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A comprehensive overview is provided of the key aspects of injection over-molding
technologies used in automotive body-in-white (BIW) structural applications.
Specifically, the following aspects of injection-molding technologies are discussed:
(a) fundamental concepts related to synergistic polymer/metal interactions; (b)
classification of the technologies; (c) basics of polymer/metal adhesion and load
transfer; (d) application of computational engineering methods and tools for process
and product-performance simulations; and (e) compatibility of different injectionmolding PMH technologies with the automotive BIW manufacturing process chain.

1. Introduction
In the traditional automotive manufacturing practice, a choice has to be typically
made between the use of metals and plastics for various structural and non-structural
applications. This paradigm is gradually being shifted with the introduction of Polymer
Metal Hybrid (PMH) structures in which metals and polymers are integrated in a
singular component/sub-assembly. The main motivation behind the introduction of the
PMH technology into the automotive manufacturing practice is to, through the
application of a system-level approach, combine various requirements of several
adjacent components into a singular component/sub-assembly (typically consisting of a
metal-stamping core and plastic injection-molded overcoat containing multiple ribs) in
order to deliver a customer-specific solution/function [1–10]. When metals and
polymers are successfully integrated into a single component/sub-assembly, the systemlevel benefits obtained are greater than those attained through simple merging/joining
of the proximal parts. In fact, several patented PMH design/manufacturing technologies
have already proven their ability to allow the automotive original equipment
manufacturers (OEMs) and their suppliers to engage flexible assembly strategies,
decrease capital expenditures and reduce labor required to manufacture a vehicle.
An example of a PMH automotive body-in-white (BIW) load-bearing component
is depicted in Figures 1(a)–(b). The component in question is generally referred to as
the “rear longitudinal beam” which connects, on the front end, to the rocker panel, in
the middle to the shock tower, while at the rear end it connects to the rear cross beam.
The traditional all-steel design of this component is displayed in Figure 1(a) and
includes three sub-components: (a) main U-shape channel beam; (b) a reinforcement
plate and (c) a cover plate. The latter two sub-components are spot welded to the
first one. It should be noted that the cover plate is slightly shifted in Figure 1(a) in
order to reveal the location of the reinforcing plate. The PMH rendition of the same
component is depicted in Figure 1(b). The reinforcement plate has been replaced
with an injection-molded thermoplastic cross-ribbed sub-structure, while the
thickness of the cover-plate (not shown in Figure 1(b) for clarity) is reduced.
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Figure 1. An example of the: (a) All-metal and (b) Polymer Metal Hybrid
(PMH) load-bearing automotive component.
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Among many technical and economic benefits associated
with the use of the PMH technologies, the following appear
to be the most important: (a) reduction of the number of
components; (b) production of the integrated components
ready to assemble; (c) weight reduction compared to the
traditional all-metal solutions; (d) additional design and
styling freedom; (e) production of in-mold features like
brackets, bosses and attachment points; (f) safety
improvement due to lowered center of gravity of the
vehicle; (g) a major (several-fold) increase in the bending
strength of stamped metal sections. This effect is well
understood and is attributed to the plastic subcomponent
which forces the metal to maintain its cross-section
properties throughout the loading cycle and delays the
onset of failure due to localized buckling; and (h) improved
damping in the acoustic range (relative to their all-steel
counterparts, often as high as four times lower initial
decibel reading measured in a simple hammer-strike test).
The first publicly-reported case of the introduction of the
PMH technology into the automotive manufacturing
practice is the PMH front end of the Audi A6 [11]. This
component was produced by Ecia, Audincourt/France by
injection over-molding a sheet-metal stamping with a crossrib-shaped structure made of elastomer-modified polyamide
PA6 - GF30 (type: Durethan BKV 130 from Bayer).
Through direct mechanical testing of the PMH front end, it
was demonstrated that the two constituent materials (i.e.
metal and plastics) act synergistically to impart the
mechanical performance to the PMH component which is
not found in either of the two materials, per se.
Over the last few years, there has been an accelerated
trend to replace all-steel structures in automotive front-end
modules with their PMH counterparts. Besides their use in
automotive front-end applications, PMH structures are
finding an increased use in other automotive (e.g.
instrument-panel and bumper cross-beams, door modules,
tailgates, etc.) and non-automotive (e.g. appliance housings,
bicycle frames, etc.) applications. In addition to an
increased use of the PMH structures in automotive and
non-automotive applications, new PMH technologies are
being developed as alternatives to the classical overmolding method first established by Bayer/Ecia [11, 12].

Figure 2. The basic concept utilized in the PMH technologies. Buckling in
an open-channel all-metal component in (a) has been prevented by a riblike plastic substructure in (b) which provides the needed lateral support.

2. Classification of PMH
Technologies

The basic concept utilized in all PMH technologies is
illustrated in Figures 2(a)–(b). An open-channel thin-wall
sheet-metal component can readily buckle under
compressive load, Figure 2(a). With very little lateral
support, provided by a thin-wall cross-ribbed injectionmolded plastic subcomponent, Figure 2(b), the buckling
resistance (and the stiffness) of the component can be
greatly increased (while the accompanying weight increase
is relatively small).

Examination of all PMH technologies currently being
employed in the automotive and non-automotive industries
suggests that four major categories can be defined: (a)
Injection over-molding technologies; (b) Metal overmolding technologies combined with secondary joining
operations; (c) PMH technologies involving adhesive
bonding; and (d) Direct-adhesion PMH technologies. Each
of these categories of PMH technologies is briefly
described below.
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2.1. Injection Over-Molding PMH
Technology
This process was originally introduced and patented by
Bayer [12]. The process involves the following steps: (a)
sheet-metal blanks are stamped to obtain desired (typically,
U) shape of the metal inserts; (b) flared through-holes are
punched into the metal inserts; (c) inserts are next placed in
the injection-molding die; and (d) injection molding is used
to over-mold the metal inserts with a cross-ribbed
integrated structure made of 30% short glass-fiber-filled
polyamide (i.e. nylon-6). In this process, tight interlocking
between the metal insert and the short-fiber-filled nylon
cross-ribbed structure, and the attainment of a superior
combination of the PMH component stiffness and buckling
resistance, are achieved through: (a) formation of rivets
from the molten nylon which penetrated the insert throughholes; and (b) over-molding of the U-shaped insert flanges.
A solid model of the simplified PMH component
(consisting of an over-molded cross-ribbed nylon structure
and a U-shaped metal stamping) produced by injection
over-molding is displayed in Figure 3.

(extruded) two-dimensional geometries, due to the fact that
an injection molding press normally opens in only one
direction. In more recent renditions of this PMH technology,
side motion of the tooling has been added, which enabled
fabrication of multi-directional ribbed structures. These
modifications in the cross-ribbed reinforcing nylon
structure were found to yield significant improvements in
the load-bearing capability of the PMH component relative
to its U-shaped steel-stamping counterpart.
2.2. Metal Over-Molding PMH Technology
This PMH technology was originally developed and
patented by Rhodia [13] and employed for the front-end
module of a 2004 light truck intended for the South
American market. The manufacturing process involves the
following main steps: (a) a U-shaped steel stamping is
placed in an injection mold and the underside of the
stamping coated with a thin layer of short-fiber-filled nylon;
(b) a separate injection-molding operation is used to
fabricate a cross-ribbed nylon structure; and (c) lastly, in a
secondary operation, the over-coated metal stamping and
the cross-ribbed nylon structure are joined using ultrasonic
welding. The main benefits of this PMH technology are: (a)
potential for the fabrication of closed-section PMH
components which, due to the continuous nature of the
metal/polymer bond lines, exhibit a high load-bearing
capability; and (b) enabling of functional integration like
cable housings and air or water channels due to the hollow
core of the PMH structure. In a more recent rendition of
this PMH technology, gas or water injection-molding is
employed in order to produce a stiffer, thinner coating for
enhanced load-bearing capabilities and increased functional
integration.
Another, low-cost rendition of this technology is the socalled Plastic-Metal Assembling process, also developed
and patented by Rhodia [14]. The process comprises three
main steps: (a) within the first step, a U-shaped steel
stamping with punched holes and a nylon injection-molded
component, which contains columns or heat stakes that can
lock into the stamping holes, are produced separately; (b)
next, the two sub-components are brought into contact
while ensuring that the nylon columns penetrate the
stamped holes; and (c) lastly, the two sub-components are
joined using ultrasonic welding or heat staking to form
locking rivets from the ends of the plastic columns.
2.3. Adhesively-Bonded Polymer-MetalHybrid Structures

Figure 3. Exploded and integrated views of a prototypical injection-overmolded (simplified) load-bearing automotive body-in-white (BIW) PMH
component.

In the earlier renditions of this PMH technology, the
over-molded cross-ribbed structure was limited to

This type of PMH technology was developed and
patented by Dow Automotive [15], and introduced in 2003
in prototype form for a Volkswagen front-end module. This
process involves three main steps: (a) a separate fabrication
of the metal stamping and the injection-molded crossribbed structure made of short-glass-fiber filled polypropylene; (b) application of Dow’s proprietary low-energy
surface adhesive (LESA) to the sub-components to be
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joined using high-speed robots; and (c) curing of the
resulting adhesive joint. Often, to help maintain alignment
of the sub-components during curing of the adhesive, snap
features are designed into the sub-components.
The main additional advantages of this PMH technology
are: (a) the acrylic-epoxy adhesive LESA does not require
cleaning or other types of pre-treating of the low surfaceenergy poly-propylene; (b) adhesive bonding creates
continuous bond lines, minimizes stress concentrations and
acts as a mechanical buffer which absorbs and delocalizes
contact stresses between the metal and polymer subcomponents; (c) adhesively-bonded PMHs enable the
creation of closed-section structures which offer high loadbearing capabilities and the possibility for enhanced
functionality (e.g. direct mounting of air bags in
instrument-panel beams or incorporation of air or water
circulation inside door modules); and (d) through proper
selection of the LESA grade, adhesively-bonded PMH
structures can be optimized with respect to their stiffness,
buckling resistance, toughness, adhesion strength and cure
time.
2.4. Direct-Adhesion Polymer-Metal-Hybrid
Technology
This PMH technology is currently being developed [16–
17] and is aimed at addressing some of the main limitations
of the aforementioned three PMH technologies. Among a
number of limitations/shortcomings of the current PMH
technologies, the following appear to be most noteworthy:
(a) the injection over-molding process requires the presence
of through-holes in the metal stamping for the formation of
the interlocking rivets. However, the presence of these
holes may compromise the functionality and/or mechanical
performance (or even structural integrity of the critical
load-bearing) PMH components; (b) the injection overmolding process also requires over-molding of the metalstamping flanges for effective metal-to-polymer
interlocking. Since these flanges are often needed for spot
welding purposes, their over-molding may not be allowed;
and (c) in the case of adhesively-bonded PMH structures,
the high cost of the adhesive, the relatively long curing
time and the limited ability of the adhesive to withstand
aggressive chemical and thermal environments encountered
in the paint-shop during body-in-white (BIW) pre-treatment
and E-coat curing may be considered as potential
limitations.
Within the direct-adhesion PMH technology, the joining
between the metal and thermoplastic sub-components is
attained through direct-adhesion of injection-molded
thermoplastic cross-ribbed structure to the metal without
the use of interlocking rivets, over-molded edges or
structural adhesives [18]. Within this PMH technology,
various mechanical, physical and chemical phenomena and
processes are taken advantage of in order to attain a desired
level of polymer-to-metal adhesion strength. As reported in
Ref. [19], polymer-to-metal direct-adhesion technologies
can be classified as:
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(a) Technologies relying on surface roughness lengthscale polymer/metal mechanical interlocking
phenomena [e.g. 20–22]. While still of a
mechanical interlocking character, the mechanism
of plastic-to-metal joining in the case of these PMH
direct-adhesion technologies is distinct from that
found in the standard insert over-molding process
which relies on the shrink-fit phenomenon and
special under-cut geometrical features for good
polymer-to-metal load transfer. In the case of
direct-adhesion PMH technologies relying on
polymer/metal mechanical interlocking phenomena,
polymer/metal interlocking occurs by the
infiltration of the micron-size roughness features of
the metal substrate by the molten plastic and, upon
solidification, the formation of mechanical micronsize interlocks. It is well-established [20–22] that
for successful polymer/metal joining, metal
subcomponent preheating is extremely critical. It
was suggested in [19] that metal subcomponent
preheating can be effectively achieved by
integration of an induction heater into the injectionmolding mold;
(b) Technologies employing in-coil or stamped-part
metal priming with adhesion promoters [e.g. 23, 24].
The most frequently used primer is silane which,
owing to its amino and vinyl functional groups, acts
as a “coupling agent” which promotes adhesion
between inorganic (metallic, in the present case)
and organic (polymeric, in the present case)
materials. For silane to act as an adhesion promoter,
its organo-reactive moieties must be in contact with
polymer and metal which is achieved by coating the
metal substrate with silane just prior to injection
molding of the polymer [25]. It is generally
believed that the silane coupling reactions take
place in the following sequence: (i) hydrolysis of
the alkoxy group which results in the production of
hydrogen; (ii) formation of the hydrogen bonds at
the polymer/metal interface; (iii) interfacial
condensation of the functional groups; and lastly (iv)
interfacial chemical reactions with the polymer and
metal resulting in the formation of interfacial bonds
[26];
(c) Technologies based on chemical modifications of
the injection-molding thermoplastic material for
enhanced adhesion to metal [e.g. 27, 28]. Efforts
have been reported in the open literature involving
modification of either polymerized thermoplastic
material (through the formation of polymer blends,
[27]) or at the monomer level (through direct
changes in the monomer chemistry). In the work
reported in Ref. [10], poly-amide was chemically
modified by blending it with self-ordering poly(ester-amide) block co-polymer (a hot-melt
adhesive-like material). The resulting polymer
blend was found to exhibit an exceptionally high
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adhesion strength (>20MPa) even in the cases in
which metal surfaces were not pre-cleaned and
were left covered with drawing compound/oil prior
to injection over-molding.
An example of chemical modification of the
thermoplastic resin for enhanced polymer/metal adhesion,
was reported in Ref. [28]. In this work, the effect of direct
addition of various concentrations of styryl silane to styrene
(monomer) resin on the ability of the resin to directly bond
to aluminum upon polymerization was investigated. It was
found that the concentration of styryl silane in styrene resin
affected: (i) the thickness of the polymer-to-metal bonding
interface; (ii) the polymer/metal adhesion strength; and (iii)
the bond-strength sensitivity to the presence of moisture. In
addition, the results revealed that metal-surface preparation
via either chromic-sulfuric acid etching or phosphoric acid
anodization is highly critical for attaining good polymer-tometal adhesion. This observation was rationalized by the
role of etching surface treatment in ensuring that a
sufficient density of binding sites is available to provide
grafting or tethering of the polymer interfacial layer to the
metal surface.
The thickness of the interfacial layer, which is controlled
by the concentration of silane in the styrene monomers, has
been found to have a dominant effect on the adhesion
strength. Specifically, when the thickness of the polymer
interfacial layer becomes comparable with the average
distance between the polymer-chain entanglement points,
the polymer-to-metal adhesion strength attains its
maximum value;
(d) So-called “clinch-lock” PMH technology [8] which
utilizes some ideas from the spot-clinching sheetmetal mechanical fastening/joining process.
Specifically, stamping is used to produce shallow
millimeter-size “dove tail” shape impressions/
indentations into the metal subcomponent/stamping.
These impressions ensure that the subsequently
injection
over-molded
thermo-plastic
subcomponent is securely anchored to the metal
subcomponent. The joint provides effective
metal/polymer connectivity by at least two distinct
mechanisms: (i) mechanical interlocking; and (ii)
enhanced adhesion due to an increased
metal/polymer contact surface area; and
(e) Other approaches aimed at enhancing polymer-tometal direct-adhesion through physical and
chemical modifications in the metal-subcomponent
surface [29–32]. For example, in Ref. [31],
Openair® plasma is utilized to modify metal
subcomponent surface via the combination of the
following mechanisms: (i) surface cleaning, e.g. the
removal of organic contaminants; (ii) ablation,
which removes weakly-bonded surface layer; and
(iii) potential chemical modification due to
enhanced surface reactivity and the potential for the
occurrence of surface chemical reactions.

3. Mechanisms for Polymer/Metal
Joining
It is well-established [e.g. 1] that structural/functional
performance of a PMH component depends greatly on the
extent of load transfer through the polymer/metal interfaces
which, in turn, is controlled by the mechanism and strength
of polymer-to-metal joining. Hence, it is important to
identify and understand the nature of this joining across the
four aforementioned groups of PMH technologies.
3.1. Injection Over-Molded PMH Structures
In this case, polymer-to-metal load transfer is carried out
through purely mechanical component-length-scale
polymer/metal joints. These joints rely on the operation of
shrink-fit phenomena and on the formation of mechanical
interlocks promoted by the presence of special under-cut
geometrical features within the metal subcomponent.
3.2. Metal Over-Molded PMH Structures
In this case, it is the interface between the coating and
the metallic subcomponent that plays a critical role in the
load transfer, since the interface between the injectionmolded polymeric subcomponent and the coating, after
ultrasonic welding, is effectively seamless. As will be
discussed below, in conjunction with the direct-adhesion
PMH technologies, there are a number of potential
(mechanical and chemical) polymer/metal adhesion
mechanisms.
3.3. Adhesively-Bonded PMH Structures
In this case, polymer-to-metal interface is replaced with a
thin-layer structural interphase. Due to the presence of a
large number density of interfacial covalent bonds, the
interphase layer is typically stiff and strong and enables
almost complete load transfer between the two PMH
components.
3.4. Direct-Adhesion PMH Structures
As reviewed earlier, there are several direct-adhesion
PMH technologies and they rely on different polymer/metal
joining mechanisms. For example, one class of directadhesion PMH technologies relies on the formation of
surface roughness length-scale polymer/metal mechanical
interlocks [e.g. 20–22] which are formed as a result of the
infiltration of the surface roughness features of the metal
substrate by, and subsequent solidification of, the molten
plastic. On the other hand, in the case of the directadhesion PMH technology which employs metal surface
priming, as in the case of cold-rolled mild steel stamping
primed with amino-silane and over-molded with poly(vinyl chloride), PVC [23], the polymer/metal joining
mechanism is rationalized as follows: (a) amine
hydrochloride complexes appear to form by protonation of
amino groups of the silanes with HCl that was liberated
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from PVC during the onset of thermal dehydro-chlorination;
(b) furthermore, quaternization or nucleophilic substitution
of labile pendent allylic chloride groups by amino groups
on the silanes takes place, thus grafting PVC onto the
amino-silanes. It was determined that PVC having βchloroallyl groupings along its chains showed better
adhesion with steel pre-coated with amino-silanes; and (c)
interdiffusion of the polymer phase and the silane phase
was found to be also critical in obtaining good adhesion.

4. Results
In order to assess the potential of PMH technologies for
use in load-bearing automotive body-in-white (BIW)
structural
components,
various
multi-disciplinary
computational methods and tools have been utilized by a
number of researchers, designers and manufacturing
engineers (e.g. [18, 33]). The analyses cover the following
aspects of the PMH component design, fabrication,
performance and end-of-life considerations:
(a) application of the engineering design optimization
methods and tools to the design of an automotive
BIW PMH component which meets functional
requirements (e.g. those related to stiffness, strength
and buckling resistance) while accounting for the
component manufacturability constraints;
(b) detailed computational fluid dynamics numerical
simulation of the filling (including flow-induced
changes in fiber orientation), packing, and cooling
stages of the injection molding process used to
fabricate
PMH
short-fiber-filled
polymeric
subcomponent, and an anisotropic thermo-viscoelastic computation of the thermally- and pressureinduced (in-mold) stresses in an injection-molded
short-fiber-filled polymeric subcomponent;
(c) structural mechanics analysis (based on the use of
multi-layer shell elements) of shrinkage and
warping caused by the relaxation of the in-mold
stresses after polymeric-subcomponent (in the case
of metal over-molding or adhesive-bonding-based
PMH technologies) or hybridized subcomponent (in
the case of injection over-molding and directadhesion-based technologies) ejection from the
injection-molding mold; and
(d) structural mechanics analysis (including the effect
of adhesion-based load transfer between metallic
and polymeric subcomponents) of the PMH
component stiffness and strength under several
simple monotonic loading modes and under creep.
In the remainder of this section, a brief overview is
provided of these computational analyses.
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integration of advanced computer aided optimization
methods into the overall component/sub-assembly design
process. This is particularly true in the case of structural
load-bearing PMH BIW automotive components. In most
cases, the design of the load-bearing PMH components is
driven not only by stiffness and buckling-resistance
requirements but also by strength requirements (e.g. to
obtain the required performance in side-impact collisions).
Automotive BIW structural PMH components are
typically designed using the following finite-element based
two-step engineering design-optimization procedure: (a)
topology optimization is performed first to obtain a general
idea about an optimal configuration of the BIW component
in question which ensures mass-efficient load paths; and (b)
the component topology obtained in (a) is next interpreted
to form an engineering design which is then optimized
under real functional requirements, using non-linear finiteelement based, detailed size- and shape-optimization
methods and tools. Within these optimization procedures,
geometrical and material aspects of the PMH component
are treated as design variables, the objective functions are
defined in terms of the functional performance
requirements (as typically quantified by the required levels
of stiffness, strength or buckling resistance) while
constraints are generally associated with component
manufacturability, material compatibility with the BIW
manufacturing process chain, cost, etc. Examples of the
results obtained using strength-based topology and
detailed-design optimization procedures for a simplified
automotive BIW structural PMH component are shown in
Figures 4(a)–(b), respectively.

4.1. PMH Component Design and
Optimization
Due to ever-more restrictive lightweight targets and the
demands for shortened product development time-scale in
the automotive industry, a continuous need has arisen for an

Figure 4. Results of strength-based: (a) topology; and (b) detailed-design
optimization procedures for a simplified automotive BIW structural PMH
component.
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4.2. Modeling and Simulations of the
Injection-Molding Process
Thermoplastics injection molding is a widely used
manufacturing process for producing parts/components
with a high degree of geometrical complexity. A typical
injection molding process involves four distinct stages: (a)
filling of the mold with molten thermoplastics; (b) packing
– injection of additional material into the mold under high
pressure to compensate for the cooling-induced volumetric
shrinkage of the material; (c) cooling which gives rise to
the solidification of the material residing in the mold; and
(d) ejection of the solidified part/component from the mold.
During the filling, packing and cooling stages of the
injection molding process, the material is subjected to
complex thermo-mechanical loading which gives rise to the
changes in local specific volume (density), component
shape as well as to the development of the in-mold stresses
within the component. In other words, while the (thin-wall)
component resides in the mold, it is constrained by the
mold causing internal stresses to develop within the
component during solidification of the melt and subsequent
cooling. Upon ejection, these stresses relax causing
distortion/warping and further shrinkage of the molded
component.
Further warping and shrinkage of the
component may occur during cooling to room temperature
of the ejected molded component.
To take into account the fact that the injection-molded
plastic subcomponent is made of short-fiber-filled thermoplastics, and hence, may possess a heterogeneous, nonisotropic material, the following injection-molding process
simulation sub-analyses are generally carried out: (a)
identification of the optimal placement and the number of
thermoplastic-melt injection points; (b) mold-filling; (c)
melt-flow-induced changes in the fiber orientation
distribution; (d) mold-packing; and (e) in-mold stresses.
These sub-analyses are briefly reviewed below.
Optimal Placement and Number of Injection Points:
Before simulations of the injection molding process can be
carried out, the optimal placement and the number of
injection points (gates) has to be determined. To determine
an optimum number and location of the gates, a constrained
optimization analysis is typically employed within which
optimum values of the objective function (the degree of
balanced flow which ensures that regions within the mold
which are furthest away from the gate(s) are filled at
approximately the same time [34]) is attained through the
selection of the number and location of injection-points
(design variables) while meeting the constraints imposed
by: (i) the component geometry; (ii) the properties of the
thermoplastic melt; (iii) the specified injection-molding
process parameters; and (iv) injection-molding feasibility
(i.e. successful filling of the sections associated with the
minimum plastics-wall-thickness).
Mold-Filling Analysis: Earlier computational efforts
reported in the literature were mainly focused on predicting
pressure and temperature distributions within the mold

cavity and melt-front advancement during mold filling [35–
40]. More recent computational efforts, on the other hand,
have also addressed post-filling phenomena such as flowinduced changes in the fiber orientation distribution, and
the development of in-mold stresses within the component
[41, 42]. Furthermore, while the early efforts employed
mainly empirical material and melt/mold interaction
models [e.g. 42], the more recent computational
investigations employed more physically-based material
models and contact algorithms [e.g. 43].
Within the mold-filling analysis, the three basic
conservation equations, i.e. the mass, momentum and
energy conservation equations, are integrated spatially and
temporally using a (typically explicit) numerical scheme. In
the case of semi-crystalline polymeric materials, the
aforementioned partial differential equations have to be
combined with an additional (differential or algebraic)
equation defining the rate of crystallization.
It should be noted that, when a mold-filling
computational analysis involves short-fiber-filled thermoplastics, the melt-flow local field is generally assumed to be
independent of the orientation distribution of the fibers. On
the other hand, the flow field causes re-orientation of the
fibers and changes in their local orientation distribution.
Strictly speaking, the exclusion of the effect of fiber
orientation on the local flow field is justified only in the
case of injection molding of the thin-walled components, in
which the fibers are oriented nearly parallel to the plasticwall mid-plane and, hence, their interaction with the melt
flow is limited [44–49]. The conditions which have to be
satisfied in order for the influence of the fiber distribution
function on the flow to be neglected can be found in Ref.
[50].
Since injection molding of PMH subcomponents or overmolding of the PMH components involves melt flow
through thin mold-cavity channels, through-the-thicknessvariations in pressure are generally neglected and the melt
flow is treated to be of a Hele-Shaw flow character [51].
Consequently, mold-filling analysis is simplified and
involves not the direct solution of the governing
conservation equations but rather a solution of the pressurebased (elliptical partial differential) Hele-Shaw flow
equation [51]. When solving the Hele-Shaw flow equation,
the shear-rate, pressure and temperature dependencies of
the material viscosity must be specified. This is typically
done using the Cross model [43]. Furthermore, the
following boundary conditions are typically used in
conjunction with the Hele-Shaw equation: (a) Either the
inlet-flow rate or the pressure boundary condition are
defined at the injection points; (b) A zero-pressure
condition is defined on the advancing flow front; and (c) A
zero-normal-pressure gradient is specified over the moldcavity-surface. While these boundary conditions do not
generally ensure a “no-slip” condition over the moldcavity-surface (and may allow the fluid to “slip”), the
resulting inaccuracies in the velocity-field predictions are
typically found not to be significant [52].
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Since the Hele-Shaw flow equation considers only the
flow parallel with the local mid-plane, it does not account
for the fountain flow and may lead to inaccuracies in the
temperature and fiber-orientation predictions. These
inaccuracies are generally mitigated using one of the local
approximations [39].
One of the results of the mold-filling analysis is
determination of the instantaneous location of the flow
front. Typically, the flow front is tracked by discretizing the
mold cavity into a large number of control volumes and by
determining the state of filling of each control volume.

Figure 5. An example of the mold-filling analysis results showing spatial
distribution of the local filling time for the case of a vehicle PMH frontend module. (Please note that metallic stampings are not visible since they
are placed within the mold cavity.)

An example of the mold-filling analysis results showing
spatial distribution of the local filling time for the case of a
vehicle PMH front end module is shown in Figure 5. (Five
injection ports are marked as yellow cones.) It should be
noted that metallic stampings are not visible since they are
placed within the mold cavity.
Another result of mold-filling analysis is the temporal
evolution of the temperature field. This result is obtained
by solving numerically the energy conservation equation in
which the heat convection and viscous dissipation terms
from a previous time step are treated as source terms during
the current time step. Furthermore, to account for high rate
of heat conduction through the metal subcomponent (in the
case of injection over-molding and direct-adhesion PMH
technologies) or over the injection mold internal surfaces
(in the case of metal over-molding and adhesion-bonding
PMH technologies), time-dependent, uniform temperaturebased boundary conditions (determined using a separate
boundary element analysis [53]) are employed. It should be
noted that the use of this boundary condition assumes
temperature continuity at the polymer/metal and
polymer/mold interfaces. In other words, the effect of
interfacial heat conductance is neglected.
Flow-Induced Fiber Orientation Distribution Analysis:
As mentioned above, melt flow through the mold cavity
causes re-orientation of the fibers and changes in their local
orientation distribution. For accurate predictions of the
shrinkage and warping of an injection-molded component
made of short-fiber-filled thermo-plastics, knowledge of the
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flow-induced fiber-orientation distribution throughout the
component is critical [e.g. 54–56]. Since most commercial
short-fiber-filled thermo-plastics commonly used for
injection molding can be characterized as semi- or highlyconcentrated suspensions, fiber/fiber interactions and the
associated spatial constraints to the fiber motion may
significantly affect the final fiber-orientation distribution in
the injection-molded component. Typically, fiber/fiber
interactions are accounted for in computational analysis of
the injection molding process through the use of the FolgarTucker model [54]. In this model, an isotropic symmetric
second-order fiber/fiber interaction tensor is introduced in
the diffusion term of the equation of motion for an isolated
fiber in a Newtonian fluid [57]. The components of this
interaction tensor, as a function of the initial fiber
orientation distribution, fiber aspect ratio, the number
density of fibers in the suspension, the melt properties, and
the shear-strain magnitude, are assessed using direct
numerical simulations of fiber/fiber interactions within
simple-shear flow [55]. In these simulations, short-range
interactions are quantified using a lubrication model [58]
while long-range interactions are calculated using a
boundary element method [58].
Once the components of the interaction tensor are
determined for a given short-glass-filled thermoplastic
polymer melt, they are used, throughout the mold cavity,
within an anisotropic rotary diffusion equation to define
local rate of change of the fiber orientation distribution
function as quantified by the second-order fiber-orientation
distribution tensor. Time-integration of this rate of change
gives temporal evolution of the fiber orientation
distribution function during mold-filling.
Mold-packing Analysis: As mentioned earlier, moldpacking involves injection of additional melt into the mold
under high pressure to compensate for the cooling- and
solidification-induced volumetric shrinkage of the material.
While the packing phase of the injection molding process is
governed by the same conservation equations as the filling
phase, an additional equation, the equation of state, must be
defined in order to include the effect of melt
compressibility. The equation of state typically used in
mold-packing analysis defines a functional relationship
between the pressure, specific volume, temperature, and
cooling rate.
It should be noted that the presence of the cooling rate
term in the equation of state enables modeling of various
phase transformations (such as freezing, crystallization, and
ductile-to-glass transition) accompanying the packing
process. Furthermore, it should be noted that various
material properties such as volumetric thermal expansion
coefficients and compressibility, and their temperature and
pressure dependencies, are derived from the equation of
state.
In-mold Stress Analysis: There are two main sources for
in-mold stresses in injection-molded components: (a)
Visco-elastic deformations of the thermoplastic material
during filling/packing can give rise to the development of
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the so-called “flow-induced” in-mold stresses; and (b)
Restrictions to the (often inhomogeneous) cooling- and
solidification-induced shrinkage of the polymer due to the
mold walls and the applied packing pressure may lead to
the generation of the so-called “thermally- and pressureinduced” in-mold stresses. It is generally assumed that the
flow-induced in-mold stresses are relatively small and that
they are readily relieved while the component resides in the
mold at high temperatures prior to ejection. Consequently,
they are typically neglected in an in-mold stress analysis.
As far as the thermally- and pressure-induced in-mold
stresses are concerned, they have been extensively
investigated computationally [e.g. 59–68]. These
investigations clearly revealed the effects of mold-wall
constraints and thermo-plastic material properties on the
extent and distribution of the in-mold stresses.
Computation of the in-mold stresses entails the
knowledge of high-fidelity material models (in particular,
the time-dependent portion of the material model). This is
related to the fact that as the injection-molded component
begins to cool inside the mold, the relaxation time of the
thermo-plastic material starts to increase and to approach
the in-mold component resident time. Due to the small
magnitude of the attendant in-mold strains, the thermoplastic material behavior can be satisfactorily represented
using an anisotropic linear thermo-visco-elastic material
model [e.g. 69, 70]. Typically, within such models, the
viscous portion of the material response assumes
interchangeability between the time and temperature effects.
In other words, materials are assumed to be thermorheologically simple. It should be noted that this
assumption may not be fully justified in the case of shortfiber-filled polymers used in PMH structures. For
amorphous
polymers,
this
time/temperature
interchangeability is generally represented using the WLF
equation [71]. On the other hand, for semi-crystalline
materials, this interchangeability is based on an Arrheniustype expression [e.g. 1].
As established above, since the thermo-plastic material
used in PMH components is typically filled with short
fibers and the flow causes the orientation distribution
function to deviate from a random one, the material locally
behaves anisotropically. To quantify anisotropic aspects of
the material behavior from the knowledge of the polymeric
melt and fiber properties as well as from the knowledge of
the fiber orientation distribution function, one typically
employs one of the micro-mechanics based homogenization
procedures. A brief discussion of these procedures is
presented in the next section.
Once the appropriate material model has been
constructed, temporal evolution of the in-mold stresses can
be determined by carrying out a time-dependent thermo/visco-elastic structural analysis. Within this analysis, the
temperature field is imported from the filling and packing
analyses.
To simplify in-mold stress analysis, the following

assumptions/simplifications are typically used: (a) throughthe-wall-thickness normal stress is locally constant in the
through-the-thickness direction; (b) as long as through-thewall-thickness normal stress is compressive, the injected
polymer is considered to be in contact with the metal
subcomponent/mold; (c) locally, a component is fully
constrained within the mid-plane and, hence, the only
nonzero strain component is the one in the through-thethickness direction; and (d) metallic subcomponent/mold
are assumed to be rigid.
The in-mold stress analysis is typically carried out under
the following stress-based boundary conditions:
(a) When the component resides in the mold and the
injected material contains both a solid outer-layer
and a liquid core, the through-the-thickness normal
stress is set equal to the negative fluid pressure; or
(b) When the component resides in the mold and the
injected material has completely solidified, the
component may either be in contact with the metal
subcomponent/mold or be separated from it. In the
first case, the through-the-thickness normal stress is
determined using the condition that the average
through-the-thickness normal strain is zero. In the
latter case, the through-the-thickness normal stress
is set to zero.
Micro-Mechanics-based Derivation of the Effective
Material Properties: As established earlier, glass-filled
polymeric materials used in PMH components become
anisotropic during mold-filling due to flow-induced
changes in the (initially random) orientation distribution of
the
fibers.
Typically,
micromechanics-based
homogenization models are utilized to derive (anisotropic)
elastic and thermo-elastic properties of fiber-filled thermoplastic materials used in PMH technologies from the
knowledge of the properties of the constituent fiber and
matrix materials and the known fiber-orientation
distribution function [72]. It is generally assumed that the
injection-molded material is transversely isotropic, i.e. its
properties are equal in the transverse and the through-thethickness directions. Consequently, the elastic response of
such materials is defined by five (temperature-dependent)
elastic moduli while the thermo-elastic response is defined
in terms of two (longitudinal and transverse) linear
coefficients of thermal expansion.
The (homogenized and isotropic) elastic and thermoelastic properties of fiber-filled thermoplastics are typically
assessed using the following two-step micro-mechanics
procedure: (a) first, the properties of a material, in which
the fibers are perfectly aligned, are assessed using a
homogenization scheme within which the material at hand
is considered as an aggregate of discrete constituent
materials [e.g. 72, 73]; and (b) next, an orientation
averaging procedure is applied to include the effect of the
attendant fiber-orientation distribution on the effective
elastic and thermo-elastic material properties [e.g. 74].
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4.3. Ejected-Component Shrinkage and
Warping Analysis
While the injection-molded material resides in the mold,
it is constrained and cannot distort. However, after ejection,
the component can undergo shrinkage and warping. On the
other hand, in the case of an ejected PMH component, the
thermo-plastics
subcomponent
remains
somewhat
constrained
by
its
adhesion
to
the
steel
subcomponent/stamping.
The same thermo-visco-elastic structural mechanics
analysis used to determine in-mold stresses is often
employed in order to analyze shrinkage and warping of a
polymeric-subcomponent (in the case of metal overmolding or adhesive-bonding-based PMH technologies) or
hybridized subcomponent (in the case of injection overmolding and direct-adhesion-based technologies) after
ejection from the injection-molding mold. Since the
shrinkage/warping analysis is generally not carried out
within the mold-filling analysis but rather within a separate
structural mechanics finite-element program, the spatial
(including through-the-thickness) variations in thermomechanical material properties (a material-model definition)
and the in-mold stresses (initial conditions) have to be
imported from the injection molding process analysis
(where they were originally computed). After the part is
ejected from the mold, no external loads are applied to it
and, hence, the following boundary conditions are
employed: (a) six (three translational and three rotational)
degrees of freedom of one of the ejected component
material points are constrained in order to prevent
uncontrolled rigid body motion of the component; and (b)
zero-traction boundary conditions are applied over the
ejected-component surfaces.
4.4. PMH Component Structural Analysis
The ejected (warped) PMH component, after cooling to
room temperature, is subjected to a series of structural
(quasi-static and dynamic) finite-element analyses in order
to validate its functionality and assess its mass efficiency.
This is typically done by comparing the performance of the
PMH component against the performance of the
corresponding all-metal component, the PMH component is
intended to replace. An example of the results obtained in
such analyses involving an idealized load-bearing BIW
component [10] is displayed in Figures 6(a)–(f).
The all-metal rendition of this component (used as a
control) consists of a flanged U-shaped stamping and a
cover plate (spot-welded) along the length of the flanges,
Figure 6(a). Within the finite-element analysis employed,
each spot weld is modeled as a kinematic constraint
distributed over a circular region (corresponding to the
spot-weld size) of the contacting surfaces. The resultant
closed-box configuration generally provides a good
combination of compressive, bending and torsional
stiffnesses and strengths but, in the case of the all-steel
construction, the weight of the component is relatively high.
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To form a PMH rendition of the simplified load-bearing
BIW component, the all-metal control is modified in the
following way: (a) the cover plate is eliminated; and (b) a
plastic insert consisting of an overlay (mates with the
interior of the U-shape channel) and a series of “cross” ribs
is added. To ensure that the plastic insert will not be
affected by welding of the U-shape channel ends to the
BIW structure, the length of the insert is set to 80% of the
U-shape channel length and the insert is centered relative to
the channel lengthwise. The resulting configuration of the
PMH component is shown in Figure 6(b). Within the finite
element analysis of the PMH component, adhesion between
the metal and the polymer is simulated using specialized
cohesive elements which, through the use of normal and
tangential traction-separation relations, enable modeling of
the initial loading, the initiation of interfacial damage,
damage-induced adhesion stiffness/strength degradation
and the propagation of damage leading to eventual
decohesion of the adhering surfaces, e.g. [1].
To validate functional performance of the PMH
component under quasi-static loading conditions, the
control and the PMH component are each subjected to four
basic loading modes: (a) longitudinal (i.e. x-axis)
compression, Figure 6(c); (b) bending about the first
transverse (i.e. y-axis) direction, Figure 6(d); (c) bending
about the second transverse (i.e. z-axis) direction, Figure
6(e); and (d) twisting about the longitudinal (i.e. x-axis)
direction, Figure 6(f). It should be noted that in Figures
6(c)–(f), the four deformation modes are displayed only for
the PMH component, for brevity. Structural mass efficiency
of the PMH component is assessed by comparing massnormalized load and torque peak values between the
control and the PMH component. An example of such a
comparison is given in Figures 7(a)–(b). The results
displayed in Figures 7(a)–(b) suggest that the PMH
component outperforms its all-steel counterpart relative to
x-compression and z-bending load-bearing resistances
while the two are on par relative to their y-bending and xtorsion strengths.

Figure 6. Structural analysis of the PMH component: (a) all-metal control;
(b) PMH component; (c) axial compression; (d) bending about first
transverse direction; (e) bending about second transverse direction; and
(f) twisting about the longitudinal direction.
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depicted in Figure 8. When considering potential
consequences of the PMH technology selection relative to
the automotive BIW manufacturing process chain, one of
the key issues is compatibility of the selected PMH
technology with the main manufacturing-process steps
which include: (a) metal-subcomponent manufacturing by
stamping in the process shop; (b) PMH component or
thermoplastic sub-component manufacturing in the
injection-molding shop; (c) BIW construction by various
joining processes in the body shop; and (d) BIW pretreatment and painting in the paint shop. It should be noted
that, as indicated in Figure 8, bolt-on (i.e. non-structural)
and load-bearing (i.e. structural) BIW components have
somewhat different manufacturing history. These
differences are caused by the fact that, since structural
components are integrated into the BIW frame in the body
shop, they have to pass through (and be compatible with
the requirements of) the paint shop. On the other hand, it is
not necessary for bolt-on components to pass through the
paint shop since they can be directly attached to the painted
BIW frame in the assembly shop.

Figure 7. Typical results pertaining to: (a) mass-normalized force vs.
displacement; and (b) mass-normalized torque vs. torsion angle for the
all-steel (control sample) and PMH component (experimental sample)
used for validation of the PMH-component functionality/utility.

5. Discussion
When selecting among the previously overviewed PMH
technologies for use in various automotive manufacturing
applications, consideration is given to the total-life-cycle
(TLC) of the PMH component in question as well as the
TLC of the vehicle. The TLC PMH technology selection
approach differs from the more conventional
manufacturing-process selection approach [e.g. 7, 75, 76]
which primarily emphasizes issues related to the
component function and performance. The TLC approach,
on the other hand, considers the potential consequences and
ramifications associated with the PMH technology
selection to various stages of the vehicle manufacturing
process chain, vehicle performance and durability (while in
service), as well as the analysis of various End-of-the-Lifeof-the-Vehicle (ELV) issues (e.g. disassembly, suitability of
the material(s) for shredding, and segregations, potential
for economic recycling, etc.). A schematic of the major
stages in the life of a BIW component for which the PMH
technology is being selected (using the TLC approach) is

Figure 8. Key life-cycle stages for a typical PMH automotive BIW
component.
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As an example of a BIW manufacturing process chain
requirement for the PMH technology, one may take the
case of selection of the material for the polymeric subcomponent. In the body shop, the key functional
requirement for the polymeric sub-component material is
its ability to withstand welding-induced high-temperature
exposures. On the other hand, the main functional
requirements for the polymeric sub-component material
relative to its compatibility with the BIW paint shop deal
with the ability of the selected material to withstand
mechanical, thermal and chemical attacks without
degrading and without contaminating the paint baths.
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6. Conclusions
In this chapter, a comprehensive overview has been
provided of the key aspects of injection over-molding
technologies used in automotive BIW structural
applications. Specifically, the following aspects of
injection-molding technologies have been discussed: (a)
fundamental concepts related to synergistic polymer/metal
interactions; (b) classification of the technologies; (c)
basics of polymer/metal adhesion and load transfer; (d)
application of computational engineering methods and tools
for process and product-performance simulations; and (e)
compatibility of different injection-molding PMH
technologies with the automotive BIW manufacturing
process chain. It has been argued that, while the utilization
of the PMH technologies in the manufacture of automotive
BIW may yield benefits related to lower vehicle weight,
improved fuel economy and cost, vehicle end-of-life issues
must be considered when selecting these technologies.
Specifically, increasing emphasis on sustainability,
dwindling material supplies, increasing producer
responsibility, product take-back legislations, and
marketing of recycled material-content claims, require
consideration of the issues such as product refurbishment,
product dis-assembly, materials extraction and procurement,
and end-of-life product management.
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