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High-Performance Metal–Polymer Composites: Chemical
Bonding, Adhesion, and Interface Design

1.1 Introduction

Most published books on adhesion are focused on the discussion of reversible
physical interactions along the interface of polymers and coatings. Such adhesion
can be described fairly well in terms of thermodynamics. In contrast, mechanical
anchoring due to rough surfaces and mechanical interhooking is determined by
mechanics. Chemical interactions or chemisorptionsmay be caused by hydrogen
bonds produced by polar groups containing a covalently bonded H atom and an
atomwith a free pair of electrons. Oxygen and nitrogen groups are often involved
in hydrogen bonds. Chemical bonds are often in focus of speculation but sel-
dom clearly detected. Only in a few cases, chemical bonds between polymers
and coatings were consciously prepared. This book will present some examples
for systematic introduction of covalent bonds between polymers and coatings
along the interface. The efficiency to form chemical bonds instead of physical
interactions is high because of higher binding energies; thus, a strong adhesion
promotion by dense chemical bonds is expected.
Sticking two solids together using vegetable resins is one of the oldest

examples for adhesion in the history of mankind, at least in the period as Homo
sapiens were arriving in Europe (about 40 000 years ago) [1]. It is also found
that the foregoing species, the Homo neanderthalensis (180 000–30 000 years
ago), may also be Homo erectus (1 000 000–180 000 years), invented glue as
essential to produce their most formidable hunting weapon using bitumen or
asphalt and heated it for better gluing. The finding in 1963 in Königsaue is
at least 40 000 years old, that in Campitello is 200 000 years old, and that in
Inden-Altdorf about 128 000–115 000 years old (Figure 1.1) [2–4].
The base of this development of weapons was the found in the lances in

Schöningen (Germany), more than 300 000 years old, hardened at the top by
fire [5].
Now, let us consider the basics of adhesion in a composite or laminate. Two

different solids with almost different chemical compositions, structures, reactiv-
ities, surface properties, and mechanical strengths collide in one atomic layer,
and the transition from one to another solid takes place in one atomic layer. This
transition from solid A to solid B is called interface (Figure 1.2).
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Figure 1.1 Model of a more than 10 000
years old spearhead made of flint stone and
fixed by bitumen and bowstring.
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Figure 1.2 Example for the
principal structure of a
polymer–metal laminate.

This atomic gap between solid A and solid B has to be bridged by physical,
chemical, or mechanical forces to achieve proper adhesion. Often, a clear transi-
tion from solid A to solid B in one atomic layer is not found. Adjacent to the inter-
face, polymers often show a newmolecular orientation caused by the interaction
with the coating material. Such an example is the “trans-crystalline” orientation
of polymers in coatings caused by the texturing action of the metal substrate
[6]. This behavior is similar to that of the well-known epitaxy. Thus, the inter-
face region of a composite or laminate consists of the ultimate interface, tran-
sition zones in the two neighboring solids (interphases), and the intact original
morphology of the two solids (bulk) (Figure 1.3).
Often, contaminations and additives accumulated at the polymer surface,metal

oxide skin, and aged and/or oxidized polymer species at the surface/interface hin-
der the direct interaction of the two solids in a laminate.
Another problem is the contact area between two solids. The greater the con-

tact area, the higher is the concentration of interactions and the stronger is the
adhesion.Thus, roughness can increase the contact area, when one solid can wet
and, therefore, adapt the rough surface topography of the other solid (Figure 1.4).
Such adaptation occurs when the coating is evaporated, molded, or is a dip- or
spin-coating film.
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Figure 1.3 Examples of the schematic
design of metal–polymer interfaces with
interphases and the original bulk
materials.
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Figure 1.4 Problems with minimum contact area in case of laminating rough surfaces.
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Now, let us have a look at the binding energies of interactions between
two solid phases. The energy of interactions grows moderately from physical
interactions to hydrogen bonds. Nevertheless, such van der Waals interactions
and hydrogen bonds have low binding energies in comparison to those of
chemical bonds. However, such low binding energies can be compensated
partially by a high concentration of such interactions, that is, the addition of
such many very weak interactions results in a great sum, also in strong adhesion
in comparison to rare strong chemical bonds (Figure 1.5). The conclusion is that
a great number of strong chemical bonds are needed to achieve a maximum in
adhesion.
It will be shown in the following chapters that a high density in chemical bonds

across the interface can be realized. However, in such a case, two new difficul-
ties appear. First, the chemical bonding across the interface is equal to or even
stronger than the bonds in the polymer represented by the cohesive strength of
the polymer in laminate materials; thus, the failure at mechanical loading shifts
from the interface to the polymer bulk, termed as cohesive failure (Figure 1.5).
And, secondly, the chemical bonding makes the interface inflexible, and at

mechanical loading, adjacent material layers fail (near-interface failing). To avoid
such failing by stiffened near-interface layers, flexibilization of the interface
is needed as realized by long-chain aliphatic spacers or viscoelastic polymer
adhesion-promoting layers (Figure 1.6).
Chemical bonds across the interface between two polymers are most often

covalent bonds, such as C—C, C—O—C, CO—O, CNH2—O, etc. bonds. Their
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Figure 1.5 Schematic comparison of the strength of interactions (bond dissociation energy)
and the measured total adhesion between a polymer and a coating, depending on the type of
interaction and the density of these interactions along the polymer–coating interface.
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Figure 1.6 Locus of failure in metal–polymer laminates.

formation is possible by chemical reactions of different functional groups of the
two laminated polymers, by graft reactions or by use of peroxide for linking. The
bond strengths of such covalent bonds are in the range of 350–400 kJmol−1 or
more, greater than the physical interactions by a factor of at least 100.
If the polymers are compatible in a thermodynamic sense, that is, have similar

structure or equal chain segments, interdiffusion may also occur [7]. The com-
patible chain segments of polymer A and polymer B interpenetrate in a small
interface layer. Solvent-induced swelling or heating supports interdiffusion. In
such a case, the relating polymers A1 and A2 can coil in the interdiffusion zone
as themacromolecules of a homopolymer.Thismolecular entanglement provides
adhesion strength along the (former) interface similar to the cohesive strengths
of polymers A1 and A2.
Functional groups on polymer surfaces or introduced on polyolefin surfaces

can react with metal atoms or with its hydroxy groups at the surface of the oxide
coating of the metal to chemical bonds (Figure 1.7).
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Figure 1.7 Variants of covalent bonds across the interface between polymer and coating.
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The aim of this book is to overcome simple physical interactions in composites
and to establish, in the adhesion community, new polymer pretreatment pro-
cesses, new interface design by more chemical processing.
The higher binding energy, at least one order of magnitude, achieved by

chemical (covalent) bonds compared to physical interactions between polymer
and coating molecules should increase the adhesion in laminates and composites
considerably. Thus, if covalent bonds are more densely distributed across the
interface, a significantly higher adhesion in laminates or composites should be
achieved. It can be compared with the cross-linking of polyolefins by peroxides
producing a harder but more brittle polymer bulk with all its advantages and
disadvantages.
Now, two solids are strongly bonded together by covalent bonding; however,

the interface is simultaneously made more stiff and inflexible.Thus, the mechan-
ical loading is redistributed from the interface in the (often) weaker solid, and
the failure is relocated to the vicinity of interface as determined by interfacial
thermodynamics and formation of internal stress [8]. Strong interfacial covalent
bonds weaken the adjacent covalent bonds in the solid. For example, in polymers,
the failure propagation changes from the interface to such weaker near-interface
layer, which is associated with a considerably lower adhesion. It was shown that
peeling is always assisted by internal stress, here, caused by strong covalent bonds
along the interface and by different thermal expansion, whether tensile or com-
pressive, because the stored elastic energy released by mechanical separation
of the joint can drive the crack through the weakened near-interface layer of
the polymer [9]. Such simple dislocation of failure to near-interface weakened
polymer layers is not the optimum solution of the adhesion problem, but it is a
significant advantage compared to a poor interfacial failure.
Many additional dispositions have to make for adhesion improvement in

polymer composites than the introduction of chemical bonds. For example, flex-
ibilization by spacer molecules or viscoelastic polymer layers, barrier formation
against water, and ion diffusion and water repellence from interface to avoid
hydrolysis of polar covalent bonds belong to such additional requirements. Such
special design of the interface will be discussed later in detail.
Goal of adhesion promotion by introduction of chemical bonds is to generate a

polymer–coating composite, which cannot more be separated mechanically and
which is long-term durable also under heat and humid conditions [10].
Polyolefins have no functional groups, which can serve as comfortable anchor-

ing points for chemical bonding to a coating. Thus, the surface of polyolefins has
to be equipped artificially with reactive functional groups of one sort as possibly
to form covalent bonds between polyolefin and coating. There are different ways
to introduce such monosort functional groups on the surface of polyolefins, may
be by blending or coating with adhesion-promoting polymers, copolymerization
with adhesion-promoting comonomers, for example, maleic anhydride or phys-
ical, plasma-chemical or chemical surface modification [11].
With the introduction of such reactive groups to the polyolefin surface, a

chemical reaction with reactive groups or atoms of the coating molecules can
be started. This chemical reaction to form covalent bonds between the polymer
substrate and the coating has often to be performed without the presence of
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solvent. Therefore, prominent chemical reactions, such as nucleophilic substi-
tutions, are not readily possible. Here, further investigation are needed, such as
that made by Ertl for elucidation of catalysis mechanism [12].
In this context, it is important to note that the interface is often the bound-

ary between two physically and chemically completely different solids, such as
in case of metal-coated polyolefin foils. Two solid phases are confronted in one
atomic layer, and the transition from one to another solid has to be achieved in
one atomic layer. A long jump and, therefore, a strong gradient exist in different
chemistry and physical behavior.
This abrupt transition from one to another type of molecules is now bridged

by a covalent bond. It is easily understandable that such a bond is not a pure
covalent bond. In case of a bond between polymer and metal phase, the polarity
of such covalent bond is obvious. Moreover, the redox potential of metal is also
of importance for the bond formation or for chemical reactions between metal
and polymer, that is, it is significant if the metal is a noble metal or ignoble metal.
Thus, the binding energy of such a covalent bond between metal and poly-

mer is in the same range of covalent bonds in polymer molecules (or even
higher), but the long-term durability is very weak under ambient air condi-
tions. The polar character of such bonds makes the bond easily attackable by
humidity, by water, producing hydrolysis of bonds, for example, in Al-coated
polymer laminates with Al—C or Al—O—C covalent but strong polar bonds:
Al—C +H2O → Al—OH + CH4 and Al—O—C +H2O → Al—OH +HO—C.
Penetratingmoisture is a general problem in adhesion.Water films in the inter-

face suspend the physical interactions because of the higher energy gain by the
interaction of polar groups at the polymer surface with water molecules than
with groups at the surface of the coatings with lower polarity (and lower surface
energy). Hydrogen bonds were weakened, ionic as well as covalent bonds were
hydrolyzed.
It should be added that two solids can also be strongly bonded together

mechanically, by mechanical anchoring and interhooking with knobbed nodules
and specially formed holes as known from anchoring of copper layers onto
printed circuit boards [13] or by simple roughening and, therefore, increas-
ing the contact area [14]. Such mechanical interlocking is also possible on a
molecular level. Thus, the thermal welding of polymers [15], the autohesion of
two pieces of the same polymer [16], the interdiffusion of structurally related
polymers [17, 18], interface-crossing interpenetrating networks [19] are also
possible. All this mechanical anchoring displaces the weak physical interactions
by mechanical interhooking and utilizes the strength of polymer molecules, that
is, the covalent C—C and C—O bonds of the polymer backbone determine the
adhesion. However, the density of interhooking points is limited; thus, only a
few backbones are used for adhesion. Therefore, such knobs and holes pull out
under mechanical load.
This book focuses on the interface chemistry of chemical interactions, the

mechanism of bond formation, the metastable situation of bonds producing
hydrolysis and the thermodynamically driven redox reactions, the protection of
polar bonds for hydrolysis and redox reactions by a barrier layer, the formation
of a special interface design for substitution of physical forces by chemical
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Figure 1.8 Continuous
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epoxy resin by covalent
bonds.

bonds, and the flexibilization by introduction of aliphatic spacer molecules. If
the thermodynamically metastable situation of covalent bonds is addressed,
then it will be shown later that such bonds tend to be transferred sooner or later
to thermodynamically stable products, such as oxides or hydroxides or alcohols.
The conclusion of this situation is that the polar covalent bonds have to be
protected perfectly against hydrolysis and redox reactions to achieve long-term
stability.
Chemical bonding to surfaces was termed as key factor for improved adhesion.

Watts embosses the term “The Holy Grail of Adhesion” [20]. Chemical bonds
as essential part of adhesion were assumed since the 1960/1970s, in particular
with the introduction of silane coupling agents [21–23]; for example, glass fibers
coated with aminosilane and embedded in epoxy resin show a continuous cova-
lent bonding between fiber and resin (Figure 1.8).
The exact proof of the existence of chemical bonds was presented by means

of X-ray photoelectron spectroscopy (XPS) [24]. The role of chemical bonds in
adhesion was emphasized by Gähde [25] and Friedrich et al. [26].
Before substantiating the role of chemical bonds for adhesion promotion, the

different types of interactions along polymer interface should be considered
[27]: Keesom forces arising from molecules with permanent dipoles, Debye
forces caused by a molecule with a permanent dipole inducing a dipole in a
neighboring molecule by polarization, and London dispersion forces arising
from instantaneous dipoles produced by the motion of electrons within the
molecule [28–31]. The London forces (Heitler–London forces) are ubiquitous
and account for a major part if not all of the strength of such polymers as
polyethylene [30, 32]. All these forces are summarized as van der Waals forces
[33]. Additionally, hydrogen bonds are also of significant importance below the
energetic threshold to chemical bonds (Table 1.1).
Owens and Wendt propose that it is generally agreed in theory that attrac-

tion due only to secondary forces and hydrogen bonding is sufficient to produce
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Table 1.1 Interatomic forces in physical and chemical interactions.

Forces Energy (kJmol−1) Range (Å) Radial decrease
of energy

Physical interactions (van der Waals)

Dipole–dipole (Keesom) 20 3–5 r−3

Induced dipole (Debye) 2 3–5 r−6

Dispersion forces (London) 0.08–40 3–5 r−6

Hydrogen bonds 50 1–2 1.8 in water
Covalent bonds 400 1–2 Bond length

adhesive joints between polymers of strength equal to that of the polymers them-
selves without the need for chemical bonds. Since these forces decrease as the
inverse sixth power of the distance between molecules, it is apparent that sur-
faces to be adhered must come into intimate, wetting contact [27]. Hydrogen
bonds are a further force [34]. It is the electrostatic attraction between polar
molecules that occurs when a hydrogen (H) atom is bound to a free electron pair
of a highly electronegative atom such as nitrogen (N), oxygen (O), or fluorine
(F). It is a strong dipole–dipole attraction [35]. Among the chemical interactions,
the donor–acceptor interactions were made responsible for adhesion as well as
[36] acid–base interactions [37, 38]. Colloid particles and their deformation at
adhesion contact to a solid were considered [7], and contact-electrical phenom-
ena also promote adhesion [39]. Forerunner of the electrostatic theory was the
polarization theory, postulated by de Bruyne and Houwink [40].
In contrast to Owens and Wendt, other authors accept the existence of chem-

ical bonds across the composite interfaces, even though van der Waals forces
are dominating [41].The significance of different forces and their contribution to
adhesion were summarized in a few works [42].
Fowkes has proposed the simultaneous existence of the aforementioned differ-

ent adhesive forces andhas considered their contribution to the (measured) adhe-
sion by its addition [36, 43, 44].Thework of adhesion (WA) consists of dispersion
(d), hydrogen (h), Keesom and Debye (k), acid–base (ab), and principally chem-
ical bonds (cb): WA = WA

d + WA
h + WA

k + WA
ab + WA

cb + · · · [41]. The surface
free energy (𝛾) could be expressed in the same way in terms of contributions
from the various interactions, 𝛾 = 𝛾

d + 𝛾
h + 𝛾

x + 𝛾
i + 𝛾

ab [45], where the super-
scripts x represent dipole–dipole interactions; i, induced dipole–dipole. These
relationships were often contracted to WA = WA

d + WA
p, where the superscript

p represented all the polar nondispersion forces involved. WA can be determined
from contact angle data using the Dupré equation [46] for the reversible ther-
modynamic work of adhesion (WA) to separate two closely contacting phases 1
and 2, WA = 𝛾1 + 𝛾2 − 𝛾12, where 𝛾12 is the interfacial free energy between phases
1 and 2 [47–49].
The shortly introduced objectives and basics of adhesion should be discussed

in more detail in the following chapters. The author is aware that there are many
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books and encyclopedias written on adhesion of polymers. To add simply a new
one is not fruitful.The author is also not a declared specialist on the development
and interpretation of new adhesion theories. However, the author has introduced
some ways for the introduction of chemical bonds across the interface; he has
special knowledge on fitted interface design, has developed different tasks of
interface design, has considered the chemical reactions passing the interface; and
has also discussed other chemical problems in more detail. The reader should
consider all chemical aspects of interface interactions and should bemotivated to
consider synthesis of an interface design, which is adjusted and specially tailored
to polymer and coating structures. A few examples are presented to demonstrate
such newly created interface designs. The thus produced outstanding results of
adhesion measurement are discussed in the light of the special interface design.
An ideal molecular arrangement along the polymer interface is discussed, and
general limitations in adhesion improvement are also considered.
Nevertheless, some basics to polymer adhesion shall be presented to give the

reader amore or less complete book on adhesion problems. However, techniques
of adhesion measurement are omitted or only touched. Glues, adhesives, and
silane adhesion promoters are not objects of this book.
Following this Introduction, general theories of adhesion and wetting, inter-

actions at interface, polymer near-interface layers, the special situations at poly-
olefin surfaces, tasks of new interface structure, pretreatment of polyolefins, and
achieved increase in adhesion by use of inserted spacer molecules are discussed.
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