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ABSTRACT

This study investigates the effects of inorganic filler type (ZrO., Al, TiO:, TiC, WC, h-BN) and
in-situ silane modification (APTMS, GPTMS, VTMS) on the lap shear strength (LSS) and thermal
stability of a polyamide-cured epoxy adhesive on 6061 aluminum alloy. The optimal ZrO: content
was 5.0 wt%, yielding an initial LSSo of 12.4 MPa and a 500-h thermal retention factor at 80 °C
(TRF-500h) of 83.1% without silane. APTMS outperformed other silanes through a dual
interfacial bonding mechanism, raising the LSSo to 15.6 MPa and TRF-500h to §8.5% for the
Zr0:-5.0-APTMS system. Evaluation of six filler types against dual criteria (LSSo > 15 MPa, TRF-
500h > 85%) identified h-BN, WC, ZrO., and TiC as qualifying systems. The h-BN-5.0-APTMS
system achieved the best overall performance (TRF = 90.6%, LSSs00h = 14.5 MPa), driven by the
unique tortuosity effect and high thermal conductivity of its lamellar structure. TGA/DTG analysis
confirmed higher Ts% values for all filled systems compared to the unfilled epoxy (323 °C),
following the order WC (341 °C) > BN (339 °C) > TiC (337 °C) > ZrO: (331 °C) > Al (329 °C)
> TiO: (325 °C) due to the oxygen diffusion barrier effect. These results guide the development of
thermally durable modified adhesives for structural applications.
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1. INTRODUCTION

Epoxy resins cured with polyamide hardeners exhibit excellent adhesion, flexibility, and
toughness, making them highly suitable for structural bonding on metallic substrates such as 6061
aluminum alloy [1]. However, maintaining long-term joint integrity under sustained thermal
exposure remains a significant challenge in aerospace, automotive, and electronic applications
where service temperatures routinely exceed 100-150 °C [2, 3].

Incorporating inorganic fillers is a proven strategy to simultaneously enhance the thermal
stability, mechanical performance, and interfacial adhesion of epoxy matrices [4, 5]. Various fillers
have been investigated, including Al for thermal conductivity and CTE compatibility [6, 7]; ZrO:
for thermal stability and corrosion resistance [8, 9]; TiOz, TiC, and WC for wear and structural
integrity at elevated temperatures [10, 11]; and h-BN for exceptional in-plane thermal conductivity
combined with dielectric properties [12, 13].

To further strengthen interfacial adhesion, silane coupling agents (SCAs) are widely employed.
Rather than pre-treating the fillers, incorporating silanes directly into the adhesive via the integral
blend method (in-situ modification) allows the agent to simultaneously modify the filler surface
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and reinforce adhesion to the metal substrate during curing [14]. This study systematically
evaluates the effect of different organofunctional silanes (APTMS, GPTMS, VIMS) and six
microparticulate fillers on the initial lap shear strength and 500-h thermal aging durability (at 80
°C) of an epoxy/polyamide system [15, 16], providing scientific guidelines for formulating highly
durable structural adhesives.

2. EXPERIMENTAL

2.1. Materials

The matrix comprised DGEBA epoxy resin (YD-128S, EEW = 184-190 g/eq) and polyamide
hardener (G-5022, amine value = 220-240 mg KOH/g) from Kukdo Chemical. Six fillers were
used: ZrOz (1-5 um), Al (£15 pum), TiC (<4 um), WC (~2 pm), h-BN (~1 pm), and rutile TiO2 (<5
pm). Three silanes (APTMS, GPTMS, VIMS; 97-98% purity) were obtained from Sigma-
Aldrich. The substrate was 3 mm thick 6061-T6 aluminum alloy.

2.2. In-situ modification and specimen preparation

The experimental program was conducted in two stages. Stage 1 investigated the effect of ZrO-

content (0—7.5 wt%) without silane. Stage 2 fixed the optimum filler content (5.0 wt%) and

evaluated three silanes; the best silane was then applied across all six filler systems. The full sample
matrix is presented in Table 1.

Table 1. Adhesive formulations investigated in this study.

No. Sample designation Filler type Filler content Silane agent
(wt%)

1 REF None 0 None
2 Z-2.5 71O, 2.5 None
3 Z-5.0 710, 5.0 None
4 Z-7.5 71O, 7.5 None
5 Z-5.0-A ZrO; 5.0 APTMS
6 Z-5.0-G V4{0); 5.0 GPTMS
7 Z-5.0-V V4{0)) 5.0 VTMS
8 Al-5.0-APTMS Al 5.0 APTMS
9 Ti0,-5.0-APTMS TiO, 5.0 APTMS
10 WC-5.0-APTMS WwC 5.0 APTMS
11 TiC-5.0-APTMS TiC 5.0 APTMS
12 BN-5.0-APTMS BN 5.0 APTMS

The epoxy resin was preheated to 60 °C to facilitate dispersion. The filler was introduced and
mixed via mechanical stirring (2,000 rpm, 30 min), followed by ultrasonic homogenization (15
min, 40% amplitude). After cooling to room temperature, the silane agent (1.0 wt% relative to
filler mass) was blended for 20 min to allow in-situ hydrolysis and condensation. Finally, the
polyamide hardener was added at a stoichiometric ratio. Lap shear specimens (ASTM D1002, 12.5
mm overlap, 0.25 mm bondline) were prepared using abraded and degreased 6061-T6 coupons.
Joints were cured at 23 + 2 °C for 24 h and post-cured at 80 °C for 4 h.

2.3. Characterization

Initial lap shear strength (LSSo) and strength after isothermal aging at 80 °C (for 168 h, 336 h,
and 500 h) were measured using a universal testing machine (Instron 5969, USA) at 1.3 mm/min.
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The thermal retention factor (TRF) was calculated as (LSS aged / LSS initial) x 100%. Fracture
morphology was examined via SEM (JEOL JSM-6490, Japan). Thermal decomposition was
analyzed by TGA/DTG (TA Instruments Q500, USA) in air from 25 to 840 °C at 10 °C/min.

3. RESULTS AND DISCUSSION

3.1. Effect of ZrO: content on lap shear strength

As illustrated in Figure 1, LSSo increased from 8.7 + 0.6 MPa for the unfilled reference (REF) to
a maximum of 12.4 + 0.8 MPa at 5.0 wt% ZrO2 (Z-5.0), owing to effective stress transfer and crack
deflection by well-dispersed particles. However, at 7.5 wt% (Z-7.5), particle agglomeration induced
stress concentrators, reducing LSSo to 11.1 & 1.2 MPa. Thermal aging confirmed this trend (Figure
1). The Z-5.0 formulation retained the highest strength (LSSseoh = 10.3 MPa, TRF = 83.1%).
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Figure 1. Initial LSSy and TRF of epoxy adhesives as a function of ZrQ: filler content. Error
bars represent one standard deviation (n = 5).

Conversely, Z-7.5 exhibited the lowest TRF (77.5%), falling below the REF (78.2%).
Agglomerated particle clusters in highly filled systems create preferential microvoid channels that
facilitate oxygen diffusion and thermal stress relaxation, accelerating interfacial bond degradation.
Consequently, 5.0 wt% was fixed for subsequent silane evaluations.

3.2. Effect of silane coupling agent type

Using 5.0 wt% ZrO, three in-situ silanes were evaluated, and the comparative results are
presented in Figure 2. APTMS significantly outperformed GPTMS, VTMS, and the silane-free
system, yielding LSSo=15.6 MPa (a 25.8% increase over Z-5.0) and an outstanding TRF of 88.5%
(LSSsooh = 13.8 MPa). Notably, APTMS exhibited the lowest degradation rate, losing only 0.3
MPa between 168 h and 500 h, indicating a highly stable interfacial equilibrium. GPTMS showed
intermediate performance (LSSo = 13.8 MPa, TRF = 82.6%), while VTMS yielded the lowest
results (LSSo = 11.6 MPa, TRF = 79.3%). This divergence highlights the critical role of chemical
reactivity under ambient "cold-cure" conditions (23 °C for 24 h). The primary amine groups of
APTMS are highly reactive toward DGEBA epoxy rings at room temperature, ensuring rapid and
robust integration into the crosslinked network. In contrast, GPTMS's glycidoxy groups require
elevated temperatures for complete ring-opening, resulting in a less stable interphase. The superior
performance of APTMS stems from its dual bonding mechanism: continuous covalent linkages
from the bulk polymer, through the silane interphase, to both the filler surface (Si—O—Zr) and the
aluminum substrate (Si—O—Al).
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Figure 2. Effect of different silane coupling agents on the initial LSS and TRF of ZrO:-5.0
systems. Error bars represent one standard deviation (n = 5). TRF values corresponding to the
500 h aging interval are indicated on the figure.

3.3. Comparative performance of different filler systems

Table 2 and Figure 3 summarize the comparative performance of the six inorganic systems with
1.0 wt% APTMS and 5.0 wt% filler loading. Evaluated against dual criteria (LSSo > 15 MPa and
TRF-500h > 85%), four systems qualified: h-BN, WC, ZrO-, and TiC. As detailed in Table 2, the
highest LSSo values were recorded for WC (16.1 MPa), h-BN (15.9 MPa), and ZrO: (15.6 MPa).
WC and TiC primarily stiffened the matrix via high hardness, whereas ZrO- formed strong silane-
mediated networks due to its high surface hydroxyl density.

Table 2. Lap shear strength and thermal retention factor of adhesive systems as a function of filler type
(6061 Al alloy substrate, APTMS 1.0 wt%, thermal aging at 80 °C).

Sample Filler | LSSo (MPa) | LSSswh (MPa) TR(I:;)S)OOh Assessment
REF — 8,7+0,6 6,8+0,5 78,2 Fail
Z-5.0-APTMS 7102 15,6 +0,6 13,8+0,6 88,5 Pass
Al-5.0-APTMS Al 13,4+0,9 10,7+0,9 79,9 Fail
Ti-5.0-APTMS TiO: 11,2+1,0 8,8+0,9 78,6 Fail
WC-5.0-APTMS WC 16,1 £0,8 13,9+0,7 86,3 Pass
TC-5.0-APTMS TiC 14,8+0,9 12,6 £0,8 85,1 Pass
BN-5.0-APTMS h-BN 159+0,7 14,5+0,6 90,6 Pass

Regarding thermal aging (Figure 3), h-BN-5.0-APTMS achieved the highest stability (TRF =
90.6%, LSSsech = 14.5 MPa). Although WC has superior bulk thermal stability, h-BN's unique
lamellar (platelet) morphology creates an exceptional "tortuosity effect,” physically extending the
diffusion path for oxygen and moisture. Furthermore, h-BN's high intrinsic thermal conductivity
(~300 W/m-K) facilitates local heat dissipation, preventing localized degradation at the bonding
interface. Conversely, Al-5.0-APTMS failed the criteria (TRF =79.9%, LSSsooh = 10.7 MPa). This
continuous degradation is attributed to the progressive oxidation of Al particles (forming Al.Os,
Pilling—Bedworth ratio > 1) and a significant mismatch in the Coefficient of Thermal Expansion
(CTE) between the Al particles (~23x107%/K) and the epoxy matrix (~60—80%107¢/K). During

Journal of Military Science and Technology, 112 (2026), 92-100 95



Chemistry, Biology & Environment

prolonged 80 °C exposure, this CTE disparity generates persistent thermal stresses, inducing
micro-cracks that compromise joint integrity. TiO2-5.0-APTMS exhibited the lowest strength
retention (TRF = 78.6%), reflecting poor interfacial silane condensation due to its lower surface
hydroxyl density.
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Figure 3. Lap shear strength as a function of thermal aging time (80 °C, 0—500 h) for seven
epoxy/polyamide adhesive systems on 6061 aluminum alloy substrates. Lines represent mean
values (n = 5). TRF-500h values and Pass/Fail assessments according to the dual qualification
criterion are indicated at the terminal data point of each curve.
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3.4. Fracture surface morphology (SEM)

The fracture surface morphologies presented in Figure 4 provide mechanistic support for the
mechanical data. After tensile testing, the unfilled REF specimen (Figure 4a) exhibited a classic
adhesive failure mode (<5% cohesive fraction), which corresponds directly to its low initial
strength (8.7 MPa). The silane-free Z-7.5 system (Figure 4b) showed severe particle agglomerates
(1-3 um clusters) and interfacial voids. These agglomerates act as stress concentrators and create
micro-pathways that facilitate oxygen diffusion, thereby explaining the sharp decline in its thermal
retention factor.

»
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Figure 4. SEM images of fracture surfaces of lap shear specimens after tensile testing: (a) REF,
(b) silane-free Z-7.5, and APTMS-modified systems including (c, d) ZrO:-5.0-APTMS and (e, f)
BN-5.0-APTMS.
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In contrast, the APTMS-modified systems (Figure 4c, d for ZrO.-5.0-APTMS and Figure 4e, f
BN-5.0-APTMS, respectively) displayed a pronounced shift toward mixed and cohesive failure
modes (62—71% cohesive fraction). River-mark patterns were clearly observed, indicating
effective fracture energy dissipation through the adhesive bulk rather than at the interface. Filler
particles were uniformly distributed without large clusters, and the filler—polymer interfaces
remained completely intact even after 500 h of thermal aging. These morphological features
physically validate the critical role of APTMS in forming a robust, continuous covalent network
that effectively protects the bonding interface against thermo-oxidative degradation.

3.5. Thermogravimetric analysis (TGA/DTG)

The bulk thermo-oxidative decomposition behavior is evaluated via TGA and DTG in air, with
curves presented in Figures 5 and 6 and parameters summarized in Table 3. All filled systems
exhibited higher 5% mass loss temperatures (Ts%) than the unfilled REF (323 °C), following the
order: WC (341 °C) > BN (339 °C) > TiC (337 °C) > ZrO2 (331 °C) > Al (329 °C) > TiO2 (325
°C). This confirms the oxygen diffusion barrier effect, where dispersed particles retard oxidative
degradation. As shown in the DTG curves (Figure 6), BN-5.0-APTMS exhibited the highest
secondary decomposition peak (Tmax2 = 436 °C), further demonstrating the efficacy of its
lamellar barrier and thermal dissipation properties.
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Figure 5. TGA curves of seven polyamide cured epoxy adhesive systems.

Table 3. Thermal decomposition parameters of adhesive systems determined from TGA/DTG in air.

Miu Ts% (°C) | T16% (°C) | Tumax1 °C) | Tmax2 (°C) | Char 800°C (%)
REF 323 337 356 400 0
Al-5.0-APTMS 329 346 364 413 2.90
Zr02-5.0-APTMS 331 351 366 417 3.86
Ti0:-5.0-APTMS 325 347 375 420 3.41
TiC-5.0-APTMS 337 353 374 433 8.56
WC-5.0-APTMS 341 355 392 — 8.37
BN-5.0-APTMS 339 361 389 436 0.04

According to Table 3, char yields at 800 °C matched expectations for WC (8.37%) and TiC
(8.56%). The ZrO: char yield (3.86%) was slightly lower than the nominal 5.0 wt% loading; this
discrepancy is attributed to the volatilization of physically bound water and surface hydroxyls, the
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complete decomposition of the organic APTMS layer (1.0 wt%), and minor local dispersion
variances within the small TGA sample mass (~10 mg). The h-BN system yielded near-zero char
(0.04%) due to the high-temperature oxidation of h-BN into volatile B2Os, though this does not
negate its superior barrier performance at lower service temperatures (< 440 °C). Importantly, Ts%
(bulk degradation > 300 °C) does not strictly correlate with TRF (interfacial degradation at 80 °C).
While WC has the highest T5%, h-BN provides the best TRF, proving that long-term moderate-
temperature durability is governed by interfacial integrity and tortuosity rather than absolute
decomposition temperature.
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Figure 6. DTG curves of seven polyamide cured epoxy adhesive systems.

4. CONCLUSIONS
This study demonstrated that an optimal filler loading of 5.0 wt% combined with 1.0 wt% in-
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sitt APTMS modification significantly enhances the mechanical performance and thermal
durability of epoxy/polyamide joints on aluminum substrates. Under ambient "cold-cure"
conditions, APTMS outperformed GPTMS and VIMS due to the high reactivity of its primary
amine groups, creating a continuous and highly stable Si-O—Metal/Filler and amine—epoxy
covalent network. When evaluated against the dual criteria of initial lap shear strength (LSSo > 15
MPa) and thermal retention factor after 500 hours (TRF-500h > 85%), h-BN, WC, ZrO-, and TiC
emerged as highly viable structurally durable fillers. Among them, the h-BN-5.0-APTMS system
provided the best overall performance, achieving an LSSsoh of 14.5 MPa and a TRF of 90.6%.
This superior aging resistance is driven by the unique lamellar structure of h-BN, which induces a
strong tortuosity effect to block oxygen diffusion and facilitates rapid thermal dissipation, thereby
protecting the bonding interface. Conversely, systems incorporating Al particles suffered
continuous strength loss during aging due to oxidation-induced volume expansion and severe CTE
mismatch with the polymer matrix. Finally, thermogravimetric analysis (TGA/DTG) confirmed
that inorganic fillers actively retard high-temperature thermo-oxidative decomposition by acting
as effective oxygen diffusion barriers. These findings provide a robust scientific basis for
formulating long-term, high-temperature resistant structural adhesives.
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TOM TAT

Anh huéng ciia loai chit don vé co va bién tinh silane in-situ dén d9 bén kéo truot
va d¢ bén lao héa nhiét ctia hé keo epoxy/polyamide trén nén hgp kim nh6m

Nghién cvru khdo sat anh huong cua logi va ham luong chdt don vo co (ZrO:, Al, TiO.,
TiC, WC, h-BN) két hop tdc nhén silane bién tinh in-situ (APTMS, GPTMS, VTMS) dén d¢
bén kéo trueot va dé én dinh nhiét cia hé keo epoxy/polyamide trén nén hop kim nhom 6061.
Ham luong ZrO: 16i wu xdc dinh la 5,0% khéi lwong, cho LSSo = 12,4 MPa va TRF-500h =
83,1% khi khéng sir dung silane. APTMS la tac nhan silane hiéu qud nhdt nho co ché lién
két kép tai giao dién, nang LSSo lén 15,6 MPa va TRF-500h lén 88,5% cho hé ZrO:-5.0-
APTMS. Pdanh gia sau hé chat don theo tiéu chi kép LSSo > 15 MPa va TRF-500h > 85%
xdc dinh bon hé dat yéu cau la h-BN, WC, ZrO: va TiC, trong d6, h-BN-5.0-APTMS t6i wu
nhat véi TRF = 90,6% va LSSsoh = 14,5 MPa nho hiéu vmg dwong dan ngodn ngoéo va
kha ndng tan nhiét cia cdu tric dang I6p. Phdn tich TGA/DTG trong khéng khi xdc nhén
tdt ca cac hé chira chat don c6 Ts% cao hon mau doi chirng (REF: 323 °C) theo thir tw WC
(341 °C) > BN (339 °C) > TiC (337 °C) > Zr0: (331 °C) > Al (329 °C) > TiO: (325 °C),
theo co ché hang rdo khuéch tan oxy. Két qua cung cdp co s0 khoa hoc cho viéc phat trién
hé keo epoxy/polyamide bién tinh irng dung trong cdc két cau yéu cau dé bén co 'y cao va
on dinh nhiét dai han.

Tir khoa: Keo epoxy/polyamide; Chét don v6 co; Silane APTMS; D6 bén kéo truot; Lio hoa nhiét.
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