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ABSTRACT 

The interpenetrating polymer networks (IPN) thin film with the –C=O group in one network and the terminal –N=C=O 
group in another network on an aluminum substrate to reinforce the adherence between IPN and aluminum through 
interfacial reactions, were obtained by dip-pulling the pretreated aluminum substrate into the viscous-controlled IPN 
precursors and by the following thinning treatment to the IPN film to a suitable thickness. The interfacial actions and 
the adhesion strengths of the IPN on the pretreated aluminum substrate were investigated by the X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR) and strain-stress(-) measurements. The XPS 
and FTIR detection results indicated that the elements’ contents of N, O, and Al varied from the depths of IPN. The in-
terfacial reaction occurred between the –N=C=O group of IPN and the AlO(OH) of pretreated aluminum. The in-
creased force constant for –C=O double bond and the lower frequency shift of –C=O stretching vibration absorption 
peak both verified the formation of hydrogen bond between the –OH group in AlO(OH) and the –C=O group in IPN. 
The adherence detections indicated that the larger amount of –N=C=O group in the IPN, the higher shear strengths 
between the IPN thin film and the aluminum substrate. 
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1. Introduction 

Adsorption of polymer onto the surface of metal is of 
great importance in such applications as the adhesive 
bonding, corrosion protection, colloid stabilization and 
many other areas [1,2]. But the weak linkage between the 
two different materials affects the composites’ stability, 
and therefore restricts their long-term applications [3,4]. 
Reinforcing the interfacial adhesion between metal and 
polymer is of worldwide scientific and technical sig- 
nificance [5,6]. 

In recent years, the role of polymers containing nitro- 
gen- or oxygen-functionalities in polymer-metal adhesion 
has been an important subject [7,8]. It has been reported 
that the adhesion strength between polymer and metal 
could be enhanced significantly by the incorporation of 
nitrogen- or oxygen-containing functionalities into poly- 
mer [9-11]. This illustrates that the reactions between po- 
lymer and metal can improve the adhesion effectively. 

However, there usually exist the complex structures for 
polymer, the determination of the polymer reaction sites 
with metals facilitates the choice of metal/polymer sys- 
tems, especially when specific properties such as interfa- 
cial stability and adhesion are required [12,13].  

2. Experimental 

2.1. Pretreatment of Aluminum Substrate 

Aluminum substrate (1.5 cm × 2 cm) were obtained by 
cutting, wiping the aluminum sheet with acetone, drying 
and then immersing in boiling deionized water for 3 min. 
After removal from the water, the sheet was allowed to 
dry under ambient conditions for 10 min before further 
treatment [14]. Then it was dipped into the dichromate 
salt/concentrated sulfuric acid lotion for 0.5 min - 2 min, 
rinsed with deionized water and sodium carbonate solu- 
tion for 10min. After that, it was rinsed again with large 
amount of deionized water, scrubbed with acetone and 
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put into the boiled water for 3 min, then dried in air. 

2.2. Preparation of an IPN Thin Film on an  
Aluminum Substrate 

The pretreated aluminum substrate was dipped into the 
IPN precursors (with fixed mass ratio (1:1) of cross lin- 
ker (trimethylolpropane) to chain expander (1,4-butyle- 
ne glycol), both were dehydrated at 110˚C for 4 hours 
before use), fixed mass rate (100:2:1) of vinyl ester resin 
to initiator (benzoyl peroxide) and catalyzer (cobalt nap- 
hthenate), and variable mol ratio of prepolymer (-NCO) 
to curing agent (-OH)). Through controlling the viscous 
of precursors and the lifting speed of the aluminum sub-
strate into the precursors, the IPN thin film on the alu-
minum substrate(represent as IPN-Al) can be obtained. 
Then the IPN-Al was place into a heat oven at 80˚C for 1 
hour. After that, it was immersed into ethyl acetate for 
30min and then scrubbed with acetone to the required 
thickness. 

2.3. The Viscous Determination and the  
Morphology Observation 

The viscous of IPN precursors were determined by a NDJ- 
1 rotational viscometer (Shanghai Optical Apparatus Co., 
CN). The thickness of IPN thin film was measured by a 
HG-1060 thickness gauge (Peijing Measuring & Cutting 
Tool Co. CN). The surface micro morphologies of the al- 
uminum substrate (before and after treatment) were de- 
tected by a XSZ-H metallographic microscope (Nippon 
Electric Co., JP). 

2.4. The Interfacial Actions Detection and the 
Adhesion Strengths Measurements 

The surface elemental compositions of the IPN and the 
aluminum substrate were determined by a PHI 5700 ES- 
CA XPS systems (Physical Electronics, USA) employing 
an Al Kα X-ray source (energy is 1486.6˚eV) and a pre- 
cise hemispherical electronic energy analyzer. The trans- 
fer energy mode was fixed at 12.5 kV and 250 W with an 
operating chamber pressure of approximately 10−6 Torr. 
The survey spectrum was recorded at a constant energy 
of 187.8 eV. The instrumental error in terms of the bind- 
ing energy was within ± 0.1eV. Data were recorded at 
different incident angles after neutralization of the cha- 
rges. The existence of groups and their interaction types 
or sites of the IPN-Al interface were detected by an 
AVATAR 360 infrared spectrometer (Nicolet Co. USA) 
with the solution values of 4 cm–1 and an incident angle 
of 22˚. The adhesion strength tests were preceded by 
applying the IPN precursors onto the edge of an alumi- 
num substrate and then overlapping by another aluminum 
substrate onto the precursors. The lap area would be 20 
mm in width and 12.5 ± 0.5 mm in length. This assembly 

was tightly clamped under 1MPa. The adhesion strength 
was measured by a Z050 electrical universal tester (Zwi- 
ck Co. DN) according to the GB7124-1986 standard me- 
thod at a pull rate of 5 mm/min. The lap shear strength 
was calculated by dividing the strength by the lap area. 
Three sets of samples for each variable component ratios 
of the IPN were tested, and the average was reported as 
the lap shear strength. 

3. Results and Discussion 

3.1. The Micro Morphologies of the Pretreated 
Aluminum Substrate Surface 

The observation of the aluminum substrate (before and 
after treatment) with the 100 times magnification coeffi- 
cient by the metallographic microscope was given in 
Figure 1. 

As shown in Figure 1, the flat surface of the alumi- 
num with metal textures and metal shines(a) was chan- 
ged into a coarse and porous surface(b) after treatment. 
 

 
(a) 

 
(b) 

Figure 1. The metallographic microscope photos; (100 times 
magnification) of aluminum; (before treatment (a) and after 
treatment(b)). 
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Since the actual surface area(a’) after treatment became 
larger than the original surface area(a) for the aluminum, 
so the roughness factor(φ, which equals to a’/a ) was 
larger or equal to 1. According to the literature [15], the 
roughness factor also equals to the product of cosθ (θ 
refers to the contact angle of the IPN precursors onto the 
original aluminum) with the surface tension of liquid (γlv, 
which equals to the minus of the surface tension of solid 
to the interface tension of liquid-solid). Since cosθ’ ≥ 
cosθ, so the wetting ability of coarse surface (ΔFi’) 
equals to φ(γsv – γsl) or γlvφcosθ. The adhesion work of the 
coarse surface (WA’) equals to γlv + φ(γsv – γsl) or γlv(1 + 
φcosθ)) . While under a very well wetting condition, θ < 
90˚and cosθ > 0，so ΔFi’ > ΔFi (ΔFi, the original wetting 
ability) and WA’ > WA (WA, the original work). Thus the 
porous aluminum in diameters of 0.5 μm - 2 μm in-
creased the surface areas greatly and thus produced in-
termolecular forces and electrostatic attractions when con-
tacted with the IPN. Further, the possibility of the forma-
tion of chemical bonds within the interface between the 
IPN and the aluminum increased apparently [16].  

3.2. The Relationship of the Thickness of the 
Thin Film with the Viscous of the IPN  
Precursors 

The relationship of the thickness of the IPN thin film 
with the viscous of the IPN precursors was shown in 
Figure 2. The lower viscous of the IPN precursors led to 
the thinner IPN film onto the aluminum substrate (which 
was suitable for the following interfacial reaction detec- 
tions). But lower viscous meant less crosslink degree 
within the each network of IPN, and also meant a lower 
strength values between the IPN and the aluminum sub-
strate. So in present studies, the thin film obtained by the 
dip-pulling method was then thinned by a following sol- 
vent extraction and acetone scrubbing. 
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Figure 2. The relationship of the thickness of the IPN thin 
film with the viscous of the IPN precursors. 

3.3. The Elemental States and the Elemental 
Contents of the IPN-Al on the Different 
Depths of the Interface 

The XPS spectra of C1s at different incident angles with 
different depths were shown in Figure 3(the incident 
angles were at 45˚, 75˚ and 90˚, respectively) by setting 
Al2O3 with the binding energy of 73.82eV as the standard 
to neutralize the charges. The content of carbon de-
creased with the increase of depths from the surface of 
IPN to the interface of IPN-Al. And the binding energy 
of carbon shifted toward the higher frequencies gradually 
with the increase of the incident angles. These illustrated 
that the chemical environment of carbon at the IPN-Al 
interface has been changed to form the chemical bond at 
the higher frequency ranges.  

Changes of the contents of O、C、Al、N at the different 
depths of IPN-Al interface were shown in Figure 4 by 
the XPS detection results at different incident angles.  

If the incident angle(θ) is 90˚, and the depth is repre-
sented as d, then the depth at θ is dsinθ. When θ is 90˚, d 
is approximately 10nm. The content of carbon decreased, 
whereas the content of oxygen, aluminum, and nitrogen 
increased with the increase of the depths. These results 
suggested that, the higher contents of N and O appeared 
at places closer to the Al substrate. Therefore, the higher 
reactive activities could be achieved at the interface be-
tween the nitrogen- and oxygen containing functional-
ities in IPN and the aluminum. 

3.4. The Interfacial Actions and the Adhesion 
Strengths of IPN-Al 

The comparisons of the characteristic peaks in FTIR 
spectra of IPN and IPN-Al were listed in Table 1. The 
absorption peak at 1411.71 cm–1, which assigned to the 
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Figure 3. XPS spectra of C1s of the IPN-Al interface at dif-
ferent incident angles(a-45˚; b-75˚; c-90˚). 
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Figure 4. Relationship between the elemental contents and 
the incident angles of IPN-Al. 
 
Table 1. Attribution of the characteristic absorption peaks 
in FTIR spectra of IPN and IPN-Al. 

Wavenumber shiftness 
/cm-1 

Intensity 
Attribution of the characteristic

absorption peaks 

1731.85→1726.65 
(IPN)  (IPN-Al) 
1411.71→none 

(IPN)  (IPN-Al) 
1237.99→1227.25 
(IPN)  (IPN-Al) 

Strong 
 

Weak 
 

Strong 

Ester C=O, amide II bond, 
C=O stretching vibration 

N=C=O symmetrical stretching
Vibration 

Ester C-O stretching vibration

 
weak symmetrical stretching vibration of –N=C=O, dis-
appeared in the spectrum of IPN-Al, verified the reaction 
between the little amount of –N=C=O group remained in 
IPN with the AlO(OH) in aluminum substrate. Since the 
formation of hydrogen bond could decrease the force 
constant for –C=O double bond, and further produce the 
lower frequency shift for the –C=O group. So the lower 
frequencies shift of the –C=O stretching vibration peak 
from 1731.85 cm–1 for IPN to 1726.65 cm–1 for IPN-Al, 
the –C-O stretching vibration peak from 1237.99 cm–1 for 
IPN to 1227.25 cm–1 for IPN-Al both inferred the forma-
tion of hydrogen bond between the –C=O in IPN and the 
–OH in AlO(OH). 

The comparisons of the amide II bond stretching vi-
bration peaks in FTIR spectra were shown in Figure 5 to 
verify the formation of hydrogen bond by the –C=O with 
the –OH group in AlO(OH) further. 

The –C–N stretching vibration peak at 1508.14cm–1 in 
IPN was divided into two peaks in IPN-Al. The forma-
tion of hydrogen bond decrease the electronic cloud den-
sity of –C=O to stabilize the carbon atom, so the elec-
tronic cloud density of –C–N increased. So the increased 
force constant for C–N bond further led to the higher 
frequency shift for –C–N absorption peak. The –C–N 
stretching vibration peak at 1517.78 cm-1 was induced by 
the formation of hydrogen bond. The reaction could be 
represented as follows: 

H
N

H
N CC

O O

OO

OHOH

Al Al

H
N

H
N CC

O O

OO

H H

OO

Al Al  
But the obvious higher reactive ability of the –N=C=O 

with the AlO(OH) than that –C=O in urethane with the 
AlO(OH) prohibited the reaction between the AlO(OH) 
and the –C=O mostly, so there only existed a weak hy-
drogen bond at IPN-Al interface.  

The adhesion strengths between aluminum and IPN wi- 
th different component ratios were shown in Figure 6 and 
the calculated results were listed in Table 2. 

The adhesion strengths of IPN-Al with more –N=C=O 
group were larger than that with less one. This indicated 
that the more chemical reactions between more –N=C=O 
group and pretreated aluminum resulted in a significant 
increase in adhesion strength. The reduced curing time 
led by the increased curing agent amount, reduced the 
elasticity and reinforced the brittleness of IPN. So the 
shear failure types of IPN changed from the interface 
failure (in Figure 6(b)) to the cohesion failure (in Figure 
6(a)). 
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Figure 5. Comparisons of amide II absorption peaks in 
FTIR spectra of IPN (a) and IPN-Al (b). 
 
Table 2. The shear strengths with different component ra-
tios of prepolymer to curing agent in IPN. 

Curing agent/ 
Prepolymer 

Shear 
strength /kPa

Average Shear 
strength/kPa 

Average 
deviation

Standard 
deviation

a) 1.628(mol)
343.66 
314.08 
269.52 

309.09 26.38 30.473

b) 1.385(mol)
452.72 
450.10 
417.61 

440.14 15.02 15.969
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(b) 

Figure 6. The shear strength curves of IPN-Al with curing 
agent to prepolymer(mol) in IPN of (a)-1.628 and (b)-1.385. 

4. Conclusions 

The pretreated porous aluminum increased the surface 
areas greatly and thus increased the possibilities to form 
the chemical bonds at interface of the IPN thin film and 
the aluminum substrate apparently by the intermolecular 
force and the electrostatic attractions. The higher reactive 
activities can be achieved at the interface between the 
nitrogen- and oxygen containing functionalities in IPN 
and the aluminum. The chemical bond between –N=C=O 
group and AlO(OH), and the weak hydrogen bond be-
tween the –N=C=O group and the –OH group (in AlO 
(OH)) can be formed. These interactions reinforced the 
shear strength apparently, especially when the IPN con-
tained a larger amount of –N=C=O group. 
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