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ABSTRACT: Joints that connect thermoplastic polymer matrices
(TPMs) and metals, which are obtained by comolding, are of growing
importance in numerous applications. The overall performance of
these constructs is strongly impacted by the TPM�metal interfacial
strength, which can be tuned by tailoring the surface chemistry of the
metal prior to the comolding process. In the present work, a model
TPM�metal system consisting of poly(methyl methacrylate)
(PMMA) and titanium is used to prepare comolded joints. The
interfacial adhesion is quantified by wire pullout experiments. Pullout
tests prior to and following surface modification are performed and
analyzed. Unmodified wires show poor interfacial strength, with a work
of adhesion (Ga) value of 3.8 J m�2. To enhance interfacial adhesion, a
biomimetic polydopamine (PDA) layer is first deposited on titanium
followed by a second layer of a poly(methyl methacrylate-co-methacrylic acid) (P(MMA-co-MAA)) copolymer prior to comolding.
During processing, the MAA moieties of the copolymer thermally react with PDA, forming amide bonds, while MMA promotes the
formation of secondary bonds and molecular interdigitation with the PMMA matrix. Control testing reveals that neither PDA nor
the copolymer provides a substantial increase in adhesion. However, when used in combination, a significant increase in adhesion is
detected. This observation indicates a pronounced synergistic effect between the two layers that strengthens the PMMA-titanium
bonding. Enhanced adhesion is optimized by tuning the MMA-to-MAA ratio of the copolymer, which shows a maximum at a 24%
MAA content and a greatly increased Ga value of 155 J m�2; this value corresponds to a 40-fold increase. Further growth in the Ga
values at higher MAA contents is hindered by the thermal cross-linking of MAA; MAA contents above 24% restrict the formation of
secondary bonds and molecular interdigitation with the PMMA chains. Our results provide new design principles to produce
thermoplastic�metal comolded joints with strong interfaces.
KEYWORDS: polydopamine, coating, comolding, PMMA, titanium, polymer�metal adhesion, polymer�metal joint

1. INTRODUCTION
Efficient comolding of thermoplastic polymer matrices (TPMs)
with metals to form hybrid structures is of paramount
importance for various technologies, including those in energy,
electronics, automotive, and aerospace applications.1�4 Regard-
ing TPMs, comolding usually refers to a process in which a metal
is joined with a molten polymer matrix, followed by cooling, to
achieve the formation of a polymer�metal joint. In such
processes, inferior adhesion between the polymer matrix and
metal often results in a weak interfacial strength. In addition,
failure at the interface is enhanced by thermal stresses generated
by the mismatch of the respective thermal expansion ratios,
further reducing the overall performance of the joint.5

Strategies to enhance the TPM�metal interfacial strength can
be divided into three categories on the basis of the length scale at
which they function, including the macro-, micro-, and
nanoscales. At the macroscale, the main focus is the design of
the overall geometry of the joint.6 Issues at the microscale are
concerned with the effect of roughness in terms of mechanical

interlocking and the interfacial contact area.7 At the nanoscale,
molecular interactions prevail8 and chemical modifications can
be employed to couple poorly interacting materials.9 Regarding
challenges at the nanoscale, reports have focused on using
conventional coupling agents, such as silanes, to promote
adhesion in comolded joints.10�12 We believe that if progress is
to be made toward designing and forming high-performance
joints, new approaches are needed, particularly at the nanoscale.
Biomimetic adhesives based on poly(dopamine) (PDA) have
recently been studied due to their capacity to provide the
required increase in interfacial adhesion.13,14 To this end, the
present work focuses on the molecular interactions that occur at
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the TPM�metal oxide interface and how they can be engineered
by employing PDA.

Metal oxides and polymeric species usually bond via acid�
base interactions occurring between donor/acceptor groups that
are present in the polymer chain and at the oxide surface.15

When the polymer chain architecture does not promote
molecular interactions, surface modifications are required to
enhance adhesion.11 As mentioned, in this study, we utilize
PDA16�20 for improving adhesion at the interface.

Inspired by the strong mussel adhesion in harsh marine
environments, Messersmith and co-workers21 polymerized
dopamine under alkaline conditions (Figure 1A) and observed
the formation of a PDA layer on the surface of virtually any
material immersed in the aqueous solution during the
polymerization process. The PDA film that is formed is known
to participate in three types of reactions.13 In the case of metal
oxide surfaces, using TiO2 (rutile) as a substrate, density
functional theory calculations have shown that the dopamine
molecules orient nearly perpendicular to the surface, with the
hydroxyl groups coordinated toward TiO2.

22,23 This result
bolsters the interaction strength and enhances adhesion.

In this study, we focus on the reaction of PDA with carboxylic
acid24,25 to form amide bonds (Figure 1B). We also note that the
thermal treatment of PDA at 150 °C improves the cohesiveness
of the PDA layer,26 which is a good indication of the thermal

stability of this PDA layer at the comolding temperatures
required for thermoplastics (i.e., 150�300 °C). The ability of
PDA to strongly bind to various substrates, in combination with
its postmodification possibilities and expected thermal stabil-
ity,13,27 shows that it has high potential to improve adhesion in
TPM�metal comolded joints.

Since it was first synthesized,21 PDA has been applied as a
coupling agent in different nanocomposite systems obtained by
thermal processing, with some systems showing improvements
in their mechanical performance.28�36 However, in these
studies, the effect of PDA on interfacial adhesion was not
quantitatively elucidated. Therefore, it remains unclear whether
the observed improvements originate from enhanced interfacial
adhesion or from other factors (e.g., an increase in the frictional
interaction of filler with the matrix). In addition, there have been
no reports on the application of PDA for improving adhesion in
TPM�metal comolded joints. Thus, the goal of the present
study is to apply PDA on the metal surface of a comolded TPM�
metal system that is known to exhibit poor interfacial strength,
evaluate the effect of PDA by quantifying the work of adhesion,
and maximize the interfacial strength by utilizing the reactivity of
PDA.

To evaluate adhesion, fiber pullout experiments were
employed due to their proven and successful application in
quantifying the interfacial work of adhesion of a variety of

Figure 1. Polydopamine formation via the pH-induced oxidation of dopamine (A) and amide bond formation between polydopamine and methacrylic
acid (B).24,25

Figure 2. Schematic representation of a wire pullout sample and the applied surface modifications located on different length scales. The dimensions of
the pullout sample and coating are scaled.
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materials.37�43 Comolded specimens were prepared using
titanium grade 5 (Ti6Al4V) wires and poly(methyl methacry-
late) (PMMA) as a model system. Ti6Al4V was chosen for its
commercial relevance, whereas PMMA is known to exhibit poor
adhesion with metals, thus providing plenty of room for
adhesion improvement. Pullout experiments were performed
and analyzed to calculate the work of adhesion for different
modifications of the Ti6Al4V surface. PDA layers were applied
on Ti6Al4V wire surfaces, followed by a poly(methyl
methacrylate-co-methacrylic acid) (P(MMA-co-MAA)) copoly-
mer coating step on the PDA. The copolymer was applied to
ensure the compatibility of PDA with the PMMA matrix, i.e., the
copolymer should be capable of reacting with the PDA layer and
is expected to promote the formation of secondary bonds and
molecular interdigitation with PMMA. The sample design for
pullout experiments and the schemes of the surface-modified
structures are shown in Figure 2. The overall adhesion of the
joint was optimized by tuning the MMA-to-methacrylic acid
(MAA) ratio of the copolymer.

2. EXPERIMENTAL SECTION
2.1. Materials. Azobisisobutyronitrile (AIBN; molar mass (M):

164.21 g mol�1), 4-cyano-4-(thiobenzoylthio)pentanoic acid (M:
279.38 g mol�1), methacrylic acid (MAA; M: 86.09 g mol�1), methyl
methacrylate (MMA; M: 100.12 g mol�1), aluminum oxide (Al2O3),
dopamine hydrochloride (M: 189.64 g mol�1), tris(hydroxymethyl)-
aminomethane buffer (M: 121.14 g mol�1), potassium hydroxide
(KOH), and deuterated dimethyl sulfoxide (DMSO)-d6 were
purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands).
Titanium grade 5 wires (Ti6Al4V) with a 1 mm diameter and an
average RMS surface roughness value of 2 � m were purchased from

SELFAN Fine + Metal GmbH (Ko�ln, Germany). Altuglas PMMA
granules were acquired from Resinex (Deventer, the Netherlands).
Toluene, acetone, 2-propanol, and N,N-dimethylformamide (DMF)
were obtained from VWR (Amsterdam, the Netherlands). All
chemicals were used as received, with the exception of AIBN, which
was crystallized from methanol prior to use.

2.2. P(MMA-co-MAA) Synthesis. A typical P(MMA-co-MAA)
reversible addition fragmentation chain transfer (RAFT)44 polymer-
ization was as follows: Initially, MMA and MAA were passed through a
neutral Al2O3 column to remove the inhibitor. To 20 mL of anhydrous
DMF in a 50 mL Erlenmeyer flask, 7.1 × 10�2 mol of MMA and MAA
monomers (ratios specified below), 3.6 × 10�5 mol of RAFT agent, and
2.7 × 10�5 mol of AIBN were added, and the solution was degassed for
30 min using a nitrogen stream. Subsequently, a sample was taken for
nuclear magnetic resonance (NMR) analysis and the solution was
degassed for 10 more min. Next, the flask was immersed in a silicon oil
bath at 70 °C and the solution was allowed to react for 24 h, after which
another NMR sample was taken. In total, seven different compositions
of P(MMA-co-MAA) were synthesized using the following MMA-to-
MAA molar ratios: 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, and 0:100.

2.3. Wire Cleaning. The Ti6Al4V wire was straightened with a
force of 730 N for 5 min using a tensile testing instrument (Zwick i-line
Z5.0, Zwick/Roel, Ulm, Germany) and then cut into 9 cm long pieces.
One tip (the embedded tip) of the pieces was polished using 320-grit
sandpaper and then 800-grit sandpaper. Subsequently, the wires were
ultrasonically cleaned (2510 ultrasonic cleaner; Branson, Danbury) in
different solvents, first in toluene and then in acetone, Milli-Q water
(Milli-Q Advantage A10, Millipore), and isopropanol, with each
cleaning lasting 30 min. Then, the wires were dried at 200 °C under
vacuum overnight and stored in a sealed cylindrical container. These
wires are hereafter referred to as “clean wires”.

2.4. PDA Wire Coating.21 To modify the Ti6Al4V wires with PDA,
clean wires were treated with oxygen plasma (Plasma Prep II SPI; West

Figure 3. Schematic depicting the mold design and Ti6Al4V wire placement (A) and an actual image of the same. (B) Mold filled with PMMA pellets
before the comolding process (C) and a photograph of a pullout specimen (D).
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Chester) for 1 min using a current of 40 mA at an oxygen pressure of
200 mTorr. Following plasma treatment, the wires were immediately
immersed in a freshly prepared tris buffer solution (10 mM, pH = 9
[KOH]) containing dopamine hydrochloride (5 mg mL�1) and allowed
to stand for 24 h under ambient conditions. Finally, the wires were
removed from the solution, cleaned thoroughly with Milli-Q water, and
dried overnight under vacuum at room temperature. The PDA-coated
wires were then stored in a container for 24 h before being used for their
respective experiments.

2.5. P(MMA-co-MAA) Wire Coating. To coat the Ti6Al4V wires
with P(MMA-co-MAA), clean or PDA-coated wires were taped onto a
20 × 20 × 1.0 mm3 titanium platelet, and the polished tip was immersed
2 cm deep in a P(MMA-co-MAA)/DMF solution (200 mg mL�1). The
sample then underwent spin drying (using a P6700 Specialty Coating
Systems) at 1000 rpm for 1 min. Finally, the P(MMA-co-MAA)-coated
wires were dried under vacuum at room temperature or 150 °C
overnight and stored in a cylindrical container.

2.6. PMMA-Ti6Al4V Wire Comolding Process. Specimens for
the pullout tests were prepared by compression molding using a mold
designed for this process (see Figure 3). Compartments (40 × 20 × 4
mm3) of the mold were isolated with glass fiber-reinforced Teflon strips.
Modified Ti6Al4V wires were guided through these strips, and the mold
compartments were filled with PMMA granules. The construct was
then pressed (THB 400; Fontijne, Delft, the Netherlands) between two
glass fiber-reinforced Teflon sheets with a pressure of 40 MPa at 200 °C
for 10 min and cooled to room temperature (30 min cooling time). The
samples were demolded and stored under ambient conditions for 24 h
before being subjected to the pullout tests. A schematic of the overall
process is shown in Figure 3.

2.7. Pullout Process. The comolded samples were subjected to
pullout tests (Zwick i-line Z5.0, Zwick/Roel, Ulm, Germany) using two
modified grips (see Supporting Information SI 1) at a crosshead speed
of 10 mm min�1. At least five specimens were tested for each sample
configuration.

2.8. Characterization Methods. Nuclear magnetic resonance (1H
NMR) (Avance III (400 MHz); Bruker) was used to determine the
degree of polymerization and conversion and the MMA-to-MAA ratio
of the copolymers using DMSO-d6 as the solvent. Example NMR
spectra are shown and discussed in Supporting Information SI 2.
Fourier transform infrared (FTIR) spectroscopy (Alpha, Bruker) and
thermogravimetric analysis (TGA; TGA550, TA Instruments) of the
copolymers were also performed. In a typical process, 0.3 mL of a
P(MMA-co-MAA) solution in DMF (200 mg mL�1)� similar to that
used during spin drying (see Section 2.5)� was poured on a Teflon
sheet, followed by drying and annealing under vacuum overnight at 150
°C. The resulting samples were separated from the Teflon sheets and
subjected to thermogravimetric analysis (TGA) and Fourier trans-
formed infrared (FTIR) spectroscopy measurements. TGA was
performed in a N2 atmosphere from 50 to 500 °C at a rate of 20 °C
min�1. FTIR (ATR mode) was performed from 4000 to 400 cm�1, and

64 scans were performed at a resolution of 4 cm�1. The FTIR spectra
were subjected to baseline correction and smoothening (25 points).
The TGA and FTIR data, as well as their analysis, are shown in
Supporting Information SI 3.

X-ray photoelectron spectroscopy (XPS; Quantera SXM, Physical
Electronics) was performed on the clean and PDA-coated Ti6Al4V wire
surfaces to verify the successful formation of the PDA layer. A
monochromatic Al K� radiation source at 1486.6 eV was used with a
100 � m diameter beam and 25 W X-ray gun power. The base pressure
of the chamber was 5.4 × 10�10 Torr, and the working pressure was 3.0
× 10�8 Torr (argon). The beam input and detector input angles were
45°. The obtained XPS spectra along with their respective analysis are
shown in Supporting Information SI 4.

Scanning electron microscopy (SEM) (JSM 7610 FPlus; JEOL) was
used to image the surface morphology of the Ti6Al4V wires, measure
the thickness of the copolymer coatings and evaluate the type of
interfacial failure of the wires following pullout testing. Prior to the
cross-sectional SEM analysis, the modified wires before and after the
pullout tests were immersed in liquid N2 for 2 min before being cut. The
acceleration voltage was 1.5 kV, and the working distance (W.D.) was
11.4 mm. Energy-dispersive X-ray spectroscopy (EDX) was performed
to provide further information on the interfacial failure mode using an
EDX detector (Oxford Instruments AztecLive Standard Ultim 40 mm2,
127 eV) equipped on an electron microscope. The obtained EDX
spectra along with their analysis are shown in Supporting Information
SI 5.

3. RESULTS AND DISCUSSION
3.1. Testing Method and Analysis. First, we display and

discuss the results of the pullout tests for the unmodified Ti
wires. Figure 4A shows a typical force-crosshead standard travel
pullout curve of a clean Ti wire�PMMA comolded joint.
Initially, a linear increase in the force with standard travel was
observed. In this region, the existing crack formed during
cooling (see Figure 3) propagated toward the embedded end
(see the schematic in Figure 4A). The complete propagation of
the crack occurred at the slip point, where the wire moved with
respect to the matrix for the first time. Past the slip point, the
wire was progressively removed from the embedded matrix,
initially in a stick-and-slip manner, followed by frictional sliding,
until the wire was completely separated from the embedded
matrix. “Stick-and-slip oscillations” (section d in Figure 4A)
have been previously observed in pullout experiments and were
assigned to the difference between the static and dynamic
friction coefficients, as well as to the Poisson contraction of
fibers.40,45 The amplitude of the oscillations depended on the
force to initiate the slip of the wire46 and was gradually reduced

Figure 4. Example wire pullout curve depicting Fs and Fo (A) and Fs and Fo versus embedded length (B) of a PMMA-titanium joint using unmodified
Ti wires.
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with the removal of the wire from the matrix to result in frictional
sliding (section e in Figure 4A).

To interpret the results obtained by the pullout experiments,
the theory originally introduced by Outwater and Murphy47 was
employed. This particular analysis describes the debonding of a
ductile fiber from a brittle matrix using Griffith’s fracture
criterion.41 Bowling and Groves,48 based on the theory of
Outwater and Murphy, expressed the force at the slip point (Fs)
(indicated as c in Figure 4A) as

� � �= +F r E G rL2 ( ) 2s
3/2

f a
1/2

f (1)

where r is the diameter of the fiber, Ef is the modulus of the fiber,
Ga is the work of adhesion, L is the embedded length, and � f is
the interfacial stress between the embedded fiber and polymer
matrix following debonding. Equation 1 contains two terms,
namely, the adhesion term that corresponds to the force
required to detach the interface (or initiate crack propagation)
and the frictional term that corresponds to the frictional
interaction at the detached fiber-matrix interface. To estimate
Ga, the frictional term of eq 1 needs to be excluded, which results
in

�=F r E G2 ( )o
3/2

f a
1/2 (2)

where Fo is the force required to initiate crack propagation.
According to the analysis of Wang,41 there were two potential

methods to exclude the interfacial stress term in eq 1 and
determine the value of Fo.

41 The first approach included
subtracting the force at the first stick-and-slip point (see Figure
4A) from the slip force. The second method involved plotting
the values of Fs versus L and extrapolating the curve to an
embedded length of zero. As a result, we obtained the force
required to pull out the fiber under no-friction conditions (see
eq 1).48,49 Figure 4B shows the dependence of Fs and Fo on the
embedded length (L). It can clearly be seen that the value of Fo
was independent of L. In addition, the value of Fs showed a linear
dependence on L at low L values, whereas a deviation from
linearity was observed at higher L values. The dependence of
both Fs and Fo on L had been experimentally observed and
reported by Wang in a poly(tetrafluoroethylene) (PTFE) fiber-
polypropylene system.41 Our observations can be explained by
the Bowling and Groves analysis48 (eq 1) for low�medium L
values (eq 1). The deviation from linearity observed for higher L
values was tentatively attributed to the Poisson contraction of
wire at higher force values.50 Using L values below 2 cm, the
value of Fo was determined with the methods discussed above
and was found to be 46.2 ± 5.5 and 45.5 ± 8.1 N, respectively;
see Figure 4B. The good agreement of the Fo values calculated
using the two different methods, in combination with the
observed dependence of Fo and Fs on L, verified the applicability
of Wang’s analysis on the PMMA-Ti system presented in this
study.

Using 46.2 N as a value for Fo, a diameter of 1 mm, and a wire
modulus of 114 GPa in eq 2, a value of 3.8 J m�2 was obtained for
the work of adhesion (Ga) between Ti and PMMA. To the
extent of our knowledge, no values have been reported in the
literature for the interfacial adhesive energy (i.e., energy per unit
area) between Ti and PMMA; instead, interfacial adhesion has
been discussed in terms of tensile or shear stress.51�57 These
values are highly dependent on the morphology of the Ti surface
as well as on the testing method, which makes a comparison with
the results presented in this study speculative. However,
Aminabhavi and co-workers58 reported the use of molecular

dynamics simulations to calculate the interaction energy
between an MMA monomer and different titanium oxide
surfaces, which ranged from 1.78 to 2.08 J m�2. Our
experimentally determined value of Ga was on the same order
of magnitude. Exceeding the simulated value could be a result of
several factors, including the assumptions made in the
simulations,58 as well as in Wang’s model,41 such as the assumed
inextensibility of the polymer matrix, the actual surface
composition of Ti, and the effect of surface roughness.

3.2. Pullout Tests on Surface-Modi� ed Wires. As
previously mentioned, to promote adhesion in the PMMA-Ti
joint, a two-step surface modification of Ti was performed. In the
first step, a PDA layer with a thickness of a few tens of nm was
formed, to which in the second step, a P(MMA-co-MAA) thin
film was added. The complete surface coverage of Ti by PDA
was verified by XPS (see Supporting Information SI 4).
Successful copolymer synthesis was verified by NMR. The
NMR data were used to obtain the values of Mn and the MMA/
MAA composition of the copolymers (see Supporting
Information SI 2).

Figure 5 shows the values of Fo versus the MAA content of the
copolymer layer. The Fo values clearly increased with the MAA

content until approximately 24% (light blue region; Figure 5).
Regarding higher MAA contents, Fo showed a sharp drop
followed by a decreasing trend as the MAA content increased
(red region; Figure 5). This behavior was unexpected because it
was initially assumed that an increase in MAA content would
continuously increase the interfacial strength due to reaction
and covalent bond formation between carboxylic acid and PDA.
To obtain further insights into the origins of this unexpected
behavior, the mode of failure was examined in detail.

SEM was used to image the Ti wire surface. Figure 6A shows
the SEM image of a clean wire. After being coated with PDA and
copolymer, the interfacial structure is captured at a higher
magnification in Figure 6B, clearly depicting the coating layer.
Additional images provided information about the interfacial
failure modes. Figure 6C,D shows representative images of the
wires coated with a copolymer and with MAA content in the
blue and red regions of Figure 5, respectively, following pullout
testing. The structural differences of the failed interfaces are
apparent. Figure 6E,F shows the cross-sectional images of the

Figure 5. Fo versus the MAA content of the copolymer layer on the
PDA-modified Ti wire. The blue region represents failure at the
copolymer�Ti interface, and the red region corresponds to failure at
the copolymer�matrix interface, as represented by the schematic cross
sections in the insets.
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interfaces for the wires displayed in Figure 6C,D, respectively.
Figure 6F reveals that the copolymer layer deposited on the
PDA-coated wire remains on the wire surface following pullout.
This result is evidence for failure at the copolymer�matrix
interface. However, in Figure 6E, the copolymer layer could not
be seen anymore. This observation indicated a change in the
location of the failed interface, which shifted to occurring
between the copolymer layer and Ti surface. In addition to
morphology imaging by SEM, we also performed an EDX
analysis to monitor the chemical composition of the wire surface
following pullout. As we show in the Supporting Information (SI
5), EDX provided further evidence for the conclusions reached
above.

Following debonding of the interface during the pullout test,
the Ti wire was sheared against the PMMA matrix until the two
were completely separated. During this process, “frictional
material transfer” was likely to occur between the metal and
polymer due to large differences in their respective shear
strength values. Regarding Ti�copolymer interfacial failure, this
would correspond to material transfer from the polymer to the
Ti surface. An example of this can be seen in Figure 6C,E, where
the remaining polymer is observed on the Ti surface following
pullout. However, this result does not allow us to conclude
whether the PDA film indeed remained at the Ti surface; thus,
unambiguous identification of the failure location in this case

was not feasible. Therefore, for simplicity, we will refer to the
Ti�PDA�copolymer system as the copolymer�Ti interface.

Considering all of the above observations, we identify two
potential sites of interfacial failure that include the copolymer�
Ti (Figure 6C) and copolymer-PMMA matrix (Figure 6D)
interfaces. The Ti�copolymer interfacial failure shown in Figure
6C is representative of MAA copolymer compositions up to
24%. Similarly, for MAA compositions of 33% or higher, Figure
6D serves as a representative interfacial failure location.

We interpret these results tentatively by analyzing the
functionality of the MAA component of the copolymer coating.
Methacrylic acid could react with PDA, forming amide bonds,24

at the Ti�copolymer interface. The formation of covalent bonds
explained the initial trend of increasing Fo with an increasing
MAA content of the copolymer. However, MAA also engaged in
thermally triggered cross-linking reactions, which were con-
firmed by TGA and FTIR measurements (see Supporting
Information SI 3). This result implied that a higher MAA
content in the copolymer yielded a higher degree of cross-
linking. Different interactions exist between the PMMA and the
copolymer layer. During the comolding process, the fully mobile
PMMA matrix was brought into contact with the copolymer
coating, enhancing interactions such as secondary forces and
molecular interdigitation. The formation of such enhanced
interactions was expected to be hindered by the increased degree

Figure 6. SEM images of (A) a clean Ti wire prior to the comolding process; (B) the cross section of a cut copolymer-coated wire prior to the
comolding process; (C) a PDA-copolymer-coated wire with an MAA copolymer content of 15% (blue domain in Figure 5) after pullout testing,
showing interfacial failure at the copolymer�Ti interface; (D) a copolymer-coated wire with MAA copolymer content of 42% (red domain in Figure 5)
after pullout testing, showing failure at the copolymer�matrix interface; (E) the cryo-fractured wire shown in (C); and (F) the cryo-fractured wire
shown in (D).
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of cross-linking with an increasing MAA concentration. The
latter mechanism reduced the strength of the copolymer�
PMMA matrix interface. These opposing trends resulted in a
maximum in the observed Fo values.

The MAA content at which one interface became stronger
than the other was the point at which the maximum adhesion of
the joint was observed and the point at which the site of failure
changed. This point was expected to be within the transition
region at approximately 30% MAA, as seen in Figure 5. The
maximum measured Fo was at 24% MAA and was found to be
294.5 N, 6 times the value of unmodified wires. According to eq
2, the interfacial adhesion energy (Ga) at 24% MAA was 155 J
m�2. When this value was compared to the fracture toughness of
PMMA, i.e., 700�1600 J m�2,59 we could argue that the
maximum achieved work of adhesion was approximately 10�
20% of the fracture energy of PMMA. It should be noted that the
surface of the Ti wires used in this study, as indicated by XPS
measurements (see SI 4), contained minor contaminants
originating either from atmospheric carbon or processing during
wire production. We estimate that this could cause a slight
decrease in the maximum bonding strength between PDA and
Ti, since the dopamine molecules during PDA film formation
would have a reduced TiO2 area to coordinate to. Nonetheless,
the fact that we still observe high bond strength even when not
using ideal surfaces further supports the use of the present
method for improved interfaces also in technological applica-
tions.

Figure 7 presents representative pullout curves for all data
points shown in Figure 5, in addition to a wire coated with PDA
and PMAA (100% MAA). Remarkably, the stick-and-slip
behavior changed significantly when the site of interfacial failure
changed from the copolymer�Ti interface (Figure 7A�D, blue
region) to the copolymer�matrix interface (Figure 7E,F, red
region). The initial “spike” in Fo strongly decreased and
eventually disappeared, while the “envelope” of the stick-slip
section altered significantly. We attribute these differences to the
changes in the interfacial properties from one interface to the
other. We note that the change in the frictional profile (the stick-
slip envelope) could provide a rapid method to identify the site
of interfacial failure. The plots of the samples that showed failure
at the copolymer�Ti interface (Figure 7A�D) suggested that

although the slip force increased with the MAA content, the first
stick-and-slip point remained constant at approximately 250 N.
This result was in good agreement with the predictions of eq 1,
providing further proof that the particular analysis employed
here could describe the results of the testing method used in the
present study.

To verify the interaction between PDA and the copolymer
layers for the copolymer with 24% MAA, which showed the
highest interfacial strength, a control experiment was performed.
A comparison of the Fo values obtained for an unmodified, PDA-
coated, copolymer-coated, and PDA�copolymer-coated wire is
shown in Figure 8. With respect to the unmodified Ti wire, the

application of a PDA layer did not show any significant increase
in the Fo values. This result indicated that the PMMA matrix
could not efficiently participate in a thermally triggered reaction
with PDA; thus, no enhanced adhesion was observed. Similar
results were observed with the copolymer coating, with only a
slight increase in the Fo values. Regarding the wire with the
combined coating, a dramatic increase in the Fo value was
observed in comparison to the other cases. This increase clearly
showed that the interaction between the subsequently deposited

Figure 7. Representative pullout curves of samples prepared by copolymer�PDA-modified wires with copolymers and with MAA contents of 0, 5, 15,
24, 33, 42, and 100% (A�G). Cross-sectional schematic representation of the modified pullout samples (H).

Figure 8. Fo values of the different surface modifications of Ti wires. In
this case, 24% represents the P(MMA-co-MAA) copolymer with 24%
MAA content.
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layers resulted in a significantly strengthened interface of the
combined coating.

4. CONCLUSIONS
We demonstrated the effect of a PDA�copolymer double-layer
surface modification of a metal to significantly improve the
adhesion of a TPM�metal comolded joint. Comolded joints of
PMMA and (modified) titanium grade 5 (Ti6Al4V) wires were
prepared by compression molding and subjected to pullout tests.
The pullout testing method was analyzed using the modified
theory of Outwater and Murphy47 introduced by Bowling and
Groves.48 Our results were in excellent agreement with the
theoretical predictions. The application of PDA on the Ti
surface did not show any significant improvements in adhesion.
This result indicated that PMMA and PDA did not engage in a
thermally triggered reaction. Adhesion was engineered by the
application of a P(MMA-co-MAA) coating on PDA-modified Ti.
By increasing the MAA content of the copolymer, a failure
transition from the copolymer�Ti to the copolymer�PMMA
interface was observed. We interpreted this change as follows: an
increase in the MAA content strengthened the copolymer�Ti
interface by the formation of more amide bonds between MAA
and PDA. However, the thermal cross-linking of the MAA
moieties weakened the copolymer�PMMA interface by
preventing the formation of secondary bonds and molecular
interdigitation. This mechanism explained the change in the
interfacial failure location as well as the observed maximum Fo
values for the different copolymer compositions. A copolymer
with 24% MAA showed the maximum interfacial strength, that
is, 6 times the strength of unmodified Ti, which could not be
further improved due to the cross-linking of the MAA moieties.
The P(MMA-co-MAA) coating did not perform as well in the
absence of PDA, indicating the synergistic interaction between
the layers. Overall, PDA was demonstrated to be thermally
stable in terms of adhesion, with high potential for future TPM�
metal comolding applications.
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