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ABSTRACT

The goal of this investigation was to improve the water resistance of soybean

meal-based (SM) bioadhesive and enhance the mechanical properties of the

bonded plywood by combining triglycidylamine (TGA) cross-linking with an

acrylic emulsion interpenetrating network (IPN). The solid content, functional

groups, crystallinity, mass loss after hydrolyzing, fracture surface micrographs,

and thermal stability of the resulting adhesives were characterized. Three-ply

plywood was fabricated and its dry and wet shear strength was determined. The

experimental results indicated that the introduction of 8 % TGA produced an

improvement of 15.1 % in the water resistance of SM adhesive and 86.8 % in the

wet shear strength of plywood as a result of the chemical cross-linking between

epoxy groups and protein molecules. However, this reaction increased the

brittleness of adhesive and caused an insufficient dry bond strength. Incorpo-

rating 8 % AE into the SM/TGA adhesive resulted in a water resistance that was

improved by 24.6 %, a dry shear strength that was increased by 44.0 % to

1.80 MPa and a wet shear strength that was increased by 47.9 % to 1.05 MPa.

The improvements were attributed to the formation of IPN which increased the

solid content, improved the toughness of the adhesive, and promoted an uni-

form and compact cured structure. All results suggested that chemical cross-

linking can effectively improve the water resistance of SM adhesive, but will

aggravate the brittleness. Toughening improvement is an effective approach to

enhance the performance of the SPAs and solve the low dry strength issue of

resulting composites.
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Introduction

Until recently, formaldehyde-based synthetic resins,

such as urea, melamine, and phenol–formaldehyde

resins still dominate the bonding of wood compos-

ites, primarily because of their attractive advantages

including low cost, initial water solubility, fast cure

rate, and excellent adhesion to wood. However, these

synthetic adhesives are nonrenewable and have

environmental pollution and nonsustainable issues.

Consequently, eco-friendly bioadhesives derived

from renewable materials have been widely investi-

gated in recent years [1].

Biomass resources, including tannins, lignins, car-

bohydrates, unsaturated oils, and protein, are poten-

tial renewable sources for the development of

bioadhesives [2, 3]. proteins, especially vegetable pro-

teins, are renewable and eco-friendly biopolymers.

However, more than one-third of protein sources are

underutilized and could be used as raw materials for

newprotein-based industrial products [4]. A variety of

vegetable proteins have been used to develop bioad-

hesives, such as cottonseed protein [5], wheat gluten

[6], sorghum protein [7], peanut protein [8], and soy

protein [9]. The high volume availability and low cost

of soybean make soy protein-based adhesives (SPAs)

themost promising alternative to formaldehyde-based

synthetic products [10].

The utilization of SPAs dates back to the 1920s when

almost all interior plywood in America was fabricated

using this adhesive [11]. Subsequently, themarket was

dominated by petrochemical-based synthetic adhe-

sives, because of their ease of use, high curing condi-

tion adaptability, and improved water resistance.

Although research on SPAs has been revived in recent

years, the low water resistance of this adhesive still

greatly limits the application. Many modification

methods have beenmade to tackle this limitation. One

method focused on using the protein denaturing

agent. The hydrophobic interaction of the soybean

protein molecule leads to protein folding and the for-

mation of a hydrophobic cluster. Researchers have

employed alkali [12], urea [13], and sodium dodecyl

sulfate [14] to denature the soy protein molecule and

turn it inside out for exposing the buried hydrophobic

groups, which improved the water resistance of

adhesive by promoting protein–protein interaction.

However, this effect of protein modification is limited

and cannot meet the interior plywood requirements,

because the hydrophilic groups in the protein are also

exposed. Another method was cross-linking modifi-

cation. Glutaraldehyde [15], maleic anhydride [16],

and polyethylene glycol diacrylate [17] were adopted

as amean of cross-linking the soy protein. These cross-

linkers reacted with the active groups in the protein

molecules, transforming weak intermolecular inter-

actions into stable chemical bonds, which elevated the

adhesive performance. In our previous studies, soy-

bean meal was blended with glycerol polyglycidyl

ether [18], ethylene glycol diglycidyl ether [19], and

5,5-dimethyl hydantoin polyepoxide [20] to prepare

soybean meal-based (SM) wood adhesives with sig-

nificantly improvedwater resistance. It was found that

a resin or an ether which contained at least two active

epoxy groups can be an effective cross-linker for the

SPAs.

Soy protein is a high molecular weight macro-

molecular biopolymer. Intermolecular interaction

occurs through weak bonds such as hydrogen bonds,

electrostatic bonds, vanderWaals forces, anddisulfide

bonds. Therefore, native SPAs exhibit low bond

strength, poor water resistance, and high brittleness.

After cross-linked by epoxies, the SPAs produced

more brittleness and poor resistance to crack propa-

gation, resulting in low mechanical properties. This

was especially true in the engineered wood flooring

fabrication, which is unacceptable forwood composite

industry. Therefore, increasing the toughness of the

adhesive system will benefit both its water resistance

and mechanical properties of resultant products.

Acrylic emulsion (AE) is an emulsion polymeriza-

tion product of acrylic/methacrylic acid and vinyl

ester monomers [21]. It is widely used in the pack-

aging, coating, spinning, building, and leather

industries, because of its unique properties such as

low cost, superior adhesion capability, excellent

flexibility, and film forming property. Therefore, we

believed that the combination of a flexible AE and

rigid SPAs might provide superior mechanical

properties for the adhesives used for bonded wood

products. Moreover, AE possesses a high solid con-

tent, low viscosity, and is water based. Therefore, AE

could be a potential modifier for improving the

toughness and water resistance of SPAs.

In this study, a laboratory-synthesized cross-linker,

triglycidylamine (TGA), was combined with a com-

mercial AE to develop a high performance soybean

meal-based bioadhesive. The effects of AE on the

performance of adhesive and resultant plywood were

investigated. Three-ply plywood was fabricated
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using the modified adhesive and was tested to

determine the dry/wet shear strength. The solid

content, functional groups, crystallinity, mass loss

after hydrolyzing, fracture surface micrographs, and

thermal stability of the resulting adhesives were

evaluated to better comprehend the toughening effect

of AE on the SPAs system.

Experimental

Materials

Soybean meal (43–48 % soy protein, 30–34 %

polysaccharide, 8–10 % moisture, 3–5 % fiber, 5–7 %

ash, and 0.2–0.8 % fat) was supplied by Xiangchi

Grain and Oil Co., Ltd. (Shandong, China). Com-

mercial acrylic emulsion with a solid content of 46 %,

a pH value of 7–9, and a viscosity of 2000 mPa s was

provided by Xinyi Chemical Co., Ltd. (Guangdong,

China). Analytical grade epichlorohydrin (99 %) and

aqueous ammonia (25 %) were purchased from Lanyi

Chemical Co., Ltd. (Beijing, China). The poplar

veneer with a moisture content of 8.0 % and dimen-

sions of 400 9 400 9 1.5 mm were obtained from a

local plywood plant. Other chemical reactants were

analytical grade and obtained from Beijing Chemical

Reagents Co. Ltd. (China).

Preparation of cross-linker TGA

TGA was synthesized according to a previous report

[22], and the reaction pathway was illustrated in

Fig. 1. Epichlorohydrin and aqueous ammonia with a

mole ratio 5:1 were placed in a three-necked flask

equipped with a condenser and stirrer. The mixture

was stirred continuously with a rate of 800 rpm.

Ammonium triflate was used to catalyze the reaction

at 23 �C for 48 h, then 35 �C for 3 h. The residual

epichlorohydrin and ammonium hydroxide were

removed by a vacuum distillation process, and the

result was a colorless syrup consisting mostly of

tris(3-chloro-2-hydroxypropyl)amine (Fig. 1a). An

excess of sodium hydroxide solution (50 %) was

added for the epoxy-ring closure reaction at 20 �C for

2 h. Because the reaction was highly exo-thermal, an

external ice-water cooling circulator was required to

hold the temperature. The precipitate of sodium

chloride was filtered off, and the residue was vacuum

distilled to obtain pure viscous TGA (Fig. 1b).

Preparation of adhesive

In this study, soy protein is provided by soybean

meal. SM adhesive was prepared by adding SM

(28 g) into water (72 g) and stirring for 10 min at

room temperature to form a homogeneous system.

Cross-linker TGA (8 % based on the mass of liquid

SM adhesive) was added into the SM adhesive and

stirred for 10 min to develop the TGA-modified

soybean meal (SM/TGA) adhesive. Different

amounts of AE (2, 4, 6, 8, 10 % based on the mass of

liquid SM adhesive) were incorporated into the SM/

TGA adhesive and stirred for 10 min to prepare the

AE-modified SM/TGA (SM/TGA/AE) adhesives.

Solid content of adhesive measurement

The solid content of adhesive was measured based on

an oven dry method according to the China National

Standard GB/T 14074 (2006) [23]. About 3 g adhesive

was placed into an oven at a temperature of

105 ± 2 �C for drying until a constant weight was

obtained. The solid content was calculated (three

replications) by weighing the difference of weight

before and after drying.

Figure 1 The synthesis procedure of cross-linker triglycidylamine.
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Mass loss of cured adhesive
after hydrolyzing

An adhesive sample was placed in an oven at

120 ± 2 �C until a constant weight was obtained, and

then ground into 100 mesh powder (0.15 mm) by a

ceramic mortar. To determine the mass loss, the cured

adhesive (three replications) was wrapped up using a

qualitative filter paper and placed in a glass with dis-

tilled water. After hydrolyzing for 6 h in an oven of

60 ± 2 �C, the sample was dried (105 ± 2 �C, 3 h) and

weighed. The mass loss was determined by weighing

the difference of weight before and after hydrolyzing.

Preparation of plywood and evaluation

Three-ply poplar plywood was fabricated in this

study. Adhesives were evenly coated on both sides of

the core veneer with a glue spreading of 200 g/m2.

The coated veneer was stacked between two uncoa-

ted veneers with the grain direction of the two adja-

cent veneers perpendicular to each other. The stacked

veneers were hot-pressed at 120 �C and 1.0 MPa for

6 min. Two plywoods were fabricated for the same

adhesive formula.

The shear strength of plywood was determined

according to the China National Standard GB/T

17657 (2013) [24]. After prepared plywood was

equilibrated for at least 24 h under room condition,

twelve specimens with dimension of 100 9 25 mm

(glue area of 25 9 25 mm) were equably cut from the

center and edge of the two plywoods. The schematic

diagram of the sample preparation and the force

loading is shown in Fig. 2.

The dry shear strength was determined using a

common tensile machine operating at a speed of

10.0 mm/min. The force required to break the glued

specimen was recorded. The shear strength was cal-

culated according to Eq. (1). The specimens for wet

shear strength measurement were immersed in water

at 63 ± 3 �C for 3 h, and then dried at room tem-

perature for 10 min before a tension test under the

same testing condition. The reported shear strength

was an average value of twelve specimens and the

standard deviation was given.

Dry/wet shear strength =
Force ðNÞ

Gluing area ðm2Þ : ð1Þ

Fourier transform infrared (FTIR)
spectroscopy

Ground cured adhesive powder samples with 200

mesh (0.075 mm) was mixed with KBr crystals at a

mass ratio of 1/70, and pressed in a special mold to

form a sample folium. The FTIR spectra were recor-

ded using a Thermo Nicolet 6700 FTIR (USA) over

the range of 400–4000 cm-1 with a 4 cm-1 resolution

and 32 scans.

X-ray diffraction (XRD)

Ground cured adhesive powder samples with 200

mesh (0.075 mm) were analyzed at ambient tempera-

ture by an XRD diffractometer (D8 ADVANCE, BRU-

KER, German) using a Cu Ka X-ray source with a

wavelength (k) of 1.5405 Å, in the 2h scan ranging from
5� to 60�. The crystallinity of resin sample was calcu-

lated by the software of DIFFRAC.EVA V 3.1 (BRU-

KER,German) basedon the areamethodasEq. (2) [25].

%Crystallinity ¼ Acryst

Atotal

� 100%; ð2Þ

where Acryst is the sum of crystalline band areas, and

Atotal is the total area under the diffraction patterns.

Each adhesive sample was tested three times and the

average value was reported.

Toughness evaluation of cured adhesive

For visually evaluating the toughness of cured

adhesive, the modified liquid adhesive was uni-

formly coated on glass slides, and then placed in an

oven at a temperature of 120 ± 2 �C for 2 h. After

adhesive curing, the coated glass slides were placed

Figure 2 The schematic diagram of the sample preparation and the force loading.
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in a desiccator for 30 min. The cooled glass slides

were photographed using a Digital Single Lens

Reflex.

Scanning electron microscopy (SEM)

For observing the interior microstructure, the fracture

surface of cured adhesive was analyzed using SEM.

The adhesive samples were completely cured in an

oven at 120 ± 2 �C. Then, the samples were placed

into a desiccator for 2 days before being examined.

The cured adhesives were artificially fractured, and

the fracture surfaces were tested. Before testing, the

fracture surfaces were placed on an aluminum stub,

and a 10-nm gold film was coated on using an ion

sputter (HITACHI MCIOOO, Japan). The coated

fracture surfaces were imaged by a JSM-6500F field

emission scanning electron microscope (FE-SEM)

(JEOL, Japan).

Thermal stability measurement

AE, TGA, AE/TGA, and their modified adhesives

were cured completely in an oven at 120 ± 2 �C. The
thermal degradation behavior of the cured samples

was tested using a TGA instrument (TA Q50,

WATERS Company, USA). About 8 mg of powdered

adhesive sample with 200 mesh (0.075 mm) was

weighed in a platinum cup and scanned from room

temperature to 600 �C at a heating rate of 10 �C/min

in a nitrogen environment while recording the weight

change.

Results and discussion

Solid content of adhesive

The physical and chemical characteristics of both the

wood substrate and the adhesive influence the

resulting wood-adhesive bonding [26]. The solid

content of adhesive is an essential physical parameter

that greatly influences the performance of bonded

products. A low solid content will allow significant

water combination with the coated veneers, which

will form a high moisture content slab. As a result, a

large quantity of water needs to be removed during

hot-pressing process, leading to unstable properties

of the bonded plywood and lower product efficiency.

In addition, the water evaporation from the inside of

adhesive will cause the cohesive failure of cured

adhesive system and impact the water resistance of

adhesive. Because of the high molecular weight,

molecular entanglement and friction, soy protein has

high viscosity but low solid content when it is dis-

solved in water. Introducing additive into the adhe-

sive rather than adding more soy protein to increase

the solid component is necessary and practical for

ensuring the flowability of adhesive. The solid con-

tent of neat and modified SM adhesive is shown in

Fig. 3.

As shown in this figure, neat SM adhesive exhib-

ited the lowest solid content of 27.27 %, which could

not obtain an effective bond with the wood substrate.

The solid content was increased to 30.44 % by adding

8 % TGA thanks to its high solid content. After the

introduction of AE, the solid content gradually

increased from 30.44 to 36.38 % as the AE content

increased from 2 to 10 %, because adding AE was

equivalent to increasing the mass of the adhesive.

Previous research has suggested that the solid con-

tent of SPAs should be more than 35 % to ensure

favorable bond strength [27]. When the AE content

was 8 %, the solid content of the adhesive increased

by 18 % compared with the SM/TGA adhesive to

35.92 % and met the necessary requirement. The

increased solid content is beneficial to the improve-

ment of water resistance of cured adhesive by

decreasing the water evaporation. Moreover, the less

water evaporation will delay the cohesive failure of

cured adhesive during hot-pressing process.

Figure 3 The solid content of adhesive 1 (SM), 2 (SM/TGA), 3

(SM/TGA/2 % AE), 4 (SM/TGA/4 % AE), 5 (SM/TGA/

6 % AE), 6 (SM/TGA/8 % AE), 7 (SM/TGA/10 % AE).
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FTIR spectroscopic analysis

Figure 4 displays the ATR-FTIR spectra of the AE,

TGA, AE/TGA, and the FTIR spectra of the resulting

adhesives. The characteristic peaks in AE are present

including the –CH3 absorption peak, C=O stretching

vibration, –COO stretching vibration, C–O–C

absorption peak, and C–H in-plane bending vibra-

tion, which appeared at 2955, 1727, 1452, and

1157 cm-1, respectively [21]. In the TGA spectra, the

2956, 1427, 1302, 1202, 1050, 881, and 744 cm-1

absorption peaks can be attributed to –CH3 absorp-

tion, C=C stretching, isopropyl, O–C–O stretching,

the substituted aromatic, epoxy group, and out-of-

plane deformation of the carbonate group, respec-

tively [22]. For the spectra of AE/TGA, no new

absorption bands were observed, which suggested

that no chemical interaction occurred between AE

and TGA.

Three typical characteristic absorption bands for

amide were observed at 1660, 1539, and 1234 cm-1

and were assigned to C=O stretching (amide I), N–H

bending (amide II), N–H in-plane and C–N stretching

vibration (amide III), respectively [28]. The broad

band at 3323 cm-1 corresponded to free and bound

N–H and O–H groups, which were the source of

intermolecular hydrogen bonding. A plethora of

hydrogen bonds can easily form between them and

other functional groups of protein molecular to pro-

duce mechanical strength [29]. After TGA was added

into SM adhesives, free epoxy groups were not

observed in the cured adhesives, which suggested

that the TGA was dispersed homogeneously in the

adhesive system and adequately participated in the

cross-linking reaction. In cured SM/TGA adhesives

(adhesive 2, 3, 4, 5), the absorption band at 1396 cm-1

was significantly weakened, which suggested that

amino group was transformed by the reaction with

epoxy group.

Meanwhile, a new peak at 1730 cm-1 appeared

(adhesive 2), which was related to the carbonyl group

of the ester bond and originated from the esterifica-

tion reaction between epoxy groups and carbonyl

groups of soy protein [30]. The cross-linking reaction

produced more stable chemical bonds that replaced

the weak intermolecular hydrogen bond and formed

a cross-linking network in the cured adhesive system,

thus improving the water resistance of the adhesive.

However, the inherent brittleness of SM adhesive

could be aggravated by the cross-linking reaction

because the cured TGA (an epoxy-based cross-linker)

is a brittle system. Because there was no chemical

reaction between AE and TGA, the AE small mole-

cules will permeate into the gap of cross-linked soy

protein macromolecular to cure and develop an

interpenetrating network (IPN). Through introducing

flexible AE into cross-linking network, the IPN will

possess compromised toughness and enhanced per-

formance of adhesive and bonded plywood. The

schematic diagram of the adhesive cross-linking and

interpenetrating network formation is shown in

Fig. 5.

XRD analysis

XRD patterns of the cured adhesives are presented in

Fig. 6 and their corresponding crystallinity and the

mass loss after hydrolyzing are shown in Fig. 7. The

XRD pattern of SPAs has two obvious peaks at 2h of

about 9 and 20�, which respectively belong to the a–
helix and b–sheet structure of protein molecules [31].

As shown in the two figures, two obvious decrea-

ses were observed in peak intensity and crystallinity.

The first decrease was induced by TGA cross-linking,

and the corresponding crystallinity decreased from

23.74 to 19.37 %. Generally, crystallization is the

ordered array of molecules and cross-linking will

decrease the crystallinity of the adhesive system [32].

In other words, the decrease in crystallinity con-

firmed the occurrence of cross-linking reaction

Figure 4 FTIR spectra of the cured AE, TGA, AE/TGA, and

adhesive 1 (SM), 2 (SM/TGA), 3 (SM/TGA/2 % AE), 4 (SM/

TGA/6 % AE), 5 (SM/TGA/8 % AE).
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between TGA and the soy protein molecules as it was

observed in FTIR analysis. The second decrease

appeared when AE was added, and the crystallinity

gradually decreased with AE content increased to

8 % where modified adhesive possessed the lowest

crystallinity of 15.89 %. This should be attributed to

the formation of IPN in the cured adhesive system.

The IPN may break the symmetry of molecular chain

and regularity of the arrangement and decrease the

crystallization of soy protein molecules. Moreover,

the crystallization of AE itself from excess addition

increased the crystallinity in SM/TGA/10 % AE

adhesive.

As shown in Fig. 7, the mass loss of the cured

adhesives after hydrolyzing exhibited the same

change tendency. The SM adhesive showed the lar-

gest mass loss of 38.21 %, and the TGA reduced it to

32.44 %, which indicated that introduction of 8 %

TGA provided an improvement of 15.1 % in the

water resistance of SM adhesive. This is because TGA

cross-linked the dissoluble molecules of adhesive and

elevated the cross-linking density, which can help the

adhesive to prevent water intrusion and strengthen

the mechanical properties of plywood [20]. After AE

was introduced into the TGA/SM adhesive, the

water resistance of adhesive was further improved.

Figure 5 The cross-linking

mechanism and

interpenetrating network

formation of the SPAs.

Figure 6 XRD patterns of the cured adhesive 1 (SM), 2 (SM/

TGA), 3 (SM/TGA/2 % AE), 4 (SM/TGA/4 % AE), 5 (SM/TGA/

6 % AE), 6 (SM/TGA/8 % AE), 7 (SM/TGA/10 % AE).

Figure 7 The crystallinity and mass loss after hydrolyzing of the

cured adhesive 1 (SM), 2 (SM/TGA), 3 (SM/TGA/2 % AE), 4

(SM/TGA/4 % AE), 5 (SM/TGA/6 % AE), 6 (SM/TGA/

8 % AE), 7 (SM/TGA/10 % AE).
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When 8 % AE was added, the water resistance was

improved by 24.6 % compared with that of SM/TGA

adhesive. The improvement probably due to the IPN

further increased cross-linking density (the second

decrease in crystallinity) and prevented water intake

or absorption. However, SM/TGA/10 % AE adhe-

sive conversely showed an increased mass loss,

which may be attributable to the hydrolytic sensi-

tivity of emulsifier in AE.

Thermal stability

The thermal degradation process of cured AE, TGA,

and their blends are shown in Fig. 8. The pure AE

and TGA showed obvious degradation peak at 403

and 244 �C, which also appeared in the blends.

Simultaneously, no new degradation peak was

observed, indicating that AE did not react with TGA

but with physical interpenetration. This verified the

results in the FTIR and XRD analysis.

Figure 9 shows the DTG curves of cured different

adhesive samples. The thermal degradation of SM

adhesive can be divided into three stages [19]. The

first (I) stage was the postcuring stage from 120 to

200 �C. In this stage, a further curing reaction

occurred between the cross-linker and the soy protein

and produced vapor and gases, leading to a mass loss

in the adhesive. The second (II) stage was the initial

degradation stage from 200 to 280 �C with an obvious

peak at about 240 �C. In addition to the decomposi-

tion of small molecules and unstable chemical bonds

[33], this stage can also be attributed to the

degradation of modifier. The third (III) stage was the

skeleton structure degradation stage in the tempera-

ture range of 280–370 �C with a peak of about 328 �C.
In this stage, the weight loss resulted from the

degradation of intermolecular and intramolecular

hydrogen bonds, electrostatic bonds, and bond

cleavage in soy protein [34]. After incorporating AE,

a new degradation stage (IV) in the temperature

range of 375–450 �C with a peak at 400 �C was

observed, which was attributed to the degradation of

the cured AE. Before the first degradation stage

(\120 �C), a small mass loss with a peak at about

60 �C resulted from the evaporation of residual

moisture. After the fourth degradation stage

([450 �C), soy protein backbone peptide bonds were

decomposed to various gases, such as CO, CO2, NH3,

and H2S [35]. When AE was introduced to SM/TGA

adhesive, the postcuring process at stage I moved to a

lower temperature, indicating that AE accelerates the

curing of blending adhesive, which may improve the

bond strength through a more complete cure. In stage

III, TGA incorporating increased the peak tempera-

ture from 313 to 328 �C, which suggested that the

cross-linked soy protein possessed better thermal

stability. It was due to the formation of more

stable chemical bonds by the cross-linking reaction

between TGA and soy protein molecules. In stage IV,

the peak intensity at 400 �C was increased with an

increased AE content. The weight loss of SM/TGA/

2 % AE to SM/TGA/10 % AE adhesive in stage IV

Figure 8 TG and derivative thermogravimetric (DTG) curves of

AE, TGA, AE ? TGA (50 % AE).

Figure 9 DTG curves of 1 (SM), 2 (SM/TGA), 3 (SM/TGA/

2 % AE), 4 (SM/TGA/4 % AE), 5 (SM/TGA/6 % AE), 6 (SM/

TGA/8 % AE), 7 (SM/TGA/10 % AE).
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was 21.15, 24.32, 25.94, 29.04, and 30.26 %, respec-

tively. This indicated that the SM/TGA/AE adhe-

sives had better thermal stability after forming the

IPN.

Toughness evaluation of cured adhesive

Figure 10 shows the toughness of the cured adhe-

sives. As shown in this figure, the neat SM adhesive

was a brittle system and exhibited a significant

number of small cracks. After cross-linked by TGA,

the SM/TGA adhesive became compact, but had

larger cracks, which revealed the aggravated brittle-

ness of cured adhesive system. When AE was intro-

duced, cracks disappeared and the surface became

homogeneous and more compact than SM/TGA

adhesive. Moreover, the homogeneity and compact-

ness increased with increasing AE content. All find-

ings suggested that the inherent brittleness of the

SPAs was deteriorated by TGA cross-linking, fol-

lowed by toughening using flexible AE to form an

interpenetrating network.

SEM analysis

The fracture surface micrographs of cured adhesives

are shown in Fig. 11. A loose fracture surfacewith some

cracks was observed in the neat SM adhesive, which

revealed the inherent brittle and the cohesive failure

caused by the evaporation of a large quantity of water.

These cracks would provide a channel for moisture

attack and caused low water resistance of adhesive

[20, 36]. In SM/TGA adhesive, cracks disappeared and

the fracture surface became compact. However, a

spiculate block-faulted structure was formed, which

suggested that TGA cross-linking increased the cohe-

sion of adhesive and simultaneously embrittled the

cured system.This confirms the results discussedabove

(Figs. 4, 10). When AE was introduced into SM/TGA

adhesive, these cracks and spiculate block-faulted

structure disappeared and the fracture surface gradu-

ally became uniform. In SM/TGA/8 % AE adhesive,

the fracture surface became smooth and compact,

exhibiting an improved toughness of the cured adhe-

sive. The increase in toughness of system is beneficial to

increase the crack propagation energywhen the system

was loaded, and to improve the mechanical properties

of resulting plywood [37]. However, excess AE (10 %)

caused a distinguishable two-phase cured structure (7

of Fig. 11), probably due to AE itself curing. All results

are in accordance with the observations shown in

Figs. 3 and 10.

Shear strength of plywood

Table 1 shows the dry and wet shear strength of the

resultant plywood. The bond performance of neat SM

adhesive was primarily based on intermolecular

hydrogen bond. Because of the low solid content

(Fig. 3) and the cohesive failure caused by water

evaporation (Figs. 10, 11), the neat SM adhesive

respectively exhibited a low dry and wet shear

strength of 1.08 and 0.38 MPa. When 8 % TGA was

added to the SM adhesive, the dry and wet shear

strength increased by 15.7 and 86.8 %, respectively.

This significant increase can be attributed to the

increased solid content (Fig. 3) and the increased

cross-linking density (Fig. 7) is caused by the cross-

Figure 10 The toughness evaluation of the cured adhesive 1 (SM), 2 (SM/TGA), 3 (SM/TGA/2 % AE), 4 (SM/TGA/4 % AE), 5 (SM/

TGA/6 % AE), 6 (SM/TGA/8 % AE), 7 (SM/TGA/10 % AE).
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linking reaction between soy protein and the TGA

(Fig. 4). Although a considerable increase (15.7 %)

was observed, the insufficient dry shear strength

(1.25 MPa) indicated the inherent low dry strength of

the resultant plywood. This was due to the aggra-

vated inherent brittleness of the SM adhesive after

TGA cross-linking (Figs. 10, 11).

The introduction of AE further enhanced the per-

formance of plywood. With the addition of 8 % AE,

the dry and wet shear strength of plywood increased

by 44.0 and 47.9 % compared with that bonded by

SM/TGA adhesive. Improvement in the mechanical

properties of plywood may be attributable to the

improved toughness using interpenetrating AE net-

work which showed improved water resistance of

adhesive (Fig. 7) and good crack propagation resis-

tance (Fig. 11). In addition, the accelerated curing in

hot-pressing process (Fig. 9) may be another con-

tributor to improved mechanical properties. How-

ever, plenty of emulsifier was brought in the adhesive

system and caused a decrease in water resistance of

adhesive (Fig. 7). This is the reason why 10 % AE

increased the dry shear strength but sacrificed the

wet shear strength of plywood.

Conclusions

The following conclusions can be drawn from the

results obtained in this report:

Figure 11 Fracture surface micrographs of the cured adhesive 1 (SM), 2 (SM/TGA), 3 (SM/TGA/2 % AE), 4 (SM/TGA/4 % AE), 5

(SM/TGA/6 % AE), 6 (SM/TGA/8 % AE), 7 (SM/TGA/10 % AE).

Table 1 Dry and wet shear strength of the plywood bonded by adhesive 1 (SM), 2 (SM/TGA), 3 (SM/TGA/2 % AE), 4 (SM/TGA/

4 % AE), 5 (SM/TGA/6 % AE), 6 (SM/TGA/8 % AE), 7 (SM/TGA/10 % AE)

Adhesive 1 2 3 4 5 6 7

Dry strength (MPa) 1.08 ± 0.15 1.25 ± 0.09 1.46 ± 0.18 1.68 ± 0.20 1.75 ± 0.11 1.80 ± 0.12 1.82 ± 0.15

Wet strength (MPa) 0.38 ± 0.03 0.71 ± 0.02 0.75 ± 0.06 0.87 ± 0.04 0.95 ± 0.06 1.05 ± 0.03 1.01 ± 0.05
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(1) Addition of 8 % TGA increased the solid

content of the adhesive to 30.44 %, which was

further increased to 35.92 % as 8 % AE addi-

tion. The increased solid content reduced the

cohesive failure of cured adhesive by limiting

the water evaporation.

(2) Use of 8 % TGA in SM adhesive improved the

water resistance of the adhesive by 15.1 % and

the wet shear strength of resultant plywood by

86.8 % because of the formation of a cross-

linking network through the reaction between

TGA and the soy protein molecules. However,

TGA cross-linking also increased the inherent

brittleness of SM adhesive and resulted in low

dry strength issue of plywood.

(3) Using AE improved the toughness of cured

adhesive, which increased the crack propaga-

tion energy and enhanced the performance of

adhesive and plywood.

(4) The incorporation of 8 % AE further increased

the water resistance of SM/TGA adhesive by

24.6 %, the wet shear strength of plywood by

47.9 %, and the dry shear strength of plywood

by 44.0 %, respectively because of the forma-

tion of an interpenetrating network.

(5) Adding flexible modifier to toughen the SPAs

adhesive can effectively improve the water

resistance of adhesive and solve the low dry

strength issue of resultant composites.
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