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ABSTRACT: In this work, various lengths and densities of poly(methyl
methacrylate) (PMMA) brushes were synthesized on stainless steel (SS) | ‘
surfaces via surface initiated atom transfer radical polymerization. Subsequently, ' O ’
the joints between the bulk PMMA and the PMMA brushed stainless steel were
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obtained by injection molding, and for these the degree of adhesion was

i i iti : s PMMA brush Moulded
assessed by tensile testing. Several conditions are required to facilitate the bulk PMMA

mixing between the brushes and the bulk polymer and to reduce the residual

Primer

stress at the interface: preheating of the SS samples before the injection

molding; a long packing time; and a mold temperature above the glass transition temperature ( Tg) of PMMA during the injection
molding. This treatment leads to a cohesive failure in the bulk PMMA. It was observed that the stress concentrated at the rim,
due to contraction of bulk PMMA during cooling, results in a weak adhesion at the rim of the joint. A combination of high
density and long brush length of PMMA film provides better adhesion. The large number of PMMA brush chains apparently
promotes good penetration into the bulk PMMA chains and ultimately results in high adhesion strength.
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1. INTRODUCTION

Structural adhesive bonding is applied widely across most
industrial sectors, for example, automotive, electronics, and
coating industries." The modification of surfaces and tailoring
of surface properties with organic films have recently received a
large amount of interest since this may improve the surface
interaction with surrounding media.>* The main concern when
applying an adhesive is the in-service durability of the resulting
connections under a range of conditions. The durability of the
adhesive bonds can be improved by ensuring covalent bonds
between the plastic item/coating and the underlying material,
for example, a metallic surface.” > A convenient way to obtain
covalent bonds with metallic surfaces is by employing the
electrofacilitated reduction of aryldiazonium salts using the
metal as cathode.”>>® The process results in the anchoring of an
organic layer, and the new surface can be applied either as-
prepared”® or after another modification, to interact with the
desired plastic item or topcoat.”""!

In this paper the approach was to generate the anchored
organic layer by covalently linking polymer brushes to the
surface utilizing a surface-immobilized initiator, thus, a “grafting
from” approach.>'>™"> As the polymer brushes are miscible
with the incoming bulk polymer then mixing and/or
entanglement of the surface-confined polymer brushes into
the bulk polymer is expected. The result is a polymer—polymer
mixing zone, the nature of which depends on the brush length,
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time, temperature, and thermodynamic driving force."*'” For
alike/same polymers, entropy is the main driving force for
mixing of the surface-immobilized polymer brushes into the
bulk polymer melt. The surface density and length of individual
chains of polymer brushes, along with the relative ratio of these,
are important for the extent of interpenetration of polymer
brushes into the bulk polymer.'®™*' In general, long polymer
chains at an appropriate density are necessary to obtain good
interpenetration and thereby good adhesion, due to the ability
of sufficiently long polymer chains to entangle with the chains
of the adhering polymer.'******* In the low-density regime, the
grafted chains are isolated from one another and have freedom
to move and interpenetrate into a polymer melt, and thus
adhesion improves, at least up to a certain cutoff value of the
graft density. Beyond this cutoff value adhesion decreases due
to decreasing flexibility of the polymer chains, which have lower
free volume. As the surface density continues to increase, the
grafted chains begin to overlap and phase separate from the
polymer melt, and interpenetration of the grafted chains into
the polymer melt decreases even further.***

The objective of this work is to investigate the adhesion
between a chemically modified SS surface and a bulk polymer
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Figure 1. Schematic of the tensile strength test sample fabrication where (A) was SSpyya® and (B) was SSypg. The bulk PMMA is sandwiched

between the SSypy and SSpya” by injection molding.

Table 1. Experimental Conditions Used for Surface Modifications, Dry Film Thickness, Injection Molding Conditions, and

Tensile Strength

joint SS (A) HEBD/ BIBB/ acylation
entry samples mM mM time/h %Br
1 SSamvt
2 SSyv
3 SSBlank
4 SShlank
5 SSpania’ 2.0 500 3
6 SSpana’ 2.0 500 3
7 SSpana’ 2.0 500 3
8 SSpainia 33 5 025 0.7
9 SSpania™ 3.3 50 0.5 1.5
10 SSpamia’ 3.3 300 1 1.8
11 SSpaina 3.3 500 3 2.9

“SSyvr sample was not preheated at 100 °C.

dry film thickness/ PMMA melt mold packing strength/
nm T/°C T/°C time/s MPa
240 607 15 0.5 £ 0.0
260 120 300 13+2
260 120 60 0
260 120 300 2+2
28+ 6 260 120 60 2+1
28+ 6 260 120 180 35+1
28+ 6 260 120 300 S+1
S+2 260 120 300 6+2
12 + 4 260 120 300 S+1
43+3 260 120 300 8+2
34 +4 260 120 300 65 +1

as a function of variable graft density. Hence, a series of samples
with various graft densities were synthesized by adjusting the
reaction time and concentration of initiator solution.”**®
Covalently attached poly(methyl methacrylate) (PMMA) was
then formed on SS by surface-initiated atom transfer radical
polymerization (SI-ATRP).** The polymerization was verified
and quantified by infrared reflection adsorption spectroscopy
(IRRAS). The SS and the bulk polymer junctions were then
created with a range of parameters such as various injection
molding conditions and the chain lengths and densities of the
surface-immobilized PMMA brushes. Mechanical testing then
allows a determination of the ultimate tensile strength of the
interface. Finally, to investigate the failure mechanism and locus
of failure, X-ray photoelectron spectroscopy (XPS) was applied.

2. MATERIALS AND METHODS

2.1. Materials. Ethanol (96%, VWR International), acetone (99%,
VWR International), acetonitrile (MeCN) (HLPC grade, Aldrich),
dichloromethane (DCM) (HLPC grade, Aldrich), 2-bromoisobutyryl
bromide (BIBB) (98%, Aldrich), N,N,N’,N”,N"-pentamethyldiethyle-
netriamine (PMDETA) (99%, Aldrich), triethylamine (TEA) (>99%,
Aldrich), Cu'Cl (>98%, Merck), and Cu"Cl,-2H,0 ((>99%, Merck)
were used without further purification. The supporting electrolyte
tetrabutylammonium tetrafluoroborate (Bu,NBF,) was prepared using
standard procedure.”® 4-(2-Hydroxyethyl)aniline (>98%, Aldrich) was
used to synthesize 4-(2-hydroxyethyl)benzendiazonium tetrafluorobo-

rate (HEBD), following standard synthesis procedures described
elsewhere.”” Methyl methacrylate (MMA) (99%, Aldrich) was passed
through an aluminum oxide column to remove inhibitor. PMMA
(DIAKON CLG902L) pellets (Lucite International, Inc.) were used
for the injection molding.

Test pieces shaped according to ASTM D4541%° with 20 mm
diameter contact area were made of SS (ASTM 304) and are
illustrated in Figure 1. The SS pieces were prepeared by abrading the
contact surface using silicon carbide abrasive papers (P180, P500, and
P1000) giving a roughness of approximately 30 ym. Afterward, the SS
pieces were rinsed thoroughly with deionized water and ethanol
followed by sonication in ethanol for 15 min.

Microstructured SS (SSyny) pieces, which can induce micro-
mechanical interlocking (MMI) between the metal and the bulk
polymer, were prepared to serve either as a mechanically interlocked
counterpart or as a benchmark for the strength of the interface. The SS
surface was prepared for MMI by laser structuring using a commercial
Nd:YLF nanosecond laser with central wavelength of 1047 nm, a pulse
energy of 1 mJ, and a repetition rate of 40 kHz. The laser light was
focused onto the sample using an f = 250 nm lens giving a focused
spot size of 48 um leading to a peak intensity of 300 MW cm™ The
SS type 1.4301 was employed and structured by 5 times 11 pulses into
the same hole to yield a diameter and depth of approximately 100 y#m
for these holes. Holes were made with approximately 150 pm
separation in a cubic pattern (Figure S1, Supporting Information).>”*°

2.2. Electrografting and Preparation of Initiator Layer. The
initiator layer was applied onto the SS test pieces following the
electrografting protocol given in literature.>* Briefly, the electro-
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?(A) Formation of a covalently attached initiator film on SS through electrografting of HEBD tetrafluoroborate to obtain the grafted substrate SSqy;.
(B) The second step consists of a nucleophilic acyl substitution reaction with BIBB to form the corresponding initiator-based film, SSp,* (Y = I-V,
see Table 1. (C) SI-ATRP is employed using MMA as a monomer to produce covalently surface-attached polymer brushes, SSpppa”-

chemical modifications of the SSp,, samples were performed by
potentiostatic electrolysis in 2 or 3.3 mM HEBD and 0.1 M Bu,NBE,/
MeCN for 60 s at a potential 0.4 V more negative than the
voltammetric peak potential E,. determined from an initial cyclic
voltammetric sweep (sweep rate = 0.2 V s™') (Figure S2, Supporting
Information). Subsequently, the hydroxyl-terminated SS samples
(SSon) were immersed in DCM solution containing different
concentrations of BIBB (5, 50, 300, and 500 mM) and 50 mM TEA
at room temperature for different reaction times (0.25—3 h) to prepare
the various initiator density samples, SSy,” (Y = I-V, see Table 1 for
details).

2.3. SI-ATRP Procedure. Solutions for SI-ATRP were degassed by
a flow of argon through the sample for 20 min prior to polymerization.
For all SIIATRP, MMA (160 mL) in MeCN (4.7 M) solution was
added into a 250 mL three-necked round-bottom flask and degassed.
Subsequently, the ligand, PMDETA (0.2 mL, 10 mmol), catalyst,
Cu'Cl (80.0 mg, 0.8 mmol), and deactivator Cu"Cl,-2H,O (33.9 mg,
0.2 mmol) were degassed and introduced in the MMA solution, and
the solution was stirred and degassed for additional 15 min (argon
flow method). The SSp,” was partially immersed into the reaction
mixture and polymerized at 60 °C for 2 h under an inert argon
atmosphere. Afterward, the samples were rinsed with acetone, followed
by sonication in ethanol and acetone for 15 min in each solvent. The
PMMA-modified SS are then denoted as SSpyia® (€-8 SSpvmal)-

Scheme 1 shows a summary of the procedure for preparation of the
covalently attached PMMA brushes on the SS surfaces through the SI-
ATRP technique. (A) Formation of a covalently attached initiator film
on the SS is obtained through electrografting of HEBD tetrafluor-
oborate. (B) A nucleophilic acyl substitution reaction with BIBB
formed the corresponding initiator-based film. (C) The SI-ATRP is
employed, using MMA as a monomer, to produce covalently surface-
attached polymer brushes.

2.4. Injection Molding. Injection molding was employed to cast
the molten bulk PMMA onto the SS pieces and therefore make the
joints. Figure 1 sketches the general setup with all relevant features.
Tllustrated joint samples consisted always of a SSy; piece (B) and an
SSyvy SShin OF SSpamva’ piece (A). Injection molding with the
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SSpava’ samples was always conducted after preheating of both SS
pieces at 100 °C for 90 min. Various injection molding parameters in
terms of the temperature of the injected PMMA, the mold
temperature, and the packing time were used and are summarized in
Table 1.

2.5. Tensile Test. The tensile strength of polymer to metal joints
was determined in accordance with ASTM D4541.>® The ultimate
tensile strength was determined using an Instron SSOOR or Instron
4303 with a load cell of 25 kN at a crosshead speed of 0.1 mm/min.

2.6. Infrared Reflection Absorption Spectroscopy (IRRAS).
IRRAS spectra were recorded on a Nicolet 6700 (Thermo Fisher
Scientific). The Fourier transform infrared (FTIR) spectrometer was
equipped with an external module, which had a narrow band
mercury—cadmium—telluride (MCT) detector cooled with liquid
nitrogen. The infrared beam was p-polarized by a gold wire polarizer.
The spectral resolution and number of scans averaged were 4 cm™
and 100, respectively. The SS samples were irradiated at an angle of
80°. The p-polarized reflectivity of the film, R,(d), was divided with
reflectivity of the bare substrate RP(O) and presented as IRRAS
absorbance [—log(Rp(d) /RP(O))] after baseline correction using
facilities of the OMNIC32 software. All spectra were recorded at
room temperature under a dried atmosphere. The dry film thickness
was calculated from a calibration curve using IRRAS absorbance values
(Figure S2.2, Supporting Information).***"

2.7. XPS. XPS analysis was achieved using a Kratos Axis Ultra-DLD
spectrometer (Kratos Analytical Ltd., Manchester, UK.). The analyzer
was operated in the constant analyzer energy (CAE) mode at a pass
energy = 160 eV for the survey spectra and a pass energy = 20 eV for
high-resolution spectra of the elements of interest. Monochromated Al
Ka X-ray at power = 150 W with an analysis area = 300 X 700 ym>
was used. Charge compensation was achieved using an electron flood
gun. The binding energy (BE) = 285.0 eV for C—C/C—-H
components of C 1s peak was used as reference for charge correction.
Spectral processing was carried out using the computer software
CasaXPS (v. 2.3.15) provided by Casa Software Ltd. (Teignmouth,
UK).

dx.doi.org/10.1021/am5062823 | ACS Appl. Mater. Interfaces 2014, 6, 21308—21315
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3. RESULTS AND DISCUSSION

3.1. Characterization of PMMA Modified SS. The
IRRAS absorbance pertaining to the ester C=O stretch band
at 1740 cm™' was collected along with the dry film thickness
(Figures S3.1 and S3.2, Supporting Information), and the dry
thickness is shown in Table 1.

Figure 2 shows a plot of the dry thickness of PMMA brushes
against the %Br, which was obtained from XPS data (Table S4,

Mushroom/pancake
regime

100
‘ Stretch regime

a

L gl

Thicknessinm

Atomic % of Br (XPS)

Figure 2. Atomic concentration of bromine on SSy vs dry film
thickness for SSpyns® (A). The definition of the brush regimes are
adapted from ref 24; however, the temperature and catalyst
concentrations for ATRP differ from those used in this paper.

Supporting Information). The dry-film thickness of the
polymer brushes clearly depends on the surface concentration
of Br. Our previous work has shown that a mushroom/pancake
regime is obtained if the surface %Br does not reach a threshold
value of = 0.16%.>* Below this %Br the dry thickness is constant
since the anchoring of the chains leaves sufficient space for the
chains to grow and collapse onto the surface. Above the
threshold %Br density the distance between two anchoring
points becomes small enough, the polymer chains stretch away
from the surface to minimize the interaction between
themselves, and a brushlike conformation is formed.'®**3* In
this study the %Br is always >0.7%, which means the brushes
are in the stretch regime as indicated in Figure 2. Thus, as
expected, the dry film thickness increases with increasing %Br
content. A similar dry film thickness is found between the
SSpavina’” and SSpavia, which probably reflects the fact that fast
biradical termination occurs, and only some of the initiators can
grow high molecular weight polymer at the higher initiator
density.”>?> Thus, the dependence of the film growth rate on
the initiator density is lower at higher initiator density.

3.2. Parameter-Controlled Optimization of Injection
Molding Condition. Injection molding was employed to
produce a large number of reproducible test items for statistical
evaluation. Table 1 provides an overview of the ultimate tensile
strength of the different surface modifications and the injection
molding parameters. First, various injection molding parame-
ters in terms of the sample preheatment, the injection
temperature, mold temperature, and the packing time were
investigated using two SSyp test pieces (Table 1, entries 1 and
2). The tensile strength improved from 0.5 to 13 + 2 MPa by
increasing both PMMA melt and mold temperatures, probably
due to lowering the viscosity of the melt resulting in a higher
degree of the mechanical interlocking on the SSyp; surfaces. As
indicated above, significant improvements of the SSygq samples
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could be obtained not only by increasing the packing time to
300 s, but also by preheating at 100 °C for 90 min. So entries 1
and 2 represent the worst and best examples of adhesion
between two SSypg samples. Additional experiments, which
had varying injection and mold temperatures, showed almost
no effect as long as the sample was not preheated and the
packing times were less or equal to 60 s. Without preheating
the polymer melt, it most probably solidified on the surface of
the SS pieces without filling/packing the cavities in the MMI,
and even if the sample is preheated the polymer melt still needs
time to fill/pack the cavities.

3.3. Tensile Strength as a Function of the PMMA
Brush Thickness. A series with the SSp.. and SSpyma'
samples were tested (Table 1, entries 3—7). The tensile
strength is improved from nonexistant (strength = 0 MPa) to 2
+ 2 MPa by increasing the packing time for the SSg,., (entries
3—4), which is expected to be caused by the lowering of the
interfacial residual stress. Thus, the packing time has a great
influence on adhesion of the bulk PMMA to the SSgj,.«
surfaces.

No lasting adhesion was found between the bulk PMMA and
SSpyvma’ using a mold temperature lower than 120 °C (well
above the glass transition temperature of the PMMA, TgP MMA =
105 °C).** Such a high mold temperature is probably required
to ensure a significant and lasting joint, because of the structural
relaxation in the cooling and packing.

Using a mold temperature of 120 °C, all SSpypa” samples
exhibit higher tensile strength than SSg;,, samples, probably
due to improved wetting of the surface toward the PMMA
melt. The improved tensile strength with SSpypa' from
increasing the packing time (entries 5—7) suggests that the
time for brush mixing with the polymer melt, particularly when
above the T, of the bulk polymer, is important. The kinetics of
interdiffusion between polymer brushes and bulk polymer
largely depend on the diffusion time."”

Additional experiments, not included in Table 1, which were
carried out with similar SS;! but with shorter PMMA brushes
(dry-state thickness only S + 3 nm), showed that a packing
time of 60 s is sufficient to allow for interdiffusion of the short
PMMA brushes and bulk PMMA; however, the interaction
might be low, and the brush chains are pulled out resulting in a
lower strength of 3 MPa.*® By contrast, the longer chains of 28
+ 6 nm require longer time for the interdiffusion process but
ultimately have a sufficient interaction leading to higher tensile
strength, which might be caused by the inability of the chains to
be pulled out of the bulk PMMA during the tensile test. The
chain scission or crazing occurs, depending on the brush
density.”

3.4. Adhesion as a Function of PMMA Brush Density.
A range of samples with varying PMMA densities were
compared in terms of the tensile strengths (Table 1, entries
8—11). In general, higher graft density tends to provide higher
tensile strength. However, the significant standard deviations
make it difficult to observe a clear trend. The SSpyps” sample
(entry 10) exhibits the highest strength (8 + 2 MPa) for the
PMMA-modified SS sample, although the values are still lower
than the SSy,y sample (entry 2) (13 + 2 MPa).

Clearly, the tensile strength depends on the number of
PMMA brushes and the extent of penetration. A high density of
PMMA brushes ensures a larger number of chains are available
for mixing with the bulk PMMA, while the opposite is expected
for a low brush density. As a higher tensile strength of SSpypa'™
(entry 10) compared to that of SSpypa™ (entry 9) is observed,

dx.doi.org/10.1021/am5062823 | ACS Appl. Mater. Interfaces 2014, 6, 21308—21315
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Figure 3. Failure surfaces (failure area of 20 mm diameter) of various samples after the tensile test. Three possible modes of separation of the joint:
(I) Thin layer cohesive failure or interfacial failure at the bulk PMMA and SSyq. (II) Thin layer cohesive failure or interfacial failure at the bulk
PMMA on both SSpya’” and SSypy. (II) Mix of cohesive failure and thin layer cohesive or interfacial failure at the bulk PMMA and SSp; or
SSpama’- The a surface is defined as a failure surface of a thin (not apparent or visible) or completely absent PMMA layer, while the 3 surface is
defined as a failure surface of a thick (visible) PMMA layer. Indicated regions (A1—A4 and B1—B4) are the sites of XPS analysis. For numbering

system, see Table 1

it would imply that the brush density of SSpypa' is still
sufficiently low to allow the chains enough flexibility and free

volume to ensure a good interfacial mixing. The SSpypis”

sample (entry 11) shows lower strength than the SSpypa'"
sample (entry 10) and a lower PMMA thickness. It might be
that the chains on the SSpypys" are present in higher density
compared to the SSpypa" thus indicating less freedom to move
and thus less ability to interact with the bulk PMMA. On the
other hand, the lower thickness is also expected to lead to a
lower tensile strength.

3.5. Locus of Failure. Figure 3 shows the failure surfaces
after the tensile test. In the case of the SSpyna'" sample, the
failure occurs at both bulk PMMA/SS,g and bulk PMMA/
SSpavinma” interfaces (entry 10). For other samples (entries 4, 8,
9, and 11), a thick bulk PMMA layer is present in the middle
region of both sides of the failure surfaces, and thus the failure
clearly occurs cohesively within the bulk PMMA. The apparent
cohesive failure region, which represents approximately 30, 35,
40, and 47% of the area of the SSp;.1, SSpama’s SSpmma, and
SSpama’ failure surfaces, respectively, tends to increase with
increasing graft density. On the rim, however, the failure modes
tend to be near the bulk PMMA/SSpymia” 0 SSpy. interface
(by visual examination). This is in good agreement with a
theory that stresses are concentrated on the edge region of the
circular item due to the difference in thermal expansion
coefficients of SS and PMMA (which are 1 X 107> K™! and 7 X
1075 K7}, respectively,as) which leads to weak adhesion at the
rim.> By contrast, low stress in the middle region, from stress
relaxation, results in strong adhesion.>®®” This stress
distribution can initiate a crack propaggation which results in a
cohesive failure in the middle region.'”** By contrast, the crack
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formation was not observed on the SSypq sample. The SSypy
sample seems to demonstrate an interfacial failure at the
PMMA/SSy interface. Presumably, this is due to the fact that
the surface of the SSyq was laser structured, and thus the stress
is concentrated on each groove rather than at the edge of the
circular item.*®*® XPS analysis was employed to identify the
failure mode on these edge regions of the SSpya’-

3.5.1. XPS Analysis of Failure Surfaces. Table 2 shows the
results of the XPS analysis on both @ and f surfaces of three
different apparent interfacial failure regions; at the edge of the
sample (Al and B1), the outer region (A2 and B2), and the
inner region (A3, A4, B3, and B4). The surface composition of
the f surfaces of SSypy (B) pieces for all samples are generally
closer to the theoretical values for PMMA, which are 71%
carbon and 29% oxygen.

On « surfaces of all SSpypa (A) samples, the C/O ratio is
always larger than the expected 2.4 for the bulk PMMA, and the
deviation increases from the center (C/O = 3—6) to the edge
region (C/O = 6—10). An increase in this ratio indicates a
possible contribution of the primer layer, prepared with the
electrochemical grafting process, since the primer layer has a
higher C/O ratio compared with the PMMA layer (see Scheme
1). For the SSpyva” sample, a small amount of iron is observed
on the a surface of the edge region. This supports the
observation that the failure occurs close to the bulk PMMA/
SSpamva”’ interface, and since the thickness of the PMMA
brushes is only 4 nm, which is smaller than attenuation length
of a photoelectron (approximately 10 nm), part of the
underlying substrate is expected to be visible.

Figure 4 shows the high-resolution C 1s spectra of the

SSpavinma’” samples at the « failure surfaces. PMMA has a

dx.doi.org/10.1021/am5062823 | ACS Appl. Mater. Interfaces 2014, 6, 21308—21315
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Table 2. Surface Composition (atom %) of the Failure for
Different Samples”

C (¢] C/O ratio

SSpatma

Al (a surface)® 85.1 14.6 5.8
A2 (a surface) 78.9 21.1 37
A3 (a surface) 82.7 17.3 4.8
B1 (f surface) 75.2 24.8 3.0
B2 (f surface) 73.7 26.3 2.8
B3 (p surface) 77.2 22.8 34
SSpaia™

Al (a surface) 915 8.5 10.8
A2 (a surface) 90.0 10.0 9.0
A3 (a surface) 852 14.8 5.8
B1 (f surface) 83.5 16.5 S
B2 (f surface) 75.0 25.0 3.0
B3 (f surface) 73.8 26.2 2.8
SSpamma”

Al (a surface) 87.6 12.4 7.1
A2 (a surface) 83.9 16.1 52
A3 (a surface) 772 22.8 34
A4 (3 surface)© 61.5 334

B1 (f surface) 76.1 239 32
B2 (f surface) 75.6 24.4 31
B3 (f surface) 76.0 24.0 32
B4 (a surface)? 78.4 189

SSpamva”

Al (a surface) 90.9 9.1 10.0
A2 (a surface) 88.7 11.3 7.8
A3 (a surface) 79.7 20.3 39
B1 (p surface) 77.3 227 34
B2 (f surface) 76.0 24.0 32
B3 (f surface) 73.8 262 2.8

“Analysis area is indicated in Figure 3. Additional elements are
detected (atom %). “Fe (0.3). “Fe (2.7), Cr (1.4), and Mn (1.1). “Fe

(1.4), Cr (0.8), and Mn (0.7).

theoretical distribution of 40% of C—C and 20% of each of the
*C—C(0)=0, C-0, and O—C=0 components.40 For the a
surface (A3, Figure 4B) we find a distribution close to that for
the bulk PMMA. By contrast, the a surface (Al, Figure 4A) of
the edge region exhibits a high C—C component with low
oxygenated functionalities, supporting the hypothesis that the

signal has a substantial component from the primer layer in
these regions. Similar trends are observed on the o surfaces of
the other samples. The surface concentration of the SSpymia™”
sample was also analyzed by XPS before the injection molding
and exhibits 74% carbon and 26% oxygen, indicating that the
PMMA brush layer is thick enough to shield the primer layer
from XPS detection. The fact that, after the injection molding
and the tensile test, we observe contributions from the primer
on the edge and at the outer regions must indicate that the
failure does not occur at the bulk PMMA/PMMA brushes
interface, but that it occurs in the PMMA brush layer or
interdiffusion of the bulk PMMA/PMMA brushes layer, and in
both cases the failure is close to the primer/SS substrate.
Moreover, the locus of failure on the edge region is closer to
the primer/SS substrate than at the outer region.

3.6. Failure Mechanism. Cohesive failure of the bulk
PMMA in the middle region might have its origin in the stress
alleviated by the thermal profile from the injection molding.
The preheating time of 90 min at 100 °C and the packing time
of 300 s at 120 °C must be long enough and high enough,
respectively, to facilitate mixing of the brushes and the bulk
polymer and also to release residual stress of the polymer at the
interface.

By contrast, the failure on the edge region occurs very close
to the PMMA brush/primer interface, at least within 10 nm, as
judged from the escape depth of a photoelectron. The failure
could result from either chain pullout or stress-related breakage
due to the difference in the thermal expansion coefficients of SS
and PMMA. Moreover, the shrinkage of PMMA (0.3—0.8%) by
the thermal displacement may induce interfacial stress.

For the SSpyya" sample, the large number of PMMA
brushes can make good penetration into the bulk PMMA and
lead to relatively high tensile strength. In the case of the
SSpavma”” sample, the bulk PMMA and PMMA brushes may also
mix well; however, the number of cohesive interactions is lower,
and this results in a lower strength. The rate of interdiffusion is
difficult to examine since PMMA is used for both the bulk and
the brushes, but the presence of the cohesive failure indicates a
good interfacial mixing,

5. CONCLUSIONS

PMMA brushes covalently attached at a SS surface in various
lengths and densities were injection overmolded with molten
bulk PMMA. A tensile test was used to assess the strength of

Name Pos. %Area A
Cc-C 2850 772

*C-C(O)=O 2859 75

C-O0 2868 6.7

C=0 2875 25

0-C=0 289.1 6.1

Intensity/Arb. Unit

204 291

288
BE/eV

285 282

Name Pos. %Area B
cC 2850 534
*C-C(0)=O 2858 165
C-O 2869 157
0-C=0 289.1 144

Intensity/Arb. Unit

S S B E e S e e ey
288 285 282
BE/eV

Figure 4. High-resolution of C 1s spectra of SSpyps" sample at the failure surface area of (A) Al and (B) A3.
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the interface between the bulk PMMA and the PMMA-
modified SS. Preheating of samples at 100 °C for 90 min, a long
packing time of 300 s, and a mold tool temperature of 120 °C,
that is, above the TgPMMA, were needed to facilitate efficient
mixing of brushes and bulk polymer while also alleviating
residual stress of the polymer at the interface. Analysis of the
failure area revealed a cohesive failure of the bulk PMMA on
the central region. By contrast, high stress is concentrated at the
rim by the shrinkage of PMMA during cooling and leads to a
weak adhesion at the edge interface. Longer brushes and higher
densities of the PMMA polymer brushes on the SS surfaces
provide junctions with higher tensile strengths, probably
because of deeper and more frequent penetration of the
PMMA brushes into the bulk PMMA.
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