelerde ise cekme
dayanimi 278 MPa seviyesinde Olgiilmiistii. Bu deger, kaynak sonrasi 1sil islem
uygulanmamasina ragmen yiiksek bir dayanim elde edilebilecegini gostermektedir. Ancak bu
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tiir bir yap1 genellikle daha gevrektir ve siineklik agisindan zayif kalir. Havada sogutulan
numunelerde ¢ekme dayanimi 271 MPa, firinda sogutulan numunelerde ise 222 MPa olarak
belirlenmistir. Bu degerler, kontrollii soguma ile elde edilen daha ferritik/perlitik yapinin
dayanimi disiirdiiglinii, fakat daha siinek bir yapi1 olusturdugunu ortaya koymaktadir.
Ozellikle firin sogutmasiyla elde edilen diisiik dayanim, uzun siireli ve yavas sogumanin
kristal yapiy1 daha fazla rahatlatmasi ile iliskilendirilebilir. Akma dayanimi (YS) degerleri de
benzer sekilde sogutma ydntemlerine duyarli olarak degismistir. Islemsiz numuneler en
yiiksek YS degerini (126 MPa) gdsterirken, havada sogutulan numuneler en diisiik degere (93
MPa) sahiptir. Bu sonug, kaynak sonras1 dogal sertlik durumunun korundugu yapilarin daha
yiiksek elastik direng sergiledigini gostermektedir.

Kopma uzamasi degerleri agisindan degerlendirildiginde, en yiiksek siineklik %19,5 ile
firinda sogutulan numunelerde elde edilmistir. Bu bulgu, yavas sogumanin daha homojen ve
siinek mikroyapilar olusturdugunu destekler niteliktedir. Havada sogutulan numunelerde
%17,5 , suda sogutulan numunelerde ise %14,2 uzama degerleri gozlenmistir. Sogutma hizi
arttikca siineklik azalmis, ancak mukavemet artmistir.islemsiz numunelerde %16,3 ile en
diisiik uzama degeri kaydedilmistir. Bu durum, kaynak sonrasi isil islem uygulanmayan
numunelerin sert fakat kirilgan bir yap1 olusturdugunu ve bu nedenle plastik deformasyona
kars1 direng gosteremedigini ortaya koymaktadir.

Elde edilen tiim veriler, mekanik 6zelliklerin yalnizca kaynak kalitesine degil, ayn1 zamanda
kaynak sonrasi uygulanan 1s1l islemin tiiriine ve sogutma hizina bagl olarak biiyiik oranda
degistigini gostermektedir.

Genel olarak:

e Su verme, yiikksek mukavemet saglar; ancak siinekligi sinirlar.

e Firin sogutmasi, diisiilk dayanim ancak yiiksek stineklik sunar

e Hava sogutmasi, dengeli ozellikler saglar. islemsiz numuneler, sertlik ve dayanim
bakimindan iyi sonuglar verirken, siineklik a¢isindan sinirlt kalir.

Bu sonuglar, uygulama amacina gére uygun bir 1s1l islem ve sogutma stratejisinin se¢ilmesinin
O6nemini vurgulamaktadir.

4. Genel sonuclar

Bu calismada, yliksek asinma direncine sahip Hardox 400 celigi ile galvanizli 1045 ¢eliginin
MAG kaynagiyla birlestirilmesi sonrasinda uygulanan farkli sogutma ydntemlerinin (su,
hava, firin ve islemsiz) mekanik ozellikler iizerindeki etkileri incelenmistir. Elde edilen
deneysel veriler ve yapilan degerlendirmeler sonucunda asagidaki genel bulgulara
ulasilmistir:

Sogutma yontemi, kaynakli birlesimlerin mekanik performansi lizerinde belirleyici bir etkiye
sahiptir. Ozellikle cekme dayanimi, siineklik ve sertlik gibi temel dzellikler sogutma hizina
dogrudan bagli olarak degismistir.

Suda hizli sogutulan numuneler, en yiiksek ¢ekme dayanimini goéstermistir. Bu durum,
martenzitik yapinin olusumu ile agiklanabilir. Ancak bu yapi, siineklik ac¢isindan sinirli bir
performans sergilemistir.
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Firin ortaminda yavas sogutma uygulanan numunelerde, ¢ekme dayanimi diisiik olmasina
ragmen siineklik onemli 6l¢iide artmistir. Bu yapi, ferrit ve perlit fazlarinin hakimiyetinde
daha yumusak ve sekillenebilir bir davranis ortaya koymustur.

Havada dogal sogutulan numuneler, dayanim ve siineklik acisindan dengeli bir sonug
vermigtir. Bu yoOntem, mekanik oOzelliklerin ortalama diizeyde tutulmasi gereken
uygulamalarda tercih edilebilir.

Isil islem uygulanmamis (islemsiz) kaynakli numuneler, yiiksek sertlik ve kabul edilebilir
diizeyde ¢ekme dayanimi sunmus olsa da, en diisiik siinekligi gdstermistir. Bu da bu tiir
yapilarin ¢atlama veya kirilma riskine daha ag¢ik oldugunu gostermektedir.

Sertlik Olciimleri, sogutma yontemine bagli olarak mikroyapidaki doniisiimle paralellik
gostermistir. Hizli sogutulan numunelerde daha yiiksek sertlik, yavas sogutulan numunelerde
ise daha diisiik degerler elde edilmistir.
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Aliiminyum 1000 Serisi Plakalarla Hazirlanan Kompozit Yapilarin Katman
Sayisina Gore Mekanik Davranmislarinin Incelenmesi

HALIL iBRAHIM KURT !, MEHAMAT MOUSSA TAHER HAMADA',
IBRAHIM YILMAZ !, AYSENUR YAYLA!

ISamsun Universitesi, Miihendislik ve Doga Bilimleri Fakiiltesi SAMSUN, Tiirkiye

OZET

Bu calismanin temel amaci, bazalt kumas lifleri ile takviye edilmis aliiminyum matris esaslt
kompozit malzemelerin iretilmesi ve takviye katman sayisindaki degisimin elde edilen
kompozitlerin mekanik 6zellikleri iizerindeki etkisinin arastirilmasidir. Mekanik performansin
degerlendirilmesi amaciyla 1li¢ noktali egme testleri ve darbe dayanimi analizleri
gerceklestirilmistir. Maksimum egilme dayanimi 3 katmanli numunede elde edilirken maksimum
deformasyon oran1 7 katmanli numunede elde edilmistir. Katman sayisindaki artis kompozitlerin
darbe dayanimini artirmaktadir.

Anahtar Kelimeler: Aliiminyum, Bazalt Kumas, U¢ Nokta Egme Testi, Darbe Testi.

1. Giris

Son yillarda, kompozit malzemeler birden fazla bilesenin avantajli 6zelliklerini bir araya getirme
yetenekleri sayesinde, 6nemli bir miihendislik malzeme sinifi olarak giderek daha fazla ilgi
gormektedir. Metal matrisli kompozitler arasinda, aliiminyum esashi sistemler; diisiik
yogunluklari, yiiksek korozyon direngleri ve iistiin islenebilirlikleri nedeniyle 6ne ¢ikmaktadir. Bu
kategori icerisinde, yiiksek safligi ve miikemmel sekillendirilebilirligi ile bilinen 1000 serisi
aliminyum, katmanli kompozit yapilar icin son derece uygun bir matris malzemesi olarak one
¢ikmaktadir [1].

Bazalt fiber kumas gibi yiliksek performansh takviye malzemelerinin aliiminyum matrislerle
birlestirilmesi, bu kompozitlerin mekanik 6zelliklerini daha da gelistirmekte; mukavemet, rijitlik
ve darbe dayanimi gibi 6zelliklerde 6nemli avantajlar saglamaktadir. Dogal volkanik kayalardan
elde edilen bazalt lifleri, termal kararlilik, kimyasal direng ve ¢evre dostu yapilar sayesinde
sentetik liflere kiyasla belirgin avantajlar sunmaktadir [2]. Metalik ve lifli katmanlarin ardigik
sekilde diizenlenmesiyle olusturulan kompozit yapilar, katman sayis1 ve diizenine biiylik Olciide
bagli olarak karmasik bir mekanik davranis sergiler. Katman sayisindaki artis; ylik dagilimi, enerji
soniimleme kapasitesi ve genel yapisal biitlinliikte 6nemli iyilesmelere yol agabilir [3]. Uzun ve
Arslan (2024), farkli aspect ratio’daki bazalt fiberler, kendi kendini sikisan beton igerisine
eklenerek egilme ve bolgesel ¢ekme mukavemeti test etmislerdir. Fiber orani arttik¢a egilme ve
cekme dayanimi artmis, ancak yiiksek aspect ratio bazalt fiber dagiliminda agregasyon
olusturdugu i¢in basing dayanimi azalmistir. Bu da bazalt fiberin hem mekanik faydasini hem
geometrik dagilimim dnemini ortaya koymaktadir [4]. Karacor ve Ozcanli (2023), Bazalt-el cam-
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jut hibrit kompozitler farkli matriks malzemeleri ile hazirlanmis, mekanik performanslari analiz
etmisler. Bazalt fiber iceren gruplarda, 6zellikle egilme ve darbe dayanimi daha ytiiksek; ¢iinkii
bazalt liflerinin arayiizeyde daha giiclii baglanmasi ve enerji emilim kabiliyeti diger dogal liflere
gore daha etkili oldugunu beyan ettiler [5]. Erdogan (2022), Basalt + jiit + karbon lifli hibrit
epoksi kompozitler, mekanik testlere tabi tuttular. Bazalt iceren karisimlarda, diisiik hiz carpma
testlerinde enerji absorpsiyonu ve e8ilme dayanimi anlamh sekilde arttigin1 gordiiler. Bu etki,
bazalt liflerinin yiiksek elastiklik modiilii ve iyi fiber—matris etkilesimi sayesinde gerceklesmistir
[6]. Bazalt fiberin kompozit sistemlere katilimi, 6zellikle egilme, esneme ve darbe dayanimi gibi
mekanik performans kriterleri agisindan genellikle olumlu etkiler gostermektedir. Yapilan
deneysel calismalar, bazalt liflerin yiiksek elastiklik modiilii ve iyi ara yiizey baglanma kabiliyeti
sayesinde, kompozitlerin yiik tasima kapasitesini ve enerji soniimleme o6zelliklerini anlamli
diizeyde artirdigim1 ortaya koymaktadir. Bununla birlikte, fiberlerin dagilimi ve geometrik
ozellikleri de performans tizerinde dogrudan etkili olmaktadir.

Ozellikle yiiksek yogunlukta veya uzun boy/gap oranina sahip bazalt fiberlerin matriks iginde
homojen dagilmamasi, agregasyon sorunlarina yol agmakta ve bu durum ozellikle basing
dayamiminda istenmeyen diisiislere neden olabilmektedir. Ote yandan, bazalt fiberin cam veya
karbon gibi diger liflerle birlikte kullanildigi hibrit yapilarda, sinerjik bir mekanik iyilesme
gbzlemlenmistir. Bu tiir hibrit sistemlerde, bazalt liflerinin enerji absorpsiyonu kapasitesi ve ara
ylizey bag giicli katkis1 sayesinde, toplam yapisal dayanikliligin daha da arttig1 tespit edilmistir.
Bu bulgular, bazalt fiberin yalniz basina veya hibrit kombinasyonlar i¢inde kullanildiginda,
kompozit malzemelerin mekanik performansini optimize etmede O6nemli bir rol oynadigini
gostermektedir [7].

Bu c¢aligma, 1000 serisi aliiminyum levhalar ve bazalt kumas takviyesi kullanilarak {iretilen
katmanli kompozit yapilarin imalati ve mekanik karakterizasyonuna odaklanmaktadir. Caligmanin
temel amaci, katman sayisinin kompozitlerin mekanik davranisi iizerindeki etkisini arastirmaktir.
Bu dogrultuda, ii¢ noktali egme ve darbe dayanimi testleri uygulanmaistir.

2. Malzeme ve Yontem

Bu calismada matris fazi olarak, >%99,7 saflikta ticari olarak temin edilen 1000 serisi aliiminyum
levhalar (Sekil 1a, kalinlik: 1 mm) kullanilmistir. Takviye elemani olarak ise, diiz dokuma yapisina
sahip, alan agirligi 200 g/m? olan bazalt kumas (Sekil 1b) tercih edilmistir. Sistem, regine (Resin
Norm A Component) ve epoksi (Resin Norm B Component) bilesenlerinden olusan iki bilesenli
bir epoksi re¢ine sisteminden olusmaktadir. Tablo 1°de aliiminyumun mekanik 6zellikleri ve Tablo
2’de aliiminyumun kompozisyonu verilmistir.

Aliminyum
1000 levha

GANTEP
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Sekil 1. a) Aliiminyum levha ve b) Basalt kumas

Tablo 1. Ticari aliiminyum 99.7% mekanik 6zellikleri

Kesme Gucu 44 — 97 MPa
Cekme Dayanimi: Nihai (UTS) 68 — 170 MPa
1 Cekme Dayanimi: Akma (Kanit) 22 — 150 MPa
R T
O O O o
Kalan 0.01 0.03 0.03 0.003

Yizey yapisa bilirligi ve puruzlulugu artirmak amacuyla, klmyasal temizlik sonrasi ylizeylere hafif
mekanik zimparalama islemi uygulanmistir. Aliiminyum levha yiizeylerindeki yag ve oksit
tabakalarinin giderilmesi amaciyla, zimparalama devaminda etil alkol ile temizlik uygulanmais;
ardindan yliizeyler saf su ile durulanarak noétrlestirilmistir. Temizlenen aliiminyum yiizeylere ve
bazalt kumasa, epoksi reginesi/ sertlestirici karisimi (Sekil 2) firca kullanilarak ince ve homojen
bir tabaka halinde uygulanmistir. Havanin igeride hapsolmasini 6nlemek amaciyla yiizeylerin
tamamen ve esit sekilde kaplanmasina 6zen gosterilmistir. Katmanlar, hedeflenen tasarima bagl
olarak sirayla yerlestirilmistir. Mekanik 6zelliklerin optimize edilmesi amaciyla, bazalt kumasin
lif yonii yiikleme kosullarina gore ayni yonde olacak sekilde ayarlanmistir. Hazirlanan numuneler,
recine sistemine uygun olarak soguk pres cihazina yerlestirilmis ve oda sicakliginda 72 saat
boyunca sikistirilmis halde bekletilerek kiirleme islemi gergeklestirilmistir [8].

Kiirlenme islemi tamamlanan kompozit paneller, mekanik testler icin standart boyutlarda
numunelere kesilmistir. Darbe testi icin 55 mm x 10 mm boyutlarinda, egme testi i¢in ise 150 mm
x 25 mm boyutlarinda numuneler hazirlanmistir. Darbe testi (Sekil 3) sirasinda numune, test
cihazinin tabanina dikey olarak yerlestirilmis ve ortamin serbest hareketini engellemeyecek
sekilde kenarlarindan sabitlenmistir. Belirli bir yiikseklikten serbest birakilan agirlik, numunenin
merkezine diisecek sekilde yonlendirilmistir. Ug nokta egme testi, {iniversal test makinesi (UTM)
kullanilarak gerceklestirilmistir. Numuneler iki sabit destek iizerine yatay sekilde yerlestirilmis ve
yiik ortadan uygulanmistir. Test sirasinda etkiyen kuvvet (N) ve buna karsilik gelen deformasyon
degerleri kaydedilmistir [9].
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Sek 2. Karistirma cihazi Sekil 3. Darbe Cihazi

3. Bulgular ve Tartisma

Sekil 4’de egme testi sonuclar1 verilmistir. Deneysel verilerden elde edilen e§ilme testi sonuglari,
kompozit malzemelerin egilme direnci ile katman sayisi arasinda dogrusal bir artis egilimi
oldugunu ortaya koymaktadir. Bu gézlem, 6zellikle katman sayisindaki artisin malzemenin toplam
kalinligmmi artirmasiyla aciklanabilir [10]. Katman sayisinin artmasi, bilesik yapinin kesit
geometrisini degistirerek, egilme yiiklerine karsi direncin belirgin sekilde artmasina neden
olmaktadir. Bilindigi lizere, bir yapisal elemanin egilme direnci, kesit atalet momenti ile dogrudan
iliskilidir.

Diiz dikdortgen kesitler icin bu deger;
Z = (B.H)"2/6

Burada Z kesit modiilii (mm), B, numune genisligi ve H, numune kalinligini ifade etmektedir. Bu
ifade, yap1 kalinliginda meydana gelen kiicliik degisimlerin bile egilme dayaniminda biiyiik
farkliliklar yaratabilecegini gostermektedir [11].

Egme momenti ve Egilme dayanimi;
Me =P.L/4 ve oe = Me/Z = Pmax.L/4.Z

Burada; Me, egme momenti (kg-mm), P, Uygulanan kuvveti (kg), L, mesnetler aras1 uzakligi (mm)
ve Pmax, uygulanan maksimum kuvveti (kg), ifade etmektedir.

Bu baglamda, katman sayisindaki artis (Sekil 4), hem toplam kalinlig1 artirarak atalet momentini
yiikseltmekte, hem de yapinin enerji soniimleme ve yiik tasima kapasitesini iyilestirmektedir.
Dolayistyla, elde edilen sonuglar, katman sayisindaki artisin, kompozit malzemenin egilme direnci
iizerinde dogrudan ve olumlu bir etki yarattigin1 agik bi¢imde ortaya koymaktadir. Sekil 5°de
egilme dayanimi deformasyon orani iliskisi verilmektedir.

e=6.Y.H/L2

Burada g, deformasyon oranini, Y, egilme miktarin1 gostermektedir.
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Egilme miktarina bagli olarak deformasyon orani degismektedir [12]. Sekil 6’da egilme sonrasi

numunelerin
deformasyon 20 0,03
. (9}
makroskobik c 18 0.025 —
goriintiileri £ ]j TG
verilmistir. < ., 0,02 2 Egilme
. c o
dayanimi ile E 10 0,015 7
deformasyon T 3 £
oraninin ters Q 6 0,01 ke orantili
- [}
oldugu agikca g 4 0,005 O
= 2
a0
w oo 0

3 katmanli 5 katmanl 7 katmanl

Tabaka sayisi

goriilmektedir. Maksimum egilme dayanimi 3 katmanli numunede elde edilirken maksimum

deformasyon oran1 7 katmanli numunede goriilmiistiir [13].

3Katmanl
7 140
& 120
= 100
T® g w
= =
E ] £ &0
20 an
10 0
a [}
1] 5 10 15 20 % o 2 4
E gilmwe miktan [mm)
7 Katmanl
250
200
z 150
)
= 100
50
]
] 2 4 [ ] 10 12 14 16

Eilirse railctar [mm]

5 Katmanl

6 8 10 12 14 16 113

E gilme mikctan [rmem)]

Sekil 4. Katman sayisina gore egme testi sonuglari
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Sekil % S.

2,00

1,50

1,00

Darbe Dayanimi (J)

0,50
0,00
3 katmanli 5 katmanl 7 katmanli

Katman sayisi

Katman sayisina gore egilme dayanimlari-deformasyon oranlari

Sekil 6. Egme makroskobik goriintiisii

Darbe testi sonuglari incelendiginde (Sekil 7), en yiiksek darbe dayaniminin 7 katmanli kompozit
numunede elde edildigi goriilmiistiir. Katman sayisindaki artis ile birlikte, kompozit yapilarin
darbe dayaniminda belirgin ve yaklasik lineer bir artis gozlenmistir. Bu artis egilimi, ¢ok katmanli
yapilarin darbe enerjisini absorbe etme ve dagitma kapasitelerinin daha yiiksek oldugunu ortaya
koymaktadir [14].

Hasar analizi kapsaminda yapilan makroskobik ve mikroskobik incelemelerde, 7 katmanlt
numunelerde yiizeyde olusan delaminasyonun, daha az katmanli numunelere kiyasla oldukca
yogun oldugu tespit edilmistir. Bu delaminasyon davranisi, kompozit malzemenin nispeten gevrek
karakteri ile iligkilendirilmekte olup, 6zellikle matris (epoksi), takviye (bazalt elyaf) ve aliiminyum
ara yiizeyleri arasindaki zayif ara faz baglanmasinin bir gostergesi olarak degerlendirilmektedir
[15].
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Darbe Dayanimi (1)

3 katmanh 5 katman 7 katmanl

Katman sayis

Sekil 7. Darbe Dayanimi

Bu durum, ¢ok katmanl yapilar igcerisinde meydana gelen darbe esnasindaki gerilme birikiminin,
ara ylizeylerde ayrilmalara (delaminasyona) yol agtigini ve bu ayrilmalarin, enerjinin emilmesini
saglayarak darbe direncine katkida bulundugunu gostermektedir. Ancak bu etki, ayn1 zamanda ara
ylizey kalitesinin yeterince optimize edilmedigini ve Ozellikle elyaf-matris etkilesiminde
gelistirmeye agik alanlar oldugunu da ortaya koymaktadir [16].

Sonug olarak, katman sayisindaki artis kompozitlerin darbe dayaniminmi artirmakla birlikte,
delaminasyon gibi hasar modlariin da daha belirgin hale geldigi anlagilmaktadir. Bu nedenle, ¢cok
katmanli kompozit sistemlerde mekanik performansin daha da iyilestirilebilmesi igin, ara faz
baglarinin gii¢lendirilmesine yonelik yiizey islem tekniklerinin ve regine sistemlerinin optimize
edilmesi gerekmektedir.

4. Genel sonuglar

Yapilan ii¢ nokta egme testleri sonucunda, iiretilen kompozit malzemelerin egilme-yiik tasima
oranlarinin katman sayisiyla birlikte lineer olarak arttig1 gézlemlenmistir. Ancak buna karsin,
egilme dayanimi degerlerinde genel bir azalma egilimi kaydedilmistir. Bu diisiig, artan kesit
kalinliginin yarattig1 yapisal degisimlere baglanmaktadir. Ozellikle deformasyon oranlarinin
incelenmesi, bu durumu agiklamada 6nemli bir parametre olarak one ¢ikmaktadir. Katman
sayisindaki artisin deformasyon oraninin yiikselttigi, dolayisiyla malzemenin daha fazla sekil
degistirme egilimi gosterdigi belirlenmistir.

Ote yandan, darbe testlerinden elde edilen veriler, darbe dayanimindaki artigin, elyaf ve matris
faz1 arasindaki gii¢li baglanmaya atfedilebilecegini ortaya koymustur. Bu ara faz baginin
etkinligi, kompozitlerin daha fazla darbe enerjisini absorbe edebilmesini saglamakta ve
kontrol numunesine kiyasla daha yiiksek sertlik ve dayaniklilik 6zellikleri kazandirmaktadir.
Ozellikle epoksi regine ile bazalt elyaflar1 arasinda saglanan iyi baglanma, etkin bir yiik
transfer mekanizmasi olugturarak darbe yiiklerine karsi direncte belirgin bir artisa yol
a¢cmaktadir.
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Ayrica, malzeme kalinliginda yapilan artiglarin, belirli bir yiik altinda egilme direncinde
onemli kazanimlar sagladig1 sonucuna varilmistir. Genel olarak degerlendirildiginde, katman
sayisindaki artis, darbe dayanimi tizerinde pozitif etki yaratirken, egilme dayanimi iizerinde
yapisal degisiklikler nedeniyle karmasik bir etki profili olusturmaktadir. Bu sonuglar,
kompozit tasarimlarinda optimum katman sayisinin ve kalinligin belirlenmesinin, mekanik
performans agisindan kritik bir rol oynadigini géstermektedir.
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COMPARATIVE ANALYSIS OF PRECIPITATION HARDENING
MECHANISMS IN SEMI AUSTENITIC AND MARTENSITIC STAINLESS
STEELS MICROSTRUCTURE HEAT TREATMENT AND MECHANICAL

PERFORMANCE

SHAHROZ SAKHAWAT"!

Pakistan Welding Institute, Islamabad, Pakistan

Abstract

Precipitation hardening stainless steels are widely used in many engineering applications due to
their good combination of strength, corrosion resistance, and dimensional stability. This study
presents a comparative analysis of the precipitation hardening mechanisms in two major classes:
semi-austenitic (e.g., 17-7PH) and martensitic (e.g., 17-4PH) stainless steels with a focus on their
precipitation hardening mechanisms, transformations and resulting mechanical performance. The
strengthening of both alloys is dominated by their chemical composition, and they require different
set of thermal treatments to achieve hardening. 17-7PH is strengthened through a multi-step
hardening procedure while 17-4PH achieves hardening by direct aging process. This work outlines
the differences in phase transformation behavior, microstructural evolution, and mechanical
properties achieved through transformation and aging treatments. It provides trade-off between
ease of processing and mechanical performance supported by heat treatment profiling, hardness
measurements, tensile testing and microstructural evaluation through Scanning electron
microscopy (SEM) and optical metallography, offering valuable insights for heat treatment design
and material selection in industry.

Keyword: Precipitation hardening, Semi austenitic stainless steels, Martensitic stainless steels,17-
7 PH, 17-4 PH, Mechanical performance, Structure property relationship
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MULTIFUNCTIONAL SILICA AEROGEL NANOCOATINGS for
THERMAL INSULATION of GLASS SURFACES

EKIN SU ESKIIZMIRLILER !, ERKAN ERSOZ !, NILAY GIZLI* !

'Ege University, Engineering Faculty, Chemical Engineering Department, Izmir, TURKEY.

Abstract

Silica aerogels have unique properties such as high surface area, high porosity, low density, low
thermal conductivity, and a low refractive index. Their nanoscale pores and 3D network structure
reduce heat transfer by suppressing both solid conduction and gas convection. These unique
properties make them strong candidates for advanced insulating applications. Glass surfaces are
one of the main sources of heat loss in buildings and appliances. Applying aerogel-based coatings
with low thermal conductivity helps improve energy efficiency while keeping the transparency of
the glass. In addition to thermal insulation, aerogel coatings offer multifunctional advantages,
including self-cleaning, water-repellent, and fire-retardant properties. These features make them
valuable candidates in a wide range of energy-efficient technologies.

This study aims to develop hydrophobic, transparent, and thermally insulating silica-based aerogel
nanocoating to reduce heat loss from glass surfaces. Silica-based nanocomposite films were
synthesized via the sol—gel method using tetraethyl orthosilicate (TEOS) as the silica precursor,
and glycidoxypropyltrimethoxysilane (GLYMO) and aminopropyltriethoxysilane (APTES) as
epoxy- and amine-functional silica sources, respectively. The coatings were applied to glass
substrates using various techniques, including dip-coating and spin-coating. To enhance the
hydrophobic properties, the coated surfaces were further modified with organofunctional silane
agents. The effects of coating application method and surface modification were investigated in
terms of optical transmittance, hydrophobicity, and thermal insulation performance.

Results showed that silica-based spin coated samples exhibited the highest transparency values up
to 98.4% relative to the bare glass surface. The hydrophobicity of the bare glass (contact angle of
44°) was successfully improved to 108° after surface modification with organofunctional silanes.
Moreover, the modified surfaces exhibited a contact angle hysteresis below 15°, indicating
effective self-cleaning capabilities. Thermal measurements were conducted using a custom-built
experimental setup. Temperature differences between the upper and lower surfaces of the glass
exposed to a 100 W light source were recorded using thermocouples. The highest temperature
difference of 5.38 °C compared to bare glass was achieved with the unmodified spin-coated
sample. Experimental results revealed that while surface modification enhances hydrophobicity, it
negatively affects both thermal insulation performance and transparency. These findings suggest
that the tunable nature of silica aerogel structures offers a promising route to balance and optimize
these desired properties in developing coating systems.

Keyword: Sol-gel coating, Hydrophobic coating, Aerogel coating, Thermal insulation
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EVALUATION OF BIOPOLYMERS AS ALTERNATIVE BINDERS IN
EARTHEN SOIL COMPOSITES

ARSLAN YOUSAF *!, SHOUKAT ALIM KHAN !, MUAMMER KOC !

! Division of Sustainable Development, College of Science and Engineering, Hamad Bin Khalifa University, Doha
34110, Qatar

Abstract

Biopolymers are emerging as a sustainable replacement for traditional soil stabilizers because of
their renewability, biodegradability, and environmental friendliness. This paper investigates the
prospects of plant, algae and animal-derived biopolymers for improving the mechanical,
hygrothermal, and durability properties of treated soils and earthen construction materials.
Experimental results for Atterberg limits, compaction behavior, strength development, and
durability properties after environmental stress (e.g., wet—dry and freeze—thaw cycles) are
reviewed. The paper also reviewed the application methods, ranging from in situ mixing to
surface treatments, and compared performance for different types of soil and climatic conditions.
The review revealed promising results despite the challenges in terms of long-term durability,
lack of standardized testing, scalability of production, and limited field trials. Overall, this paper
concluded that with appropriate dosage optimization, soil compatibility, and lifecycle thinking,
biopolymers provide a means to move toward a circular, low-carbon geotechnical and
construction practice.

Keyword: Biopolymer, Soil stabilization, Earthen construction, Sustainable materials,
Geotechnical engineering, Life cycle assessment

1. Introduction

The growing demand for sustainable construction led to a profound reevaluation of traditional soil
stabilization with cement, lime, and other synthetic additives. These materials provide adequate
geotechnical performance and are widely used; however, they are responsible for 8% of global
CO: emissions [1-12]. The building and construction sector consumes is responsible for 39% of
CO: emissions worldwide [13]. Due to its low environmental impact, high local availability, and
potential for recyclability and passive hygrothermal regulation, raw earth has regained interest as
a construction material [14]. The high variability of raw earth and its susceptibility to water
damage make it vulnerable to deterioration and, therefore, it must be stabilized to improve its
mechanical properties and durability. Chemical stabilizers, such as cement and lime, are commonly
used for this purpose; however, they decrease the recyclability of the material and affect its
moisture buffering capacity [15].

In the last decade, biologically based stabilization methods such as microbial-induced calcite
precipitation (MICP), enzyme-induced calcium carbonate precipitation (EICP), and the
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incorporation of biopolymers have been explored due to their potential to enhance soil properties
and reduce the environmental impact of geotechnical materials [16,17]. Biopolymers are
macromolecules produced by living organisms or their products, such as plants and
microorganisms; they have the potential to improve the mechanical properties of earthen materials
and to increase their water retention, unconfined compressive strength, and erosion resistance,
while enhancing the sustainability of the material [18]. Despite the increasing number of
publications, few studies have explored the interaction mechanisms between biopolymers and soil,
particularly regarding the understanding of interaction mechanisms at the molecular level. Most
of the research has been focused on geotechnical applications and has not explored the
hygrothermal behavior of these materials and their potential for use in earthen construction
techniques.

The aim of this review is to critically discuss the potential of biopolymers as alternatives to
conventional stabilizers in geotechnical engineering and earthen construction regarding their
mechanical performance, environmental impact and implementation challenges.

The specific aims are:

1. To understand how biopolymers improve geotechnical properties of various soil types in terms
of strength, compaction, erosion and hygrothermal behavior.

2. To characterize the environmental sustainability of biopolymer-based stabilization in terms of
life cycle impacts, biodegradability, recyclability and trade-offs such as land use and energy
impacts.

3. To identify limitations, open research questions and scalability issues for the field
implementation of biopolymers regarding their long-term durability, standardization requirements
and socio-technical implementation barriers.

2. Methodology

2.1. Research philosophy

Due to the cross-disciplinary and application-oriented character of biopolymer use in geotechnical
engineering and earthen construction, this study is guided by a pragmatism research philosophy
[19]. Pragmatism is an appropriate approach to tackle real-world problems. It is open to integrating
perspectives from materials science, soil mechanics, civil engineering, the environment, and
traditional construction practices to produce actionable knowledge that connects laboratory
outcomes with field use and policy relevance. Because biopolymer use is a technologically
innovative, environmentally relevant, and socio-technical issue, both quantitative data (e.g.,
unconfined compressive strength, erosion resistance, life cycle emissions) and vernacular
knowledge (e.g., scalability constraints, field case studies) are important to transcend practical
barriers to use.

2.2. Research approach

An inductive research method was followed to gather and summarize emerging mechanisms and
patterns from a large body of published literature and case histories [20]. The goal was not to test
prespecified hypotheses, but to learn general lessons from a set of specific instances of biopolymer
use in soil stabilization and earthen construction. These include recurring mechanisms of
performance, drivers of performance and environmental trade-offs, and implementation challenges
across different geographic contexts and material types.

2.3. Research strategy
The study adopts a bottom-up qualitative multiple-secondary data strategy [21]. The authors
referred to a large variety of sources including peer--and academic thesis- and industrial
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institutional- and conference- and case study- reports. The databases Scopus, Web of Science,
JSTOR, ScienceDirect, and Google Scholar were complemented with grey literature and regional
case studies. The gathered materials were thematically coded into categories according to
dimensions such as: (1) classification and function of biopolymers; (ii) geotechnical characteristics
(strength, erosion, compaction); (iii) hygrothermal characteristics; (iv) environmental and life
cycle analysis; (v) challenges and field applications. This approach enables a comprehensive
learning perspective on the potential for biopolymers to enhance low carbon construction.

2.4. The use of concept maps in biopolymer—soil interaction analysis

2.4.1. Formulation of research questions and key concepts

Concept maps were developed to visually elucidate the relationships among key variables affecting
the performance of biopolymers in soil stabilization and earthen construction (Figure 1) [22].
These maps spanned domains such as the biopolymer (e.g., xanthan gum, lignin, chitosan), soil
(e.g., texture, mineralogy, cation exchange capacity), environment (e.g., moisture, temperature),
and engineering performance of stabilized soil (e.g., compressive strength, erosion resistance,
water retention, thermal inertia).

Research questions were:

e How do the geotechnical and hygrothermal performance of different biopolymers interact
with different soil types?

e What environmental and application-specific factors affect the durability and scalability of
biopolymer stabilization treatments?

e How do biopolymer stabilizer treatments compare to traditional stabilizers in life cycle
impacts and reusability?

2.4.2. Relationship analysis and supporting ideas

The concept maps illustrated important connections between biopolymer chemistry (e.g.,
hydrogen bonding, ionic cross-linking), soil particle attributes (e.g., size, surface charge), and field
performance (Figure 1). For example, increased strength was correlated with biopolymers creating
microstructural bridges and pore-filling gels, and hygrothermal buffering was correlated with
hydrophilic functional groups. Long-term weathering, field variability, and industrial scalability
challenges were also identified through the maps, along with the need for common testing
protocols and field trials. The visual map helped to synthesize multidisciplinary information and
surface the gaps between laboratory results and application.
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Figure 1. Concept map illustrating the interactions between biopolymer characteristics,
environmental conditions, and soil characteristics that influence engineering performance.
Engineering performance is measured in terms of compressive strength, erosion resistance,

and water retention, and these are compared with conventional stabilizers to demonstrate the
efficacy and environmental sustainability of biopolymer soil stabilization.

2. Classification of biopolymers used in soil stabilization .

Biopolymers are naturally synthesized macromolecules which can be used as a more environment
friendly replacement of conventional soil stabilizers like cement and lime. They can be classified
according to their origin, functionality and interaction with the soil particles as well as their
environmental behavior. These macromolecules can be classified into three major groups
according to their origin as well as their classification extracted from experimental and review
work done in geotechnical and earthen construction applications: biological origin, molecular
structure, and source classification.

2.1. According to origin
The biopolymers used in soil stabilization can be classified into three main categories according
to their origin as follows:

2.1.1. Plant biopolymers

These biopolymers are mostly extracted from terrestrial plants and marine algae and can be used
as soil stabilization materials due to their various polysaccharides contents. The hydrogels
produced by Guar gum (extracted from Cyamopsis tetragonoloba) through the hydrogen bonding
with the soil particles increase the unconfined compressive strength considerably [23]. Lignin
which is a phenolic product of paper industry as a cohesive particle improves the soil strength and
reduces the porosity. The addition of 0.75 wt% lignin sulfonate increased the strength of clay by
44% [24]. The produced hydrogels from Agar and Carrageenan which are thermo-gelling
substances extracted from red seaweed, increase the strength of fine soils by matrix formation [25].
Sodium alginate extracted from brown algae improves the compressive strength and erosion
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behavior of both clay and dune sand by forming cationic gels [26]. The hydroxyl rich molecular
structure of Oats and Barley extracted Beta-Glucan increases the pores filling and swelling [27].

2.1.2. Microorganism-based biopolymers

Since these biopolymers are synthesized by microbial fermentation and have been largely explored
for various applications in food and pharmaceutical industries, they are recently attracting attention
for soil stabilization because of their physicochemical properties. Xanthan gum, secreted by
Xanthomonas campestris, improves cohesion in sandy and fine soils and it is generally more
ductile and tensile strength than cement [23,28]. Gellan gum, secreted by Sphingomonas elodea,
shows thermo-reversible gelation and it can be used as a hydrogel-forming agent to bind the soil
particles [29]. Dextran, secreted by Leuconostoc mesenteroides, was reported to increase erosion
resistance in the fine sand [30]. Furthermore, e-polylysine, cationic polymer secreted by
Streptomyces species, can enhance the cohesion of soil by attracting negatively charged surfaces
of clay particles through ionic bonding [31].

2.1.3. Animal-derived biopolymers

Animal-derived biopolymers produced from animal waste or by-products can be used as efficient
soil stabilization materials because of their adhesive and binding characteristics. Chitosan,
obtained from crustacean shells, was used as both matrix additive and surface coating, which
increased the mechanical strength and water resistance of the stabilized soils [32]. Casein, a protein
extracted from milk, and its water-soluble form sodium caseinate, form strong adhesive networks
to increase cohesion of sandy soils. These two proteins have also been traditionally blended with
lime in earthen architecture to increase its durability and stability [33,34]. Moreover, blood
proteins have been used in rammed earth construction. Its use in the matrix increases the
compressive strength of the soil by around 36% as a result of the coagulation that takes place
during compression and drying [35].

2.2. According to molecular type
Biopolymers can also be classified according to their molecular composition, which determines
their ability to interact with soil particles.

e Polysaccharides: Xanthan, guar, agar, carrageenan, alginate, beta-glucan, dextran, and
cellulose fibers, which are basically hydrophilic and promote soil binding through gel
formation, hydrogen bonding, and water retention [32].

e Proteins: Casein, albumin, and blood proteins act through ionic and electrostatic
interactions, as well as through their amphiphilic characteristics that improve both cohesion
and water resistance [36].

e Lipids: Hydrophobic materials such as linseed oil, soybean oil, and waxes, which basically
act as surface waterproofing barriers; these materials are efficient in preventing erosion but
decrease vapor permeability [37].

¢ Tannins and Complex Molecules: Tannins can chelate metal ions and form macromolecular
complexes with clays, improving both strength and water resistance [38].

2.3. Source classification
Understanding the environmental and economic origin of the biopolymer is critical for
sustainability cradle-to-cradle assessments.
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o Waste Materials (W): Agricultural residues such as tomato and beetroot wastes, cow dung,
and chitosan (from shellfish waste). Usually, there is no market value for these materials,
and they are reused to minimize landfill and processing costs [39].

e By-Products (BY): A secondary output with no or low market value such as lignin (from
the paper industry) and sodium caseinate (dairy industry). They provide economic and
environmental co-benefits [40].

e Naturally Extracted (-): Biopolymers such as agar, alginate, guar gum, and xanthan gum
are directly extracted from plants or microbes. They are highly effective but their large-
scale extraction may compete with food production or the ecosystem unless proper
attention is paid to their sustainable extraction [23].

In a few cases, the classification of a waste or by-product is unclear due to the lack of reported
market value for the residues and co-products [41].

Table 1: Summary Table of the Classification of Biopolymers Used for Soil Stabilization

Classification | Subcategories Examples
Plant-based biopolymers guar gum, lignin, agar, carrageenan, sodium
alginate, beta-glucan
Microorganism-based xanthan gum, gellan gum, dextran, e&-
. biopolymers polylysine
Origin Animal-derived chitosan
biopolymers
Waste materials (W) tomato residues, cow dung
Molecular Proteins casein, blood proteins
Type Lipids linseed oil, waxes
Waste materials (W) tomato residues, cow dung
Source By-products (BY) lignin, sodium caseinate
Naturally extracted (-) agar, xanthan gum

3. Mechanisms of biopolymer—soil interaction

The ability of biopolymers to modify soil microstructure and interparticle bonding through
chemical and physical interactions confers several mechanisms of stabilization to biopolymers in
soil (varying with soil type, biopolymer composition, and environmental conditions as shown in
Figure 2). In this section, the dominant interaction mechanisms observed in sandy soils, clayey
soils, and their respective microstructural changes are explained.

3.1. Interaction with sandy soils

Sandy soils are characterized by their large particle size and low natural cohesion, and are
significantly improved by biopolymer application through multiple interrelated bonding
mechanisms. The first is coating, in which hydrophilic biopolymers like guar gum, xanthan gum,
and sodium alginate are adsorbed onto individual sand grains and develop a hydrogel layer around
them (Figure 3). Such coatings promote interparticle bonding and decrease water infiltration by
rendering a continuous biopolymer film over particles [31,42]. A second interaction mechanism is
pore-filling. When immersed in water, biopolymers take up moisture and swell to fill the pores
and voids in the granular matrix, thereby increasing the density of the soil and reducing its
permeability.
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Sodium alginate and gellan gum are effective in this regard owing to their robust gelling properties
[43]. As the biopolymer-treated soil dries out, a third interaction mechanism of hardening and
dehydration through the loss of moisture and film formation is activated. As this stage is reached,
the hydrogels formed by the biopolymers transform into rigid films through dehydration and
hardening, which induce inter-particle bonding through physical contact, leading to a significant
increase in unconfined compressive strength (UCS); in some cases, the tensile strength of the
biopolymer-treated soil even exceeded that of cement [44]. Finally, bonding at the molecular level
of the biopolymer network is due to the presence of —OH groups in dextran and beta-glucan, which
act through hydrogen bonding and Van der Waals forces to generate intermolecular bridges [45].
In summary, the combination of these mechanisms endows biopolymers with strong potential for
sandy soil stabilization.

3.2. Interaction with clayey soils

Clayey soils have fine particle size, high surface charge and a propensity to swelling. These
particles exhibit different interactions with biopolymers depending on the polymer and
mineralogical composition of the clay. The most prominent pathway of interaction between clay
and biopolymer is through electrostatic and hydrogen bonding. E-Polylysine and chitosan cationic
biopolymers interact with negatively charged clay minerals through electrostatic attraction and
help in stabilization. On the other hand, hydrogen bonding with inter-particulate surfaces of
polysaccharide based biopolymers leads to flocculation and particle aggregation which improves
the structure of soil [46].

The mineralogical composition of clay has a significant impact on the amount of interaction that
occurs between it and biopolymers. Since montmorillonite has a high CEC, it interacts more with
charged biopolymers than less reactive clays such as kaolinite. The interactions that occur between
charged biopolymers and montmorillonitic soils often result in significant changes in the structure
of the soil, since biopolymers can control the interlayer water and hence influence the swelling
behavior and microstructure of the clay [24].

Biopolymer treatment has also been reported to cause microstructural transformations in the soil
particles, which have been observed using Scanning Electron Microscopy (SEM) and X-ray
diffraction (XRD) techniques. The results of these studies have shown that the biopolymer treated
clay particles undergo reorganization characterized by increased particle aggregation and pore
filling, which causes a decrease in the PI and swelling potential, and a progressive increase in
strength and durability with time [47]. These transformations in the engineering properties of the
particles make the biopolymers a viable alternative for improving the engineering properties of
clayey soils.

3.3. Impact on soil microstructure.

The combination of contact between biopolymers and soil particles leads to certain microstructural
changes that provide benefits in geotechnical characteristics. First, porosity is reduced, and
particles are bridged by biopolymers which fill voids and act as adhesive particles, usually
observed in sandy soils. In terms of compaction and unconfined compressive strength (UCS),
treatments with xanthan gum, guar gum, or alginate have provided gains over 200% [48]. The final
soil compaction behavior is modified by biopolymers, which usually cause an increase in optimum
moisture content (OMC) because of the retained water, while sometimes decreasing the maximum
dry density (MDD) because polymer films prevent close particle packing [49].

The performance of biopolymers differs according to soil type: in sands, the improvements are due
to the physical binding of polymer on soil particles, while in clays, the performance is due to
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mineralogy and electrochemical compatibility. In general, lignin-treated sands are stiffer and have
lower permeability, while chitosan-treated clays maintain strength and are resistant to further
weakening by water [32]. The combination of physical coating, chemical bonding, and
microstructural modification makes biopolymers suitable as sustainable soil stabilizers for
different geotechnical applications.

Pore water .Sand particle .\\\§ Clay particles
== .

Inter particle coating

k.

Inter lattice Inter particle
connection connection
Figure 2. Interaction behavior of biopolymers with the soil particles. Interactions of
biopolymers with the soil improve the strength of soil by coating the inter-particles with
polymer film on sand grain, bonding inter-lattice of clay layers and inter-particle with clay
aggregates bridges. These interfacial bonding actions increase the cohesion, reduce the
porosity and improve the mechanical properties of biopolymer treated soils. (reproduced with
permission from [50])

4. Effects of biopolymers on geotechnical properties

Biopolymers affect engineering behavior of soil by various improvements in geotechnical
properties of soil (Table 2). These polymer coatings affect strength and deformation characteristics
of soil, water retention characteristics, and durability of soil for various civil engineering and
construction concretes applications. The degree of improvement in soil properties depends on the
type of biopolymer, its concentration, soil texture, and environmental conditions.

4.1. Unconfined compressive strength (UCS)

Unconfined compressive strength (UCS) is a parameter commonly used to determine the load
bearing capacity of soils and many researchers have reported that biopolymer stabilization can
increase UCS for various types of soils. In sandy soils, biopolymers of xanthan gum, guar gum
and sodium alginate have resulted in 300% increases in UCS values depending largely on the
polymer concentration and curing time [23,48]. On the other hand, for clayey soils, lignin
sulfonate, used at 0.75 wt%, increased the UCS by 44% attributed to better flocculation and pore-
filling [24]. Chitosan and casein have shown promising results for both cohesive and granular soils
due to good binding characteristics and their ability to withstand moisture, which aid in long-term
cohesion [32,34]. Moreover, unconventional sources of biopolymers such as cow dung and tomato
waste have also shown considerable UCS increases, and these findings provide promising low-
cost and sustainable materials for improving soil properties [51,52].
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4.2. Shear strength

Shear strength is related to slope stability and foundation design, and biopolymers increase shear
strength by improving cohesion (c) to a large extent and internal friction angle (¢) to a minor
degree. Cohesion for dune sands treated with xanthan gum and sodium alginate was increased
from 2 kPa to more than 20 kPa with little change in ¢ [23]. Shear strength of casein treated sand
was increased by 47% for monotonic shear strength [23]. In clayey soils, increased cohesion due
to flocculation leads to aggregated and shear resistant structures and therefore biopolymers can be
an effective and sustainable alternative for strengthening soils for geotechnical applications [41].
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Figure 3. Schematic plot of effect of biopolymer coating on soil resistance to wind erosion in
(a) untreated sand and (b) biopolymer-treated sand. Biopolymer coating on the particle surface
increases particle cohesion by adhesion forces that overcome aerodynamic forces (lift and
drag) and therefore increase the resistance of particles to detachment and soil loss. (reproduced
with permission from [31])

4.3. Erosion resistance

Biopolymers increase the ability of the soil to resist erosion by wind and water and are very
efficient in the stabilization of topsoil. Erosion of soil is a process in which fluid forces overcome
the shear and gravitational resistance of the soil. Biopolymers reduce erosion by decreasing
permeability and cohesion, and the formation of protective surface crusts. Shear strength is
improved and void ratio is reduced by dextran and xanthan gum. Erosion was reduced from 60%
to &lIt;2% by beta-glucan and xanthan when rainfall was applied [23]. Xanthan also prevents levees
from slumping during floods by reducing pore pressure. Biopolymers resist wind erosion more
than carrageenan and starch, keeping them durable for at least two weeks. However, compared to
synthetic polymers, guar resists better on long-term dust control in stressful conditions [53].

4.4. Atterberg limits
Biopolymer treatment affects the Atterberg limits of soils by changing the water retention and
interparticle bonding behavior of soils. Generally, biopolymers increase the plastic limit (PL) and
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