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PROCESSES FOR WELDING COMPOSITE MATERIALS
AND ARTICLES THEREFROM

FIELD OF THE INVENTION
[001] The present invention relates generally to welding processes for welding of composite
materials to a metallic material, to a composite materials, or both, and to articles including a
welded composite material, and more specifically to process and articles wherein the composite

material includes a polymeric layer.

BACKGROUND
[002] There has been considerable interest in reducing the weight of vehicles and articles
used in transportation. This has resulted in a continued search for new lightweight materials, such
as composite materials including a metallic layer and a polymeric polymeric layer.
[003] Desirably, such materials may offer one or more benefits such as reduced weight,
increased stiffness to weight ratio, reduced cost, and the like.
[004] For many applications, it is also desirable for such composite materials to be weldable
(i.,e., capable of being welded using electrical resistance welding). It has been generally
recognized that sandwich composite materials including an insulating polymeric layer are difficult
to weld, making them unsuitable for such applications. Attempts to improve the weldability of the
composite material have included the addition of conductive fillers in a powder form to the
polymeric layer so that the electrical conductivity of the polymeric layer is increased. To
compensate for the poor conductivity of the polymer, relatively high levels of conductive powders
have been thought necessary. Composite materials including a conductive powder unfortunately
have generally poor mechanical properties and generally poor drawability.
[005] Additionally, such material generally requires special equipment for processing (e.g.,
fabricating, welding, stamping, drawing, and the like). Additionally, it is desirable for a material to
have improved weldability, such as may be characterized by a generally high weld current range,
by the capability of being welded to a broad range of substrates (preferably using some or all of
the same weld parameters), or both.
[0086] There continues to be a need for a material that overcomes one or more, or even all
of the above. For example, there continues to be a need for a composite material having light
weight, increased stiffness to weight ratio, reduced cost, improved weldability, good mechanical
properties, good drawability, capable of being processed using existing infrastructure, or any

combination thereof.
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[007] For welding certain structures, such as thicker section composite materials, articles
requiring closely spaced welds, and the like, there may be additional difficulties with welding the
composite material. As such, there also has continued to be a need for new welding processes

for welding thicker section composite material.

BRIEF DESCRIPTION OF THE DRAWINGS
[008] FIG. 1 is a cross-section of an illustrative composite material that may be used according
to the teachings herein.
[009] FIG. 2A is a micrograph of illustrative metallic fibers that may be employed in the core
layer.
[0010] FIGs. 2B, 2C, 2D, 2E, 2F, 2G, 2H, 21, and 2J are cross-sections of illustrative fibers (in the
direction transverse to the length of the fibers) having at least one straight side.
[0011] FIG. 3 is a micrograph of an illustrative core layer including metallic fibers and a polymer.
[0012] FIG. 4 is a micrograph of an illustrative lightweight composite including two metal layers,
metallic fibers, and a polymer.
[0013] FIG. 5 is a graph showing the relationship between the weld button size (in units of mm)
and the weld current (in units of kA) for a lightweight composite material welded to galvannealed
metal having a weld current range of about 2.0 kA, or more.
[0014] FIG. 6 is a graph showing the relationship between the weld button size (in units of mm)
and the weld current (in units of kA) for a lightweight composite material welded to uncoated deep
drawing quality steel having a weld current range of about 2.0 kA, or more.
[0015] FIG. 7 is a graph showing the relationship between the weld button size (in units of mm)
and the weld current (in units of kA) for a lightweight composite material welded to galvannealed
metal having a weld current range of about 1.5 kA, or more (e.g., about 1.7 kA).
[0016] FIG. 8 is a graph showing the relationship between the weld button size (in units of mm)
and the weld current (in units of kA) for a lightweight composite material welded to hot dipped
galvanized coated metal having a weld current range of about 1.5 kA, or more.
[0017] FIGs. 9A and 9B are a portion of a cross-section of an illustrative weld stack during a
welding process at different times in the welding process.

[0018] FIG. 10 is an illustrative device for resistance welding.

SUMMARY OF THE INVENTION
[0019] Unexpectedly, despite the generally low electrical conductivity of the polymer in the
composite materials, the present teachings achieve excellent results in welding button size, a

large processing window for welding or both, using a process including a step of contacting a
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substrate material with a composite material, wherein the composite material includes a pair of
spaced apart steel sheets and a core layer between the sheets; the volume of the core layer is
about 25 volume % or more, based on the total volume of the composite material; the core layer
includes a plurality of metallic fibers (e.g., steel fibers) arranged in one or more masses of fibers
that extend the thickness of the core layer so that the core layer is in electrical communication
with the steel sheets; and the metallic fibers have a cross sectional area perpendicular to the
length of the fibers from about 1 x 10> mm? to about 2.5 x 102 mm?.

[0020] Accordingly, in aspects of the invention, there is contemplated a welding process that
includes configuring a sandwich composite material in a particular manner such that the sandwich
composite material can be employed as a “substitute material” for conventional steel, such as
used in automotive body parts. The process can be performed absent of modifications to the
techniques and equipment as would be expected to take into account the selection of materials
for the composite.

[0021] In one aspect of the invention, welding of the composite material to a substrate is
unexpectedly achieved using a novel welding process including a plurality of welding stages.
Though having other applications too, such a welding process may be particularly useful for
welding composite material having a generally high thickness (e.g., a thickness of about 1.5 mm
or more), for forming a shunted weld (e.g., a weld located in close proximity to a previously formed

weld, such as a weld separated by a distance of about 150 mm or less, or both.

DETAILED DESCRIPTION
[0022] In attempting to resistance weld a composite material that has a metallic layer and a
polymeric layer (e.g., a polymeric layer that includes a polymer such as a thermoplastic),
difficulties (e.g., a low weld strength, metal expulsion during welding, a loud popping noise during
welding, weld sparks, and the like) may arise from the difference in electrical properties between
the polymeric layer and the metallic layer, the substrate to which it is to be welded, or both. It has
unexpectedly been discovered that some or all of these difficulties in welding a composite material
may be reduced or eliminated by i) configuring materials for providing a composite material that
includes a pair of spaced apart steel sheets and a core layer between the sheets, wherein the
volume of the core layer is about 25 volume % or more, based on the total volume of the composite
material, the core layer includes a plurality of metallic fibers, and the metallic fibers have a cross
sectional area perpendicular to the length of the fibers from about 1 x 10° mm? to about 2.5 x 10
2 mm?; ii) using a multi-stage welding process that includes a first weld stage that employs a first
or initial processing condition and a subsequent second weld stage that employs a second

processing condition that is different from the first processing condition; or both i) and ii).
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[0023] Surprisingly, composite materials including a pair of spaced apart steel sheets and a
core layer between the sheets, wherein the volume of the core layer is about 25 volume % or
more, based on the total volume of the composite material, the core layer includes a plurality of
metallic fibers, and the metallic fibers have a cross sectional area perpendicular to the length of
the fibers from about 1 x 10° mm? to about 2.5 x 102 mm? will have improved weldability, such as
under weld conditions typically employed for welding low carbon steel. The improved weldability
may be characterized by a generally high weld current range (i.e., the difference between the
upper limit of the weld current above which expulsion occurs and the lower limit of the weld current
below which the weld button size is too low). The composite materials of the present invention
may have a generally high bulk resistivity, a generally high static contact resistance (i.e., SCR)
(e.g., greater than the SCR of a monolithic steel of the same metal, having the same surface
roughness, and the same surface treatment), or both. The high bulk resistivity and/or the high
SCR may result in an unexpectedly high weld current range. it is believed that other approaches
that increase the SCR, such as changes to a surface feature (e.g., increasing surface roughness),
may have limited effect on the weld current range, because such surface feature causing the
increased SCR may be eliminated early in the welding process. In contrast, the high SCR of the
composite materials of the present invention may be related to the bulk features of the composite
material, including the contacts between the metallic fibers in the core layer and the metallic
sheets, as well as the contacts between different metallic fibers in the core layer. Without being
bound by theory, it is believed that the high SCR caused by the bulk features of the present
invention are less transient (e.g., compared to those caused by surface features) and result in
unexpectedly high weld current ranges. Furthermore, without being bound by theory, it is believed
that generally modest increases in the SCR of the composite material may result in the largest
weld current range. It is also found that when the SCR is too high, a weld controller may fail to
pass current through the core layer during a welding process. As such, the SCR should be
sufficiently low so that the composite material is capable of being welded with weld controllers
typically used in welding automotive body parts.

[0024] Welding of a weld stack including the composite material and a substrate may be
performed using a resistance welding apparatus including at least two electrodes. The electrodes
may be used for providing a current to the weld stack, for providing a force to the weld stack, or
both.

[0025] A multi-stage welding process including a first weld stage and a second weld stage may
advantageously be employed with a composite material, such as a composite material described

herein. A multi-stage welding process may be particularly useful when welding a composite
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material having a generally high thickness (e.g., about 1.5 mm or more, about 2.0 mm or more,
or about 2.5 mm or more), when welding a shunted weld (e.g., a weld that is separated by another
weld by a distance of about 200 mm or less, about 150 mm or less, about 100 mm or less, or
about 50 mm or less), or both. During the first weld stage, the process may include a step of
inducing at least some of the polymer (e.g., the polymer in a region to be welded) to undergo a
first order or a second order phase transition so that it is in a liquid state above its glass transition
temperature. When the polymer is in a liquid state above its glass transition temperature, at least
some of the polymer may be removed from the region to be welded (e.g., by a compressive force
applied by the weld electrodes), the electrical properties of the remaining composite material (e.g.,
the remaining polymeric layer) may change, or both. Furthermore, during the second weld stage,
the process may include a step that processes the material so that at least some of the metal of
the metallic layer melts and the metallic layer of the composite material may fuse to a second
substrate (e.g., a metallic layer of a second composite material, or a monolithic metallic material).
[0026] In various aspects of the invention, the initial processing condition for the first weld stage
and the second processing condition for the second weld stage may be predetermined, such as
by the properties of the materials to be welded (e.g., the compositions of the materials, the
thicknesses of the materials, the optional coatings on the materials, or any combination thereof),
or by one or more test welds. In other aspects of the invention, the initial processing condition of
the first weld stage may be predetermined as discussed above, and the processing condition of
the second weld stage may be determined by a process including one or any combination of the
following steps: monitoring one or more preselected conditions; comparing information about the
preselected condition with a predetermined desired value; or automatically setting the second
processing condition (e.g., altering the first processing condition) based on the information, such
as information from the comparing step. In yet other aspects of the invention, the first processing
condition may be determined by a measuring or monitoring step. As such, the welding process
may include a step of measuring or monitoring one or more predetermined conditions; a step of
comparing information about the preselected condition with a predetermined value; and a step of
setting (e.g., automatically setting) the first processing conditions based on the information, such
as the information from a comparing step; and a step of setting (e.g., automatically setting) the
second processing condition. For example, the welding method may include an initial processing
condition which includes one or more conditions that are predetermined (e.g., the weld pressure,
the weld current, the weld voltage, and the like), and one or more conditions that are not
predetermined (e.g., the weld time, or the number of weld cycles). As such, the method may

include a step of monitoring one or more preselected conditions, comparing information about the
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preselected condition, and automatically setting the weld time or the number of weld cycles based
on the information from the comparing step.

[0027] It will be appreciated that the steps of monitoring a preselected condition, comparing the
information about the preselected condition with a predetermined desired value, or both, may
occur before the first weld stage, during the first weld stage, after the first weld stage, or any
combination thereof.

[0028] An example of a composite material having a sandwich structure 12 including a first
metallic layer 14, a second metallic layer 14’ and a polymeric layer 16 (e.g., a polymeric core
layer) interposed between the first and second metallic layers, is illustrated in FIG. 1. Referring to
FIG 1, the polymeric layer 16 may include a polymer phase 18 containing one or more polymers
(e.g., thermoplastic polymer) 18 and a filler phase 20 containing one or more fillers. The polymeric
layer 16 and the first metallic layer 14 may have a common surface 22. The filler illustrated in FIG
1 are shown as fibers, however other fillers may be used in lieu of, or in addition to the fibers,
(e.g., particulates, performs, or other). As illustrated in FIG 1 some or all of the fillers (e.g., the
fibers) may have a length and orientation such that they extend from one surface of the polymeric
layer to the opposing surface of the polymeric layer for contacting the sandwiching metal on both
sides of the polymeric layer. Fibers may be entangled so that a resulting entangled mass extends
across the entire polymeric layer. However, it will be appreciated that other filler (e.g., fiber)
lengths and orientations are within the scope of the inventions. For example, the fraction of the
fillers (e.g., fibers) that extend between the two opposing faces of the polymeric layer may be less
than 50%, less than 30%, less than 20%, less than 10%, less than 5%, or less than 1%.

[0029] The weld formed by the process described herein includes at least one composite
material. The materials that comprise the weld (prior to welding) are referred to as the weld stack.
The weld stack may include a composite material welded to itself, a first composite material
welded to a second composite material that may be the same or different from the first composite
material, or a first composite material and a substrate that is not a composite material having a
polymeric layer (such as a metal or a metal alloy). It will be appreciated that the weld stack may
further comprise one or more additional substrates that may be composite materials, metallic
materials, or both. Without limitation, the weld stack may include, consist essentially of, or consist
of i) two composite materials; ii) a composite material and a metallic material; iii) a composite
material and two or more metallic materials; or iv) two or more composite materials and one or
more metallic materials. If the weld stack includes at least two metallic materials, the two metallic
materials may be on the outside of the weld stack (i.e., the composite material may be interposed

between the two metallic materials in the region to be welded), or the composite material may be
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at the top or bottom of the weld stack.

[0030] The composite material and the substrate to be welded together may each independently
have a thickness of about 0.1 mm or more, preferably about 0.2 mm or more, more preferably
about 0.4 mm or more, and most preferably about 0.6 mm or more (e.g., 0.7 mm or more). The
composite material and the substrate to be welded together may each independently have a
thickness of about 20 mm or less, preferably about 10 mm or less, more preferably about 5 mm
or less, even more preferably about 2.1 mm or less, even more preferably about 1.8 mm or less,
and most preferably about 1.3 mm or less. The use of composite materials and substrates having
higher and lower thicknesses are also within the scope of the present invention.

[0031] The total thickness of the weld stack including the composite material (e.g., the combined
thickness of the composite material and the substrate) may be about 0.8 mm or more, preferably
about 1.0 mm or more, and more preferably about 1.2 mm or more. The total thickness of the
weld stack (e.g., the combined thickness of the composite material and the substrate) may be
about 30 mm or less, preferably about 15 mm or less, more preferably about 8 mm or less, even
more preferably about 4 mm or less, and most preferably about 3 mm or less. The use of a weld
stack having higher or lower total thicknesses are also within the scope of the present invention.
According to the teachings herein, a special welding process, such as a multi-stage welding
process, may be advantageously employed when the total stack thickness is large, such as when
the total stack thickness is about 2.0 mm or more, about 2.4 mm or more, about 2.8 mm or more,

or about 3.2 mm or more.

COMPOSITE MATERIAL

[0032] In general, the composite materials herein include a filled polymeric material that includes
a filler phase distributed in a polymeric matrix. In general, the composite materials herein employ
at least two layers, one of which is the above filled polymeric material. More particularly, the
materials herein are composites that include a sandwich structure, pursuant to which a filled
polymeric layer (e.g., a polymeric core layer) is sandwiched between two or more other layers.
The composite materials may also be a laminate including a first metallic layer upon which a filled
polymeric layer is attached so that the filled polymeric layer has an exposed outer surface.
Composites with a metallic layer sandwiched between two polymeric layers are also
contemplated.

[0033] Without limitation, examples of composite materials that may be employed in the welding
process include the filled polymeric materials (e.g., the filled polymeric layers) and the composite
materials described in International Patent Application No. PCT/US09/53676 (filed on August 13,
2009 by Mizrahi).
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STATIC CONTACT RESISTANCE

[0034] The composite materials of the present invention preferably have a static contact
resistance sufficiently (i.e., SCR) low so that composite material is capable of passing the weld
current through the composite material (e.g., using conventional welding equipment). The
composite materials of the present invention preferably have a SCR sufficiently high so that the
processing window for welding is increased, so that the current needed for welding is decreased,
or both. In particular, the composite materials preferably have a SCR that is greater than the SCR
of a monolithic metal sheet having the same thickness as the composite material and made from

the same metal as the metallic sheet of the composite material.

TEST METHOD FOR MEASURING STATIC CONTACT RESISTANCE

[0035] SCR may be measured for a single material, or for a stack of two or more materials. SCR
and its measurement is described in “The Effect of Electrical Resistance on Nugget Formation
During Spot Welding”, J.G. Kaiser, G.J. Dunn, and T.W. Eagar, Welding Research Supplement,
June, 1982, pages 167-s to 174-s. It will be appreciated that for a monolithic material having high
electrical conductivity, the contact resistance may be controlled by surface features, such as
roughness of the surface, a surface layer (e.g., an oxide layer or an oil layer on the surface), and
the like. In addition to the aforementioned surface features, the SCR of the composite material
may be influenced by the bulk resistivity of the polymeric layer (i.e., the core layer of the composite
material).

[0036] The SCR of a material or a stack of two materials may be measured by placing the material
or the stack of materials between two class | - RWNA electrodes having a face diameter of about
4.8 mm. Unless otherwise specified, the SCR may be measured using a force of about 2220 Nt
(about 500 Ib) applied by the electrodes. During the SCR measurement, the resistance may be
measured for about 45 seconds, beginning with the time the load is applied to the electrodes. The
SCR may be determined by the average resistance of the material or the stack of materials for
the 5 seconds following the time at which the resistance is stable. A stable SCR may be
determined by a resistance change of less than 2% per second, less than 1% per second, or less
than 0.5% per second. It will be appreciated that high pressures can be used for measuring the
SCR of materials thicker than about 1.2 mm. The SCR of the material may be measured using a
25 mm x 25 mm coupon of the material.

[0037] The SCR ratio of a composite material may be determined by measuring the SCR of the
composite material and dividing it by the SCR of a monolithic metal sheet having the same
thickness as the composite material, made from the same metal as the metallic sheet of the

composite material, and having the same surface characteristics (e.g., surface roughness,
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surface treatment, and the like) as the composite material. The SCR ratio of the composite
material may be about 1 or more, preferably about 1.2 or more, more preferably about 1.5 or
more, even more preferably about 2 or more, even more preferably about 3 or more, even more
preferably about 4 or more, even more preferably about 5 or more, and most preferably about 10
or more. The SCR ratio of the composite material may be about 1000 or less, preferably about
300 or less, more preferably about 100 or less, even more preferably about 75 or less, even more
preferably about 40 or less, and most preferably about 30 or less. Without being bound by theory,
it is believed that having a SCR ratio greater than 1 is useful for achieving a robust weld
processing window (e.g., a weld processing window characterized by a high weld current range,
such as a weld current range of about 1 kA or more, about 1.5 kA or more, about 2 KA or more,
or about 2.5 kA or more).

[0038] It will be appreciated that if the SCR of the composite material is too high, the composite
may have difficulty in passing a current and thus not be easily welded. The SCR of the composite
material preferably is about 0.0020 Q or less, more preferably about 0.0017 Q or less, even more
preferably about 0.0015 Q or less, even more preferably about 0.0012 Q or less, and most
preferably about 0.0008 Q or less.

[0039] The ratio of the SCR of the composite material to the SCR of the substrate to which it is
being welded (e.g., cold rolled steel, galvanized steel, galvannealed steel, or any combination
thereof) preferably is about 1 or more, more preferably about 1.2 or more, even more preferably
about 1.5 or more, even more preferably about 2 or more, even more preferably about 3 or more,
even more preferably about 4 or more, even more preferably about 5 or more and most preferably
about 10 or more. The ratio of the SCR of the composite material to the SCR of the substrate to
which it is being welded preferably is about 1000 or less, more preferably about 300 or less, even
more preferably about 100 or less, even more preferably about 75 or less, and most preferably

about 40 or less.

FILLED POLYMERIC MATERIAL

[0040] As described above, the filled polymeric material includes a polymer and a filler. The
filled polymeric material preferably has a relatively low density (preferably at least 10% less than
the density of the metallic material). The filled polymeric material preferably includes polymers,
fillers, or both that have relatively low electrical resistivity, so that the electrical resistivity of the
polymeric material is relatively low. For example, the filled polymeric material may include a
polymer having a relatively high electrical resistivity and a filler that has a relatively low electrical
resistivity, so that when combined to form the filled polymeric material, the mixture has a relatively

low electrical resistivity compared the electrical resistivity of the polymer. The electrical resistivity
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(in the through-thickness direction) of the composite material, the filled polymeric material, or both
may be about 100,000 Q-cm or less. Preferably, the composite material has an electrical
resistivity sufficiently low so that the composite material is capable of being welded to a substrate
of a monolithic sheet of steel by a resistance welding technique that uses a welding schedule that
is generally the same as the welding schedule for welding two monolithic sheets of steel of the
same thicknesses as the composite material and the substrate. For example, the electrical
resistivity of the filled polymeric material, the composite material, or both, in the through thickness
direction, preferably is about 100 Q-cm or less, about 10 Q-cm or less, about 1 Q-cm, about 0.15
Q-cm or less, about 0.1 Q-cm or less, or about 0.075 Q-cm or less.

[0041] The concentration of the filled polymeric material may be about 20 volume % or more,
preferably about 25 volume % or more, more preferably about 30 volume % or more, even more
preferably about 40 volume % or more, and most preferably about 50 volume % or more, based
on the total volume of the composite material. The concentration of the filled polymeric material
may be about 95 volume % or less, more preferably about 90 volume % or less, even more
preferably about 85% or less, and most preferably about 75 volume % or less, based on the total
volume of the composite material. It will be appreciated that the filled polymeric material and the
metallic layers may each have generally uniform thicknesses, so that the volume % of the filled
polymeric material and the thickness % of the filled polymeric material are equivalent.

[0042] The filled polymeric material may fill some or all of the space between two metallic layers
(e.g., two metallic faces, such as in a sandwich structure). For example, the concentration of the
filled polymeric material may be at least about 30 volume %, preferably at least about 50 volume
%, more preferably at least about 70 volume %, even more preferably at least about 90 volume
%, and most preferably at least about 95 volume % (if not about 100 volume %) of the volume

between two metal layers (e.g. the two metallic faces).

POLYMERS

[0043] The polymeric material of the composite material may include a thermoplastic polymer, an
elastomeric polymer, or any combination thereof. Preferred the polymer includes or consists
substantially entirely of one or more thermoplastic polymers. The polymer may include a
homopolymer, a copolymer (e.g., a block copolymer, a random copolymer, a graft copolymer, an
alternating copolymer, or otherwise), or any combination thereof. One or more thermoset
polymers may be used in the in the polymeric material.

[0044] Thermoplastic polymers that may be employed preferably have at least one solid to liquid
phase transition (e.g., a first order phase transition, such as a melting temperature, a second

order phase transition, such as a glass transition temperature, or both) greater than about 25°C,
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so that the thermoplastic polymer is a solid and/or has a relatively high viscosity at ambient
conditions and is a liquid and/or has a relatively low viscosity when heated. For example, the
thermoplastic polymer may have a melting temperature or glass transition temperature that is
about 40°C or more, about 60°C or more, about 80°C or more, or about 100°C or more. Melting
temperatures (e.g., peak melting temperatures), glass transition temperatures, or both may be
measured according to ASTM D3418-08.

[0045] Without limitation, polymers that may be employed include a polyolefin, a polyamide, a
polyester, a polyether, a polystyrene, a polymer including an acrylonitrile, an acrylic acid, or an
acrylate, a polyimide, polycarbonates, an ionomer, a copolymer including any or more of the
above polymers, and blends including one or more of the above polymers or copolymers.
Additional examples polymers that that may be employed in the filled polymeric material include
polymers described in paragraphs 0052 through 0063 of International Patent Application
Publication No. W0/2010/021899 (filed on August 13, 2009) and paragraphs 0060 through 0086
of U.S. Provisional Application No. 61/387,174 (filed on September 28, 2010).

[0048] Particularly preferred polymers include polyethylene, polyethylene copolymers (preferably
including about 70 wt.% ethylene or more), polypropylenes, polypropylene copolymers,
polyamides, and copolyamides. Examples of polyethylenes and polyethylene copolymers that
may be employed include low density polyethylene, linear low density polyethylene, medium
density polyethylene, and polyethylene plastomers. Examples, of polypropylenes that may be
employed include polypropylene homopolymer (e.g., isotactic polypropylene homopolymer),
impact polypropylene (e.g., polypropylene including isotactic polypropylene and a rubber phase),
and random polypropylene copolymers.

[0047] Exemplary polyolefins that may be mixed with an ionomer include homopolymers and
copolymers including about 50 wt. % or more of an a-olefin having about 2 to about 10 carbons.
Preferred polyolefins for mixing with an ionomer include those having about 50 wt. % or more of
ethylene, propylene, butane, or hexane. More preferred polyolefins for mixing with an ionomer
include those having about 50 wt. % or more of ethylene, or propylene. The concentration of the
a-olefin (e.g., the concentration of the ethylene or propylene) in the polyolefin preferably is about
60 wt. % or more, more preferably about 70 wt. % or more, even more preferably about 80 wt. %
or more, and most preferably about 90 wt. % or more, based on the total weight of the polyolefin.
Preferred polyolefins include polyolefins consisting essentially of one or more a-olefins. For
example, the concentration of the one or more a-olefins may be about 90 wt. % or more, about
95 wt. % or more, about 98 wt. % or more, about 99 wt. % or more, or about 99.9 wt. % or more,

based on the total weight of the polyolefin. Without limitation, the polyolefin used in a blend with
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an ionomer may include or consist essentially of high density polyethylene (e.g., having a density
of about 0.945 to about 0.990 g/c™), low density polyethylene, linear low density polyethylene
(e.g., a copolymer having a density of about 0.915 to about 0.930 g/cm?®), medium density
polyethylene (e.g., a copolymer having a density of about 0.930 to about 0.945 g/cm?), very low
density polyethylene (e.g., having a density of about 0.900 to about 0.915 g/cm?®), polyethylene
plastomers (e.g., a copolymer having a density of about 0.860 to about 0.900 g/cm?, preferably
from about 0.870 to about 0.895 g/cm?®), isotactic polypropylene homopolymer, isotactic
polypropylene copolymers having a crystallinity of about 5 wt. % or more, impact polypropylene,
polypropylene block copolymers including one or more blocks of isotactic polypropylene, mixtures
thereof, or any combination thereof. Examples of other polyolefins suitable for blending with an
ionomer are copolymers including or consisting essentially of i) about 60 wt. % or more of an a-
olefin; and ii) one or more monomers selected from the group consisting of vinyl acetate, methyl
acrylate, butyl acrylate, acrylic acid, methyl methacrylate, methacrylic acid, and any combination
thereof. The mixture of an ionomer and a polyolefin may include a sufficient amount of the ionomer
so that the polymer adheres to the metal layers, to the metallic fiber, or both. The weight ratio of
the ionomer to the polyolefin may be about 1:99 or more, about 3:97 or more, about 5:95 or more,
about 10:90 or more, or about 20:80 or more. The weight ratio of the ionomer to the polyolefin
may be about 99:1 or less, about 90:10 or less, about 70:30 or less, about 50:50 or less, or about
40:60 or less.

[0048] In one particularly preferred aspect of the invention the filled polymeric material includes
a one or more polyamide copolymers, one or more thermoplastic polyurethanes, one or more
thermoplastic polyether-ester copolymers, one or more ionomers, or any combination thereof.
The polyamide copolymer may be any of the polyamide copolymers described above herein.
Preferred polyamide copolymers include polyamide-polyamide copolymers, polyesteramide
copolymers, polyetheresteramides, polycarbonate-esteramide copolymers, or any combination
thereof. Any of the thermoplastics may be a random copolymer or a block copolymer. Any of the
thermoplastics may be a thermoplastic elastomer. By way of example, the filled polymeric material
may include a polyester amide thermoplastic elastomer, a polyetheresteramide thermoplastic
elastomer, a polycarbonate-esteramide thermoplastic elastomer, a polyether-ester thermoplastic
elastomer, a amide block copolymer thermoplastic elastomer, or any combination thereof. The
filled polymeric material may optionally include one or more polymers that is not a copolymer. For
example filled polymeric material may include one or more polyamide homopolymer. Particularly
preferred polyamide homopolymers include polyamide 6 and polyamide 6,6. If employed the

concentration of the one or more polyamide homopolymers preferably is relatively low (e.g.,
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compared with the concentration of the one or more copolymers. If present, the concentration of
the one or more polyamide homopolymers preferably is about 50 weight percent or less, more
preferably about 40 weight percent or less, even more preferably about 30 weight percent or less,
and most preferably about 25 weight percent or less, based on the total weight of the polymer in
the filled polymeric material.

[0049] A particularly preferred copolyamide that may be used is a copolyamide including from
about 30 wt.% to about 70 wt.% (e.g., about 50 wt. %) polyamide 6 and from about 30 wt.% to
about 70 wt.% (e.g., about 50 wt. %) polyamide 6,9. Such copolyamide may be characterized by
one or more of the following: an elastic modulus from about 100 MPa to about 600 MPa (e.g.,
about 300 MPa) measured according to ISO 527-2, a melting point from about 100 °C to about
165 °C (e.g., about 130°C) as measured according to ISO 11357, and an elongation at break from
about 400% to about 2000% (e.g., about 900 %) measured according to ISO 527-3).

[0050] The thermoplastic polymers are preferably relatively long chain polymers, such that they
may have a number average molecular weight greater than about 20,000, preferably greater than
about 60,000, and most preferably greater than about 140,000. They may be unplasticized,
plasticized, elastomer modified, or free of elastomer. Semi-crystalline polymers may have a
degree of crystallinity greater than about 10 wt%, more preferably greater than about 20 wt%,
more preferably greater than about 35 wt%, more preferably greater than about 45 wt%, and most
preferably greater than about 55 wt%. Semi-crystalline polymers may have a degree of
crystallinity less than about 90 wt%, preferably less than about 85 wt%, more preferably less than
about 80 wt%, and most preferably less than about 68 wt%. Crystallinity of the thermoplastic
polymer may be measured using differential scanning calorimetry by measuring the heat of fusion
and comparing it to art known heat of fusion for the specific polymer, such as described in ASTM
D3418.

[0051] The polymer of the filled polymeric material may also contain up to about 10 wt% of a
grafted polymer (e.g., a grafted polyolefin such as isotactic polypropylene homopolymer or
copolymer, or a polyethylene homopolymer or copolymer) which is grafted with a polar molecule,
such as maleic anhydride. The concentration of the grafted compound may be about 0.01 wt. %
or more based on the total weight of the grafted polymer. Particularly preferred grafted polymers

include from about 0.1 wt. % to about 3 wt. % maleic anhydride.

FILLERS
[0052] The filled polymeric material may contain one or more fillers, and preferably includes one
or more conductive fillers. Any amount of filler may be employed in the filled polymeric material.

Preferably, the concentration of the filler is sufficiently high so that the filled polymeric material,
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the composite material, or both, have a relatively low electrical resistivity (e.g., compared with the
electrical resistivity of the polymer). The concentration of the filler may be about 3 volume % or
more, preferably about 5 volume % or more, more preferably about 8 volume % or more, even
more preferably about 10 volume % or more, and most preferably about 12 volume % or more,
based on the total volume of the filled polymeric material. Low filler concentrations are preferred,
so that the density of the filled polymeric material is relatively low (e.g., compared with the density
of the filler, the metallic sheets, or both). As such, the concentration of the filler may be about 50
volume % or less, preferably about 35 volume % or less, more preferably about 30 volume % or
less, even more preferably about 25 volume % or less, even more preferably about 23 volume %
or less, and most preferably about 21 volume % or less, based on the total volume of the filled
polymeric composition.

[0053] The filler may have any shape. For example, the filler may have a generally spherical
shape, a generally fiber shape (such as a shape having one dimension at least 5 times greater
than the other two dimension), or a generally planar shape (such as a shape having two
dimensions at least 5 times greater than the smallest dimension). As used herein, filler fibers refer
to fillers having a generally fiber shape, whereas filler particles refer to other filler shapes (such
as generally planar shapes and generally spherical shapes).

[0054] Without limitation, examples of fillers which may be employed in the filled polymeric
material include fillers described in paragraphs 0064 through 0081 of International Patent
Application No. PCT/US09/53676 (filed on August 13, 2009 by Mizrahi), and paragraphs 0087 to
0114 of U.S. Provisional Application No. 61/387,174 (filed on September 28, 2010).

[0055] Examples of suitable fillers include, metallic fibers, metallic particles, carbon black,
graphite, iron phosphide, and any combination thereof. Preferably the filler includes or consists
substantially (e.g., at least 80% by volume, at least 90% by volume, or at least 95% by volume,
based on the total volume of filler) of particles, fibers, or both that are conductive (e.g., having a
resistivity of about 10# Qcm or less). More preferably, the filler includes or consists substantially
of metallic particles, metallic fibers, or both. Most preferably, the filler includes or consists
substantially of metallic fibers.

[0056] The metallic fibers may have a melting or liquidus temperature sufficiently low so that
during a step of welding (such as electrical resistance spot welding), some or all of the metallic
fibers in the region between the weld electrodes (i.e., weld tips) at least partially melt (e.g., entirely
melt) before one or both of the metallic layers melt. The electrical resistivity of the filled polymeric
material may be higher (e.g., by a factor of about 2 or more, about 10 or more, or about 100 or

more) than the electrical resistivity of the metal layer, so that the metallic fibers begin to melt
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before the metal layer begins to melt. The welding process may employ a step of sufficiently
cooling the weld electrodes so that the metallic fibers melt before the metal layer begins to melt.
As such, the metallic fibers may include, consist essentially of, or consist of a metal (e.g., steel)
having a melting temperature or liquidus temperature less than, the same as, or even greater than
the metal (e.g., steel) in the first metallic layer, the second metallic layer, or both.

[0057] In one embodiment of the invention the metallic fibers preferably have one or more
generally flat surfaces, such as a generally flat surface in the longitudinal direction of the fiber. A
flat surface may extend along some or all of the length of the fiber. The cross-section of a metallic
fiber, in the transverse direction of the fiber (i.e., perpendicular to the length of the fiber), may
have one or more generally straight sides. For example, the cross-section of a metallic fiber in
the transverse direction may have four or more generally straight sides, two or more parallel sides,
or both. Without limitation, the metallic fiber may have a cross-section that is generally
rectangular, generally a parallelogram, generally a polygonal having four or more sides, or
generally a square. Other profiles, may have just one flat surface, such as a semicircular cross-
section. The cross-section of the metallic fiber in the transverse direction may be characterized
by a thickness (e.g., the thinnest dimension) and a width (i.e., the direction perpendicular to the
thickness). The ratio of the width to the thickness of the fibers may be about 1 or more, about 2
or more, about 3 or more, or about 4 or more. The ratio of the width to the thickness of the fibers
preferably is about 60 or less and more preferably about 30 or less (e.g., about 20 or less, or
about 15 or less).

[0058] Unexpectedly, composite materials and filled polymeric materials including metallic fibers
having at least one generally flat surface in the longitudinal direction (e.g., having a rectangular
cross-sectional profile in the transverse direction) have higher electrical conductivity compared
with materials made with an equivalent volume of metallic fibers of the same metal and having a
generally cylindrical shape. For example, the ratio of the electrical conductivity of a filled polymeric
material including a concentration of metallic fibers having a generally flat longitudinal surface to
an identical filled polymeric material except the metallic fibers are replaced the same
concentration of metallic fibers that are generally cylindrical may be about 1.1 or more, about 1.5
or more, or about 2.0 or more. Thus it is possible to achieve improved weldability, reduced density,
or both, using such fibers.

[0059] The weight average length of the metallic fibers preferably is about 200 ym or more, more
preferably about 500 ym or more, even more preferably about 800 ym or more, even more
preferably about 1.2 mm or more, and most preferably about 1.8 mm or more. It will be

appreciated that the metallic fibers may have a weight average length of about 10 mm or more,
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or even be generally continuous. For applications that require spot welding, the metallic fibers
preferably have a weight average length that is less than the diameter of a weld electrode typically
used for spot welding, so that the metallic fibers may more easily flow away from the weld zone
during a welding process. For example, the metallic fibers may have a weight average length of
about 20 mm or less, about 10 mm or less, about 7 mm or less, about 5 mm or less, about 4 mm
or less, or about 3 mm or less. The aspect ratio of the fibers may be estimated by dividing the
length of the fiber by (4A7/)"2, where Ar is the cross-sectional area of the fiber in the transverse
direction. The aspect ratio of the fiber may be about 5 or more, about 10 or more, about 20 or
more, or about 50 or more. The aspect ratio of the fibers may be about 10,000 or less, about
1,000 or less, or about 200 or less. It will be appreciated from the teachings herein that metallic
fibers having an aspect ratio greater than 10,000 may be employed.

[0060] When used in the polymeric layer between two metallic layers, the metallic fibers
preferably are present as a mass of fibers. The mass of metallic fibers may be interconnected.
The mass of metallic fibers may be entangled. The mass of fibers may form mechanical interlocks
(i.e., two or more fibers may be mechanically interlocked). The mass of metallic fibers preferably
spans the thickness of the polymeric layer so that the mass of fibers (e.g., the network of metallic
fibers) electrically connects the two metallic layers. The mass of fibers may be used in a welding
process that includes flowing electric current between the sheets using the metallic fibers and
heating the polymeric layer with resistance heat from the electric current flowing in the fibers. The
process may employ inductive heating, conductive heating, or both. A single metallic fiber may
span the thickness of the polymeric layer. Preferably at least some of the metallic fibers do not
individually span the thickness of the polymeric layer. If metallic fibers span the thickness of the
polymeric layer, the fraction of the fibers that span the thickness preferably is about 0.4 or less,
more preferably about 0.20 or less, even more preferably about 0.10 or less, even more preferably
about 0.04 or less, and most preferably about 0.01 or less. The fibers in the mass of fibers
preferably are arranged in a non-ordered arrangement. For example, the maximum number of
neighboring metallic fibers that are arranged in a generally aligned arrangement may be less than
about 100, preferably less than about 50, more preferably less than about 20, even more
preferably less than about 10, and most preferably less than about 5. More preferably the mass
of fibers are arranged in a generally random arrangement. Ordered arrangements such as a
braided wire arrangement (e.g., including two, three, or more fibers), a twisted filament
arrangement, a woven, or a mesh arrangement may be employed.

[0061] Preferably, few, if any of the metallic fiber will contact a metallic layer over a large portion

of the length of the metallic fiber. For example, a large fraction of the metallic fibers may have a
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significant portion that is not in contact with the metallic layer. The fraction of the metallic fibers
that contact a metallic layer along at least half of the length of the fiber is preferably about 0.3 or
less, more preferably about 0.2 or less, even more preferably about 0.1 or less, even more
preferably about 0.04 or less, and most preferably about 0.01 or less.

[0062] The metallic fibers may have a generally rectangular cross-section in the plane transverse
to the longitudinal axis of the fiber (i.e., the fibers may be provided as having a generally ribbon-
like shape). Such fibers may be characterized by a weighted average length, a weighted average
width, and a weighted average thickness, where the ratio of the width to the thickness is about 1
or more (e.g., about 2 or more, about 3 or more, or about 4 or more), and the ratio of the length
to the width is about 5 or more (e.g., about 7 or more, about 10 or more, or about 20 or more). If
employed such ribbon shaped fibers preferably have a thickness (e.g., a weighted average
thickness) of about 1 um or more, more preferably about 3 um or more, even more preferably
about 6 ym or more, even more preferably about 10 ym or more, and most preferably about 20
um or more. The thickness (e.g., a weighted average thickness) of the ribbon shaped fibers
preferably is about 100 um or less, preferably about 80 um or less, more preferably about 70 ym
or less, and most preferably about 60 um or less. The width (e.g., weighted average width) of the
ribbon shaped fibers preferably is about 10 um or more, more preferably about 20 ym or more,
even more preferably about 30 ym or more, and even more preferably about 40 um or more, and
most preferably about 60 um or more. The width (e.g., weighted average width) of the ribbon
shaped fibers preferably is about 400 um or less, preferably about 200 ym or less, more preferably
about 160 um or less, and most preferably about 140 um or less. The ribbon shaped fibers
preferably include, consist essentially of, or consist of metal fibers, and more preferably include,
consist essentially of, or consist of steel fibers. For example, the ribbon shaped fibers may include,
consist essentially of, or consist of carbon steel fibers, stainless steel fibers, high strength steel
fibers, and the like. Surprisingly, such ribbon shaped fibers are more efficient in improving the
electrical conductivity of the composite material compared to generally cylindrical fibers having a
smaller cross-sectional area. Thus, the ribbon shaped fibers can be employed in composite
materials having an improved weldability, reduced density, or both. Exemplary fibers are fibers
prepared by cutting a metallic foil (e.g., having a thickness that is about the thickness of the fibers)
into narrow ribbons (e.g., the spacing between cuts may be the width of the fibers). it will be
appreciated from the teachings herein that the metallic fibers may be prepared from a monolithic
metallic foil, or from a metallic foil having one or more metal layers and/or coatings (e.g., a coating
on both large surfaces). Without limitation, the metallic fibers may include a metal or coating that

offers galvanic protection. It will be appreciated that ribbon shaped fibers prepared by other
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means may also be used.

[0063] The cross-sectional area of the metallic fibers in the plane transverse to the longitudinal
axis preferably is about 1 x 10® mm? or more, more preferably about 1 x 10°° mm? or more, even
more preferably about 8 x 10° mm? or more, even more preferably about 1 x 10* mm? or more,
and most preferably about 4 x 10* mm? or more. The cross-sectional area of the metallic fibers
in the plane transverse to the longitudinal axis preferably is about 2.5 x 102 mm? or less, more
preferably about 1 x 102 mm? or less, even more preferably about 2.5 x 103 mm? or less, and
most preferably about 1 x 103 mm? or less. For example, it is surprising that composite materials
employing steel fibers having a cross-sectional area in the plane transverse to the longitudinal
axis that are greater than about 8 x 10° mm?2 have improved weld process window relative to
materials having fibers with lower cross-sectional area. Such composite materials including the
fibers having a cross-sectional area greater than about 8 x 10-° mm? maintain the high drawability
and formability observed found for the composite materials with thinner fibers.

[0064] The metallic fibers may have a substantially constant thickness across the length of the
fiber, across the width of the fiber, or both. A flat surface of the fiber may be smooth (i.e., generally
free of texture), or may have a texture. For example a ribbon-like fiber may have both major
surfaces that are smooth, both major surfaces that are textured, or one major surface that is
textured and one major surface that is smooth.

[0065] The volume ratio of the polymer to the fibers (e.g., the metallic fibers) is preferably greater
than about 2.2:1, more preferably greater than about 2.5:1, and most preferably greater than
about 3:1. The volume ratio of the polymer to the fibers (e.g., the metallic fibers) is preferably less
than about 99:1, more preferably less than about 33:1, even more preferably less than about 19:1,
and most preferably less than about 9:1, (e.g., less than about 7:1).

[0066] With reference to FIG. 2A, the metallic fibers 20' may have a cross-section in the direction
transverse to the long direction that includes one, two or more generally straight sides (such as a
generally rectangular cross-section). The length of the metallic fibers may have regions that are
generally straight, regions that are generally arcuate, or both. The metallic fibers may be
sufficiently long, have sufficient curvature (e.g., along the length of the fibers), be present in
sufficient quantity or any combination thereof, so that an entangled mass of fibers is formed.
[0067] lllustrative cross-sections (transverse to the length of the fibers) having one or more
straight sides that may be employed in the metallic fibers are shown in FIG. 2B, 2C, 2D, 2E, 2F,
2G, 2H, 21, and 2J.

[0068] FIG. 3 is an illustrative micrograph of a section of a core layer 16’ including metallic fibers

20” and a polymer 18'. As illustrated in FIG. 3, fibers may sufficiently overlap so that an electrical
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current can be transferred through the core layer. For example, the electrical conductivity of the
core layer may be sufficient so that the composite material can be welded using electrical
resistance welding.

[0069] FIG. 4 illustrates an edge of an illustrative composite material including metallic fibers 20°
having a generally rectangular cross-section in the direction transverse to the long direction of the
fibers. The core layer includes an entangled mass of metallic fibers 20° and a polymer 18’
sandwiched between two metallic layers 14”.

[0070] The metallic fibers preferably are selected so that the composite material has a generally
large process window for welding operations (e.g., a weld current range of about 1 kA or more).
For example, the concentration of the metallic fibers, the size of the metallic fibers, the amount of
contact between the metallic fibers, the shape of the metallic fibers, the amount of contact
between a metallic fiber and the metal layers, or any combination thereof of may be selected so
that the composite material has a generally process window for welding operations, a generally
high electrical conductivity, a generally high SCR, or any combination thereof. A generally large
processing window for welding (i.e., weld process window) may be characterized for example by
a high weld current range (measured at fixed weld time), a high weld time range (measured at

fixed current), or both.

METALLIC LAYER

[0071] As described above, the composite material includes one, two, or more metallic layers
(e.g., metal sheets). For example, the composite material may include two metallic layers (e.g.,
two face layers) that sandwich the polymeric layer. The metallic layer is preferably formed of a
metal or metal alloy that is weldable (e.g., capable of being welded with an electrical resistance
welding process). For example, the metallic layer may include or consist of one or any
combination of metallic materials described hereinafter. it will be appreciated that the composite
material may have a first metallic layer that is relatively easy to weld and a second metallic layer
that is relatively difficult to weld (e.g., the second metallic layer may incapable of being welded,
or may require a longer weld time, a higher weld current, a higher weld pressure, or any
combination thereof compared to the welding of the first metallic layer). For example, the
composite material may include one or more metallic layers that has a coated surface (such as a
coating that improves the appearance, durability, or adhesion characteristics of the surface).
[0072] Without limitation, examples of metallic layers which may be employed in the composite
material include metallic layers and metallic materials described in International Patent
Application No. PCT/US09/53676 (filed on August 13, 2009 by Mizrahi), and particularly those
described in paragraphs 0082 through 0084.
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[0073] The total thickness of the metallic layers (e.g. the total thickness of the two steel sheets)
may be sufficiently thin so that the composite material has a generally low density (e.g., a density
reduction of about 5% or more, about 10% or more, or about 15% or more, relative to the density
of the steel sheets). For example the thickness fraction, volume fraction, or both, of the metallic
layers may be about 75% or less, about 70% or less, about 65% or less, about 60% or less, or
about 55% or less, based on the total thickness of the composite material. The thickness fraction,
volume fraction, or both, of the metallic layers may be about 5% or more. The total thickness of
the metallic layers may be about 0.1 mm or more, about 0.2 mm or more, or about 0.3 mm or
more. The total thickness of the metallic layers may be about 1.5 mm or less, about 1.2 mm or
less, about 1.0 mm or less, about 0.8 mm or less, or about 0.6 mm or less. METALLIC MATERIAL
[0074] As discussed above, the welding method (e.g., the substrates of the weld stack may
include one or more metallic materials. Metallic materials that may be employed include metals,
metal alloys, metal/metal composites, and the like. Typically the metallic material will have less
than about 5 wt.% (e.g., less than about 1 wt.%) polymeric material and more typically will be
substantially entirely free of polymeric material. The metallic material preferably is a material that
is capable of being resistance welded. Any of the metals that may be used for the metallic layer
of the composite material may be used for the metallic material (e.g., the metallic material of a
second or additional workpiece) Without limitation, exemplary metallic materials that may be
employed include metals and metal alloys including at least about 50 weight % iron atoms or at
least 50 wt.% aluminum atoms, based on the total weight of the metallic layer (e.g., in the zone
or region to be welded).

[0075] If employed, the metallic material may be the same or different from the metallic layer of

the metallic layer of the composite material to which it will be welded.

TEST METHOD FOR WELD CURRENT RANGE

[0076] A measure of the processing window for welding is the current range (i.e., weld current
range). The weld current range for a test material may be measured by welding a stack consisting
of a sheet of the test material and a sheet of a control monolithic steel (such as a sheet of
galvanized steel) having the same thickness as the sheet of the test material. The weld may be
performed using two electrodes. The electrode against the test material has a face diameter, d.
The electrode against the sheet of the control steel may be equal to or greater than d. The weld
time and the weld pressure are fixed and may be predetermined, such as from a standard weld
schedule for a material. The weld button size may be measured by separating the two sheets and
is given as the average diameter of the weld button. The measurement is started by selecting a

current that produces a weld button greater than 0.95 d. The weld current is then decreased
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incrementally until the diameter of the weld button is less than d. The lower limit of the weld current
is the lowest current that produces an acceptable weld (e.g., a weld having a weld button size of
at least 0.95 d). The weld current is then increased until an unacceptable weld is obtained,
characterized by metal expulsion, sticking of a sheet to an electrode, a loud weld popping noise,
or otherwise, or any combination thereof. The highest current that produces an acceptable weld
is the upper limit of the weld current. The weld current range is the difference between the upper
limit of the weld current and the lower limit of the weld current. By way of example, the weld
current range may be performed using a composite material having a thickness of about 0.8 mm,
and galvannealed steel sheet having a thickness of about 0.8 mm. The electrode on the composite
material may have a diameter of about 3.8 mm and the electrode on the galvannealed steel may
have a thickness of about 4.8 mm. A compressive force of about 2713 Nt (e.g., 610 pounds) force
may be applied. The weld conditions for measuring the weld current range may include a mid
frequency DC weld current having a frequency of about 1,000 Hz, an upslope time of about 50
miliseconds, and a weld time of about 200 miliseconds. The materials preferably have a width of
about 25 mm and a thickness of 25 mm or 75 mm.

[0077] The weld current range for the composite material, I, when welded to a sheet of monolithic
steel having the same thickness as the composite material is preferably greater than the current
range for two monolithic sheets of steel, I, having the same thickness as the composite material.
The ratio of I; to I is preferably about 1.1 or more, more preferably about 1.2 or more, even more
preferably about 1.3 or more, even more preferably about 1.4 or more, and most preferably about
1.5 or more. The current range of the composite material, ic, preferably is about 1.5 kA or more,
more preferably about 1.7 kA or more, even more preferably about 1.9 kA or more, even more
preferably about 2.1 KA or more, even more preferably about 2.3 kA or more, and most preferably
about 2.5 kA or more. FIG. 5 illustrates the weld current range for a composite material having a
surprisingly high weld current range.

[0078] When spot welding the composite material 1o one or more monolithic metal material
(e.g., a steel material such as a steel sheet), the process may employ a first electrode that
contacts the composite material and a second electrode that contacts a monolithic metal. The first
electrode and the second electrode may be the same or different. Surprisingly, composite
materials of the present invention may employ a first electrode and a second electrode having the
same diameter, even when the volume of metal in the composite material is 30% or more less
than the volume of metal in the monolithic metal material. For particularly difficult welds, it may be
desirable that the first electrode and the second electrode are different. For example, when the

first electrode has a diameter that is less than the diameter of the second electrode, both metallic
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layers of the composite material may be more easily welded to the monolithic metal material.
Without being bound by theory, it is believed that the use of a smaller diameter electrode to
contact the composite material results in a more balanced heat distribution, more effectively
removes polymer from the weld zone, or both. Most preferably, the first electrode has a diameter
that is sufficiently less than the diameter of the second electrode, so that the first metallic layer
and the second metallic layer are both welded during a spot welding process. The ratio of the
diameter of the second electrode to the diameter of the first electrode preferably is about 1.02 or
more, more preferably about 1.06 or more, even more preferably about 1.12 or more, and most
preferably about 1.2 or more. The ratio of the diameter of the second electrode to the diameter of
the first electrode preferably is about 5 or less, more preferably about 3 or less, and most
preferably about 2 or less.

[0079] The composite materials of the present invention preferably can be welded to one or
more monolithic metal materials. For example, the shape, size, concentration, and type of the
metallic fibers may selected so that the composite material is capable of being welded (e.g., spot
welded) to steel materials selected from the group consisting of uncoated steel, hot dipped
galvanized steel, galvannealed steel, or any combination thereof. In particularly preferred
embodiments of the invention, the composite material has a generally high weld current range
(e.g., as described hereinbefore) for two or more different monolithic steel materials (e.g., two or
more of uncoated steel, hot dipped galvanized steel, or galvannealed steel), for two or more
monolithic steel materials having different thickness (e.g., one material having about the same
thickness as the composite material and a second material having a thickness about 1.5 times
the thickness of the composite material or more), or both, without the need to change the weld
time, the electrode force, the weld time, or the weld electrode size. As such, the composite
material may be welded to a surprisingly wide variety of materials, having a surprisingly wide
range of thicknesses without needed to change the welding conditions. Although some changes
to welding conditions may be required, the large weld current range allows for these changes to
be greatly reduced relative to other materials.

[0080] By way of example, FIGs 6, 7 and 8 illustrate the measurement of the weld current range
for a composite material of the present invention welded to uncoated steel, galvannealed steel,
and hot dipped galvanized steel respectively. FIG. 6, 7, and 8 are graphs showing the weld button
size as a function of the weld current. Acceptable or good welds may be those welds which have
i) a weld button size greater than about 95% of the weld electrode diameter ii) no expulsion of
metal; or both. For example, when an electrode diameter of about 3.8 mm is used to contact the

composite material, a good weld may have a weld button size of about 3.6 mm or more. Figs. 7,
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8, and 9 illustrates a composite material having a weld current range of about 1.5 or more (e.g.,
about 1.7 or more). FIG. 6 illustrates that good welds can be obtained with a weld current from
about 6.4 kA to about 9.2 kA when welding the composite material to a first steel (e.g., uncoated
steel). FIG. 7 illustrates that good welds can be obtained with a weld current from about 7.75 kA
and about 9.45 kA when welding the composite material to a different steel (e.g., galvannealed
steel). FIG. 8 illustrates that good welds can be obtained with a weld current from about 7.35 kA
and about 9.35 kKA when welding the composite material to another steel (e.g., hot dipped
galvanized steel). First, all three materials give generally high weld current ranges. Second, the
overlap of the currents that result in good welds (i.e., the overlapping weld current range) is
generally high. For example, the composite material produces good welds with these three
materials from about 7.8 kA to about 9.2 kA, and the overlapping weld current range is about 1.4

kA or more.

WELDING PROCESS

[0081] The process used for joining the composite material may include a modification of a
conventional welding technique such as resistance welding (e.g., spot welding, seam welding,
flash welding, projection welding, or upset welding), energy beam welding (e.g., laser beam,
electron beam, or laser hybrid welding), gas welding (e.g., oxyfuel welding, using a gas such as
oxyacetylene), arc welding (e.g., gas metal arc welding, metal inert gas welding, or shielded metal
arc welding). Preferred joining techniques include high speed welding techniques such as
resistance spot welding and laser welding.

[0082] FIGs. 9A and 9B are portions of cross-sections illustrating a stack of substrates 30 being
welded between two weld electrodes 42, 42’. FIG. 9A illustrates the cross-section at a weld time
earlier than the cross-section illustrated in FIG. 9B. With reference to FIG. 9A, the welding process
may include a step of applying a pressure to two weld electrodes 42, 42°, such that the composite
material 12 and a second substrate 40 are in compression. The pressure of the weld electrodes
42, 42’ may form an area of contact 46 with the second substrate and an area of contact 46’ with
the composite material. It will be appreciated that the composite material 12 may be sandwiched
between the second substrate 40 and a third substrate (not shown) so that the area of contact 46’
is defined by the contact of a weld electrode and the third substrate. The volume 48 of the
materials to be welded that lie between the areas of contact 46, 46’ define a region to be welded
(i.e., an intended weld zone) 44. It will be appreciated that the volume of the actual weld zone
may be larger or smaller than the intended weld zone 44 and that the height of the weld zone may
be decreased if material (e.g., polymer, filler, metallic material, or any combination thereof) is

forced from the intended weld zone (e.g., by the force applied by the weld electrodes). As
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illustrated in FIG. 9A, the substrates may be deformed (e.g., plastically deformed), particularly
near the areas of contact 46, 46’. Turning now to FIG. 9B, during the welding process, the
temperature of the substrates (e.g., in or near the intended weld zone) may increase so that some
or all of the polymer may undergo a phase transition (e.g., a first order solid to liquid phase
transition (i.e., melting) of a semicrystalline polymer, or a second order softening transition of a
glassy polymer). Upon melting or softening, the polymer may flow under the pressure of the weld
electrodes. As such, some or all of the polymeric material (e.g., some or all of the thermoplastic
polymer, some or all of the filler, or both) may be expelled from the intended weld zone 44 into a
region 48 away from the intended weld zone. When material flows away from or is otherwise
expelled from the intended weld zone 44, the distance between the weld electrodes 42, 42° may
decrease. Thus, a change in the distance between the weld electrodes may be employed as an
indication that the polymers has undergone a phase transition. it will be appreciated that the weld
process may include one or more means for cooling a weld electrode (e.g., by flowing a liquid,
such as a coolant fluid, into an inlet in the electrode).

[0083] The welding process may employ a resistance welding device that is capable of supplying
a current to a stack of substrates to be welded. With reference to FIG. 10, the welding device may
have two or more weld electrodes 42, 42°, a means of applying a pressure 60 to the weld
electrodes (e.g., so that the portion of the stack of substrates 30 between the weld electrodes are
compressed), a pumping device 62 for circulating a heat transfer fluid through one or more of the
weld electrodes (e.g., for removing heat from the weld electrodes), a power supply 64 (e.g., for
applying an electrical potential between the weld electrodes so that current flows through
substrates between the weld electrodes), one or more controllers 66 (such as a weld controller)
for controlling the power to the weld electrodes, the current through the weld electrodes, the weld
time, the cooling of the weld electrodes, the pressure applied to the substrates by the weld
electrodes, or any combination thereof. The welding process may additionally employ a
monitoring device for monitoring or otherwise measuring one or more preselected conditions, as
described hereinafter. The monitoring device may be part of the controller or separate from the
controller. Without limitation, the monitoring device may include a position sensor 68 that monitors
the movement of one or more of the weld electrodes (e.g., so that the change in the distance
between the weld electrodes may be monitored). The stack of substrates to be welded may be
fed into the welding device manually, automatically fed into the welding device (e.g., using a robot,
a conveyor line, or the like), a portion of the welding device including the weld electrodes may
move to the stack of substrates to be welded (e.g., the welding device may be movable, such as

a portion of a welding device attached to an arm of a robot), or any combination thereof.
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[0084] The welder may include a means of flowing or circulating a fluid through one or more of
the weld electrodes. For example, the welder may include a source of water, coolant, or other
fluid that flows or circulates through one or more of the weld electrodes. The fluid (e.g., flowing
into a weld electrode) may be relatively cool (e.g., compared to the weld stack being heated during
the welding process) so that heat is removed from the weld electrode during the first weld stage,
the second weld stage, or both. The fluid may remove sufficient heat so that the weld electrode
does not stick to the materials in the weld stack. The flow rate of the fluid, the temperature of the
fluid, or both may be controlled by one or more controllers. In a preferred aspect of the invention,
the temperature of the fluid is less than the transition temperature of the polymer. For example,
the fluid may have a temperature that is less than the melting temperature of the polymer, less
than the glass transition temperature of the polymer, or both. The temperature of the fluid may be
less than about 200°C, preferably less than about 130°C, more preferably less than about 60°C,
even more preferably less than about 30°C, and most preferably less than about 20°C.

[0085] In general the welding process includes a step of placing two or more substrates to be
welded together (i.e., a stack of materials to be welded together) in a welding device (e.g., by
moving the stack of materials to the device, moving the device to the materials, or both), one or
more of the substrates being a first composite material that includes at least a first metallic layer
and a polymeric layer having a polymer, and one or more conductive fillers. A multi-stage welding
process may include a step of at least partially welding the substrates together in a first weld stage
under a first processing condition, so that at least a portion of the polymer undergoes at least one
phase transition. A multi-stage welding process may include a step of altering (e.g., automatically
altering) the first processing condition to a different processing condition following the at least one
phase transition; and further welding the materials in a second weld stage using the different
processing condition so that a weld joint including at least a part of the first composite material is
formed. It will be appreciated that the step of automatically altering the first process condition may
employ an open-loop control operation, a closed-loop control operation, or both.

[0086] Preferably the processing condition for the first weld stage, the second weld stage, or both
are preselected conditions. However, the processing condition for the first weld stage, the second
weld stage, or both may be determined by monitoring or measuring one or more preselected
conditions and comparing the information about the preselected condition with a predetermined
desired value for the preselected condition. For example, the process may include a step of
measuring or monitoring, prior to the first weld stage, one or more preselected conditions (e.g., a
condition that indicate the weld time or weld energy at which at least a portion of the polymer is

likely to undergo the phase transition). Exemplary preselected conditions that may be measured
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or monitored include an electrical property of the first composite material, an electrical property of
the polymeric layer, an electrical property of a weld stack including the two or more substrates to
be welded together, the thickness of the weld stack, the diameter of the weld electrode, or any
combination thereof.

[0087] The welding process may result in a weld zone in which the thickness of the polymeric
layer of the composite material is reduced (e.g., by at least about 30%, preferably at least about
70%) relative to the thickness of the polymeric layer away from the weld zone (e.g., the thickness
of the polymeric layer prior to the welding process). The welding process may result in a weld
zone in which the polymer concentration (or volume of polymer) in the weld zone is reduced are
even substantially eliminated. For example the concentration or volume of polymer in the weld
zone may be reduced by at least about 50%, preferably at least about 70%, more preferably at
least about 95%.

FIRST WELD STAGE

[0088] The welding process will typically include a first weld stage which partially, or completely
melts or softens the polymer (e.g., in the intended welded zone). The first weld stage employs a
first processing condition. The first processing condition may be selected to provide sufficient heat
into the intended weld zone to cause the phase transition in the polymer. The first processing
condition may include a weld time (e.g., a number of weld cycles), a weld pressure, a weld current,
a weld voltage, a weld power, a weld energy, or any combination thereof.

[0089] It will be appreciated that during the first weld stage, as the current flows through the weld
stack, heat will be generated by the electrical resistance of the weld stack. The polymeric layer of
the composite material typically will have a much higher electrical resistance than the remainder
of the weld stack. As such, most of the heat generated by the weld stack may be generated in the
polymeric layer or layers that are present in the weld stack. The instantaneous rate of heat

generation may estimated by equation 2:
dH/dt = P = I(t)* RpL (Equation 2)

where I(t) is the instantaneous current, and Rp_ is the resistance of the polymeric layer. The
current may have a periodicity (such as in an alternating current), may vary between weld cycles,
or both. The resistance of the polymeric layer may also vary with time. For example the electrical
resistivity of the polymeric material may change (e.g., as the temperature of the polymeric layer
is increased), the thickness of the polymeric layer in the intended weld zone may change, the
concentration of polymer in the polymeric layer in the intended weld zone may change, the

concentration of the filler in the intended weld zone may change, or any combination thereof.
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[0090] The energy provided during the first weld stage may be estimated by integrating Equation
2 over the weld time of the first weld cycle. Some of this energy may be used to heat the polymeric
layer, to melt or soften the polymeric layer, or both. It will be recognized that some of the heat will
also be dissipated (e.g., by thermal conduction). The thermal conductivity of the polymeric layer
may be relatively low (e.g., less than the thermal conductivity of the metallic layer) so that the rate
of heat dissipation is relatively low. Preferably, the first processing condition provides sufficient
heat to increase the temperature of the polymer to its phase transition temperature and cause at
least some (e.g., all) of the polymer (e.g., in the intended weld zone) to melt or soften (e.g., even
when considering the possibility of heat dissipation). Preferably, the first processing condition
does not provide sufficient heat to melt some or all of the metallic layer of the composite material
in the intended weld zone.

[0091] It will be appreciated that the polymer of the polymeric layer of the first composite material
may be characterized by a phase transition temperature (e.g., a first peak melting or a first glass
transition temperature), and the metallic layer of the first composite material may be characterized
by a second peak melting temperature. Preferably the first transition temperature is less than the
second peak melting temperature. The first transition temperature may be less than about 350°C,
preferably less than about 300°C, and more preferably less than about 250°C. The second
transition temperature may be greater than about 375°C, preferably greater than about 400°C,
and more preferably greater than about 450°C.

[0092] Without limitation the weld time for the first weld stage may be at least 1 cycles (i.e., 1/60
second), preferably at least 2 cycles (i.e., 2/60 seconds), more preferably at least 3 cycles (i.e.,
3/60 seconds), even more preferably at least 4 cycles (i.e., 4/60 seconds), and most preferably
at least about 5 cycles (i.e., 5/60 seconds). The weld time for the first weld stage may be less
than about 30 cycles, preferably less than about 25 weld cycles, more preferably less than about
20 weld cycles, and most preferably less than about 15 weld cycles. Longer weld times may be
employed if needed to melt or soften the polymer.

[0093] The weld current for the first stage may be less than about 20 kA, preferably less than
about 10 kA, more preferably less than about 3 kA, even more preferably less than about 1 kA,
even more preferably less than about 0.5 kA, even more preferably less than about 0.2 kA, and
most preferably less than about 0.1 kA.

[0094] The weld current for the first weld stage may vary during the first weld stage. For example,
the first weld stage may use an upslope weld current, starting at an initial current (which may be
0 or more) and increasing the current (e.g., until a final current is reached). The increase in the

current may be incremental (e.g., step-wise increases), continuous, or both.
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[0095] The ratio of the weld current to the area (A;) of contact between the weld electrode and
the weld stack (i.e., I/A;) may be relatively low. For example, I/A; may be less than about 50
kA/cm?, preferably less than about 10 kA/cm?, more preferably less than about 2 kA/cm?, even
more preferably less than about 0.5 kA/cm?, even more preferably less than about 0.1 kA/cm?,
and most preferably less than about 0.02 KA/cm?.

[0096] The voltage for the first weld stage preferably is sufficient to at least partially melt or soften
the polymer. The voltage for the first weld stage may include a voltage greater than about 0.1
volts and preferably greater than about 1 volt.

[0097] The power density during the first weld stage preferably is sufficient to at least partially
melt or soften the polymer, For example, the rate of heat generation in the intended weld zone
(e.g., between a pair of electrodes) preferably is at least about 1 W/cm?, more preferably at least
about 5 W/cm?, even more preferably at least about 15 W/cm?, and most preferably at least
about 30 W/cm?2.

[0098] The welding process may include a step of monitoring the first weld stage for one or more
preselected conditions that indicate that at least a portion of the polymer has undergone a phase
transition. For example, the welding process may monitor a condition such as a weld electrode
pressure; a weld current; a weld time; a voltage; an energy; a power; an electrical property of the
first composite material; an electrical property of a weld stack including the two or more substrates
to be welded together; a change in position of a substrate, a layer of the composite material, a
weld electrode, or any combination thereof; a temperature of a weld electrode, a material, a heat
transfer fluid, or any combination thereof; or any combination thereof.

[0099] The weld electrodes may apply a compressive force and pressure on the weld stack
including the first composite material. The force and/or pressure employed in the first weld stage,
the second weld stage, an additional optional weld stage, or any combination thereof may be a
pressure that is sufficient to create a contact between the first composite material and another
material in the weld stack. The weld force and/or pressure may be sufficiently low so that a metallic
layer of the composite material does not tear or crack. The weld force may be greater than about
100 Nt, preferably greater than about 300 Nt, and more preferably greater than about 1000 Nt.
The weld force may be less than about 100,000 Nt, preferably less than about 30,000 Nt, and
more preferably less than about 10,000 Nt. Without being bound by theory, it is believed that the
compressive force and pressure the weld electrodes exerts on the weld stacks reduces the
electrical resistance in the weld stack in the region between the weld electrodes, so that a
significant amount of the weld current (e.g., at least about 5%, at least about 10%, at least about

15%, at least 20%, at least about 25%, at least about 30%, or at least about 35%) passes through
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the portion of the weld stack between the weld electrodes.

SECOND WELD STAGE

[00100] The second weld stage preferably uses a processing condition that is different from
the first processing condition employed in the first weld stage. The second weld stage may be
used to melt some or all of the metallic layer of the composite material, to melt any metallic
materials in the weld stack, or both.

[00101] As described above, the process may include a step of altering the first process
condition to a second process condition (such as used in the second weld stage). Without
limitation, the step of altering the first process condition may include changing the current (e.g.,
increasing the current), changing the power, changing the voltage (e.g., decreasing the voltage),
changing the energy, changing the weld pressure, changing the weld time, or any combination
thereof.

[00102] The second weld stage may employ a processing condition (such as a weld time,
weld pressure, weld heat, weld current, or any combination) that partially or preferably completely
melts the metallic layer of the composite material. Without limitation, any welding conditions
known in the art for joining the metallic materials in the substrates may be employed in the second
weld stage. Such welding conditions typically depend on the thickness of the substrates, the
metals or metal alloys being welded, any coating that may be on the substrates, the class of finish
desired (e.g., class A surface), and the like. It will be appreciated that the art known welding
conditions may be increased by as much as 100%, or decreased by as much as 60%.

[00103] Without limitation the second weld stage may employ a weld current greater than
about 0.5 kA, preferably greater than about 3 kA, more preferably greater than about 4 kA, and
most preferably greater than about 5 kA. The ratio I/A; for the second weld stage may be greater
than about 5 kA/cm?, preferably greater than about 10 kA/cm?, more preferably greater than about
20 kA/cm?, even more preferably greater than about 30 kA/cm?, even more preferably greater
than about 45 kA/cm?, and most preferably greater than about 60 kA/cm?.

[00104] Without limitation the weld time for the second weld stage may be at least 1 cycles
(i.,e., 1/60 second), preferably at least 2 cycles (i.e., 2/60 seconds), more preferably at least 3
cycles (i.e., 3/60 seconds), even more preferably at least 4 cycles (i.e., 4/60 seconds), and most
preferably at least about 5 cycles (i.e., 5/60 seconds). The weld time for the second weld stage
may be less than about 30 cycles, preferably less than about 25 weld cycles, more preferably less
than about 20 weld cycles, and most preferably less than about 15 weld cycles. Longer weld times
may be employed if needed (e.g., to melt the metallic material, the metallic layer, or both)..

[00105] Preferably the second weld stage is a stage that delivers current through the weld
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stack. As such, the second weld stage preferably does not consist entirely of hold cycles (i.e.,
applying a pressure for the entire stage without applying a current). The weld time of the second

weld stage may be longer than, shorter than, or the same as the weld time of the first stage.

OPEN-LOOP AND CLOSED-LOOP CONTROL OPERATION

[001086] The welding process may include an open-loop control operation, a closed- loop
control operation, or both. For example, the welding process may include a loop control operation
that includes a step of monitoring one or more weld stages (e.g., the first weld stage) for one or
more preselected conditions (such as a condition that may indicate that at least a portion of the
polymer has undergone a phase transition), a step of comparing information about the
preselected condition with a predetermined desired value for the preselected condition; a step of
automatically altering the first processing condition to a different processing condition based on
the information obtained from the comparing step; a step of automatically altering the weld time
of the first weld stage based on the information obtained from the comparing step, or any
combination thereof.

[00107] Examples of open-loop and closed-loop control operations that may be employed
include those described in paragraphs 0065 through 0075 of US Provisional Patent Application
Nos.: 61/290,384 (filed on December 28, 2010).

[00108] Processes that are free of an open-loop and a closed-loop control operation may
also be employed. Such a process may be particularly suitable for welds that are not shunted.
The process may include a step of measuring one or more initial reading of a preselected
condition. For example, the process may include a step of measuring an initial reading of a
current, voltage, or resistivity. The one or more initial reading preferably are taken prior to the start
of the first welding stage. The process may include a step of selecting one or more welding
conditions for the first welding stage based on the one or more initial readings. For example, the
initial reading may be employed to determine the weld time for the first welding stage (e.g., the
number of weld cycles), the voltage for the first welding stage, the power for the first welding
stage, the current for the first welding stage, or any combination thereof.

[00109] The welding process may be used to prepare a welded structure or a weld joint)
that includes a composite material and a second substrate (such as a weld joint that includes two
composite materials), or a welded structure or a weld joint that includes a composite material and
two or more additional substrates. Surprisingly, we are able to achieve a microstructure that
includes a fused joint including the first metallic layer and the second metallic layer of the
composite material and a substrate material, where some of, or all of the thermoplastic polymer

of the filled polymeric material has been removed from the weld joint. As such, the weld joint may

30

Date regue/Date Received 2020-08-28



include a portion of the first metallic layer and a second metallic layer of a composite material.
FIG. 11 is an example of a microstructure of a weld joint. In some aspects of the invention, the
weld joint is characterized by at least one of the following: a) a weld button size of 2 mm?2 or more;

b) atensile strength of 1 kN or more; and c) a weld free of metal expulsion.

ADDITIONAL FEATURES

[00110] For multi-stage welding, it will be appreciated that the welding process may include
one or more additional weld stages before the first weld stage, one or more additional weld stages
between the first and second weld stage, one or more additional weld stages after the second
weld stage, or any combination thereof. An additional weld stages, if employed, may be at least
3 weld cycles (i.e., at least 3/60 seconds) or may be less than 3 weld cycles. For example at least
3 weld cycles may lapse between the first weld stage and the second weld stage. Preferably, less
than 3 weld cycles elapses between the first weld stage and the second weld stage. The one or
more additional weld stages may include a transition weld stage between the first weld stage and
the second weld stage.

[0O111] The transition weld stage, if employed, may include an open-loop or a closed-loop
control. During the transition weld stage (e.g., using a controller) the current may increase or
decrease one or more times, the voltage may increase or decrease one or more times, the power
may increase or decrease one or more times, the electrode force may increase or decrease one
or more times, or any combination thereof. During the transition weld stage, one or any
combination of the current, the voltage, the power, or the electrode force, may change (e.g., using
a controller) in a stepwise form. During the transition weld stage, one or any combination of the
current, the voltage, the power, or the electrode force, may change (e.g., using a controller) in
response to a measured value for one or more preselected transition stage conditions. During the
transition weld stage a controller may be employed for ensuring a constant or predetermined
variation in the current, voltage, power, electrode force, or any combination thereof. A transition
weld stage may be employed to transition from a stage at which at least some of the polymer has
been heated above its melting temperature and/or glass transition temperature to a stage at which
the polymer has been generally displaced from the region between the weld electrodes. During
the transitional weld stage, the electrical resistance of the composite material between the weld
electrodes may change greatly. For example the electrical resistance of the composite material
between the weld electrodes may decrease by at least 50%, preferably at least 90% in one, two
or more, or even all of the weld cycles of the transitional weld stage. As the resistivity and/or
resistance decreases in the transitional weld stage, a weld controller or other processer may be

employed to compare one or more preselected transition stage conditions with a preselected
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value. The controller may automatically alter the conditions for one or more remaining weld cycles,
automatically transition to another weld stage, or both.

[00112] One or more of the materials in the weld stack may be formed prior, during, or after
welding. For example, the weld stack may include a composite material that has been formed. As
such, the composite material may be formable. For example, composite materials employed in
the present invention may be subjected to a suitable forming process, such as a process that
plastically deforms a material and may include a step of stamping, roll forming, bending, forging,
punching, stretching, coiling, some other metalworking, or any combination thereof. A preferred
forming process is a process that includes a step of stamping the composite material. The
stamping process may occur at or near ambient temperatures. For example, the temperature of
the composite material during stamping may be less than about 65°C, preferably less than about
45°C, and more preferably less than about 38°C. It will be appreciated that processing conditions
at temperatures greater than about 65 °C may also be employed for forming the composite
material. The forming process may involve drawing regions of the composite material to various
draw ratios. In one aspect of the invention, the composite material is subjected to a step of drawing
to arelatively high draw ratio without breaking, wrinkling, or buckling. For example, it is subjected
to a step of drawing so that at least a portion of the composite is drawn to a draw ratio greater
than 1.2. Desirably, the composite material may be capable of being drawn and is drawn to a
maximum draw ratio greater than about 1.5, preferably greater than about 1.7, more preferably
greater than about 2.1, and most preferably greater than about 2.5. The cracking limit of the draw
ratio may be determined using the circular cup drawing test as described by Weiss et al. (M.
Weiss, M. E. Dingle, B. F. Rolfe, and P. D. Hodgson, “The Influence of Temperature on the
Forming Behavior of Metal/Polymer Laminates in Sheet Metal Forming”, Journal of Engineering
Materials and Technology, October 2007, Volume 129, Issue 4, pp. 534-535). The forming
process may include a step applying a pressure to a die (e.g., a die having a hardness, as
measured according to Mohrs hardness scale, greater than the hardness of the metallic particles
or fibers of the composite material) in contact with the composite material.

[00113] A particularly preferred stamping or drawing process is a process that operates at
greater than about 1 stroke (e.g., 1 part) per minute, more preferably greater than about 5 strokes
per minute, even more preferably greater than about 25 strokes per minute, and most preferably
greater than about 60 strokes per minute. The stamping process may include a blank holding
force to hold a periphery of the blank (i.e., a periphery of the composite material being stamped).
Preferably, the blank holding force is greater than about 0.03 kg/mm?, more preferably greater

than about 0.10 kg/mm?, and most preferably greater than about 0.18 kg/mm?2. The stamping
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process may include one, two, or more drawing steps. Preferably, the maximum draw for the first
draw of the stamping process (as measured by the maximum % reduction in thickness) is less
than about 60%, more preferably less than about 50% and most preferably less than about 45%.
In addition to drawing the material, the stamping process may include one or more steps of
piercing the part, trimming the part, flanging the part, or any combination thereof, which may be

a separate step or may be combined (e.g., with a drawing step).

EXAMPLES

Example 1

[00114] Example 1 is a composite material including a polymeric layer containing about 15
volume % stainless steel fiber and about 85 volume % of a polyamide copolymer. The fibers are
generally cylindrical and have a cross-section of less than about 9 x 10® mm?2. The polyamide
copolymer has a melting temperature of about 130°C. The polyamide copolymer is a neat resin
and thus free of plasticizer or other additives having a boiling point less than about 300°C. The
polymeric layer has a thickness of about 0.4 mm and is sandwiched between two metallic layers.
The metallic layers are made of low carbon steel and each have a thickness of about 0.2 mm.
The first metallic layer is coated with BONAZINC® corrosion and chip resistant coating available
from PPG Industries, Pittsburgh, PA, USA, and the second metallic layer is free of a coating. The

surfaces of the metallic layers are cleaned and dried prior to preparing the composite.

Example 2

[00115] Example 2 is prepared by welding the composite material of Example 1 to a sheet
of cold rolled steel having a thickness of about 0.6 mm. The two substrates to be welded are
arranged so that the uncoated metallic layer of the composite material is in contact with the sheet
of cold rolled steel. One set of weld conditions is employed including a weld pressure of about 4
MPa, a weld electrode diameter of about 6 mm, a weld current of about 5 kA and a weld time of

about 5 cycles. The resistivity is too high and the materials do not weld together.

Example 3

[00116] Example 3 is prepared using the same method as Example 2, except a two stage
welding process is employed. The first weld stage includes a welding pressure of about 10 MPa,
a weld electrode diameter of about 6 mm, a weld current of less than about 0.5 kA. During first
weld stage, the displacement of the weld electrodes are monitored and compared to a
predetermined target value of about 0.2 mm (i.e., the separation between the weld electrodes is
reduced by 0.2 mm compared with the separation at the start of the welding operation) using an

open-loop or a closed-loop control operation. After about 8 weld cycles using the first processing
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conditions, the displacement is determined to exceed the target value. The processing conditions
is automatically altered to a second welding process condition which includes increasing the weld
current to about 5 kA, decreasing the weld pressure to about 4 MPa, and setting the weld time to

about 4 cycles. A good weld is obtained.

Example 4
[00117] Example 4 is prepared by welding two substrates that are both 0.8 mm thick cold
rolled steel. No composite material is used in this example. The weld processing condition of

Example 2 are employed. A good weld is obtained.
Example 5

[00118] A filled thermoplastic material is prepared by mixing about 15 volume% low carbon steel
fibers having a generally cylindrical shape with an average cross-sectional area in the plane
transverse to the length of the fibers of about 8 x 104 mm? or less, a length from about 1 to about
10 mm and about 85 volume % of a copolyamide of about 50 wt. % polyamide 6 and about 50 wt.
% polyamide 6,9 (the copolymer characterized by an elastic modulus of about 300 MPa measured
according to 1SO 527-2, a melting point of about 130°C as measured according to 1ISO 11357,
and an elongation at break of about 900 % measured according to ISO 527-3). The filled
thermoplastic material is mixed at a temperature from about 190°C to about 250°C. The filled
thermoplastic material is then placed between two sheets of low carbon steel, each having a
thickness of about 0.2 mm. The materials are then pressed at a temperature from about 200°C to
about 230°C with a pressure of about 1 to about 22 MPa. The composite material has a core
thickness of the filled thermoplastic material of about 0.4 mm. The composite material is stamped
in a high speed stamping operation with a draw ratio greater than about 3, and no cracks or other
surface defects are observed. After stamping, the surface of the composite material is relatively
smooth compared to the surface of a monolithic low carbon steel sample having the same total
thickness and stamped under the same conditions. The composite material has a thickness of
about 0.8 mm. The composite material is stacked with a sample of cold rolled steel having a
thickness of about 0.8 mm. The stack is placed in a spot welding machine between a pair of weld
electrodes having a diameter of about 13 mm. A force of about 2.2 kNt is applied to the weld

electrodes. The composite material does not weld to the cold rolled steel.

[00119] Example 6
[00120] A composite material is prepared using the same materials, composition, and method
as Example 6, except the fibers are replaced with low carbon fibers having a generally rectangular

cross-section in the direction transverse to the length of the fibers. The fibers have an average
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length of about 2.3 mm. The average cross-sectional area of the fibers is about 0.0045 mm?. The
ratio of the width to the thickness of the fibers is about 2 to 8. The composite material has a
thickness of about 0.8 mm. The composite material is stamped in a high speed stamping operation
with a draw ratio greater than about 3, and no cracks or other surface defects are observed. After
stamping, the surface of the composite material is relatively smooth compared to the surface of a
monolithic low carbon steel sample having the same total thickness and stamped under the same
conditions. The composite material is stacked with a sample of cold rolled steel having a thickness
of about 0.8 mm. The stack is placed in a spot welding machine between a pair of weld electrodes
having a diameter of about 13 mm. A force of about 2.2 kNt is applied to the weld electrodes. The
resistivity of the composite material in the through-thickness direction is determined while under
force of 2.2 kKNt. Thus determined, the electrical resistivity of Example 7 composite material is
about 0.1 Q.cm or less. When welded using weld schedules typical for two sheets of cold rolled
steel having a thickness of about 0.8 mm, the composite material welds to the cold rolled steel,
producing a weld button having a diameter greater than the diameter of the weld electrodes. No
extra heating, no extra weld cycles, and no extra current are required to produce a good weld with

Example 7.

Example 7

[00121] Example 7 is identical to Example 6, except the concentration of the metallic fiber in the
filed polymeric material is increased to about 20 volume percent and the concentration of the
polymer is reduced to about 80 volume percent. The composite material of Example 8 is welded
to a sheet of galvannealed steel having a thickness of about 0.8 mm. An electrode having a face
diameter of about 3.8 mm is used on the side of the weld stack having the composite material
and an electrode having a face diameter of about 4.8 mm is used on the side having the
galvannealed steel. A force of about 610 Ibs is applied to the weld stack by the electrodes. The
materials are welded using mid frequency DC welding, having a frequency of about 1,000 Hertz.
Each weld is done on samples having a width of about 25 mm and a length of about 75 mm. The
weld time is constant at about 200 miliseconds..Welds are made using weld currents ranging from
about 8.8 ka to over 13 kKA. The size of the weld button on the composite sheet is measured after
the welding is completed. The weld button size and the weld current of each weld sample 46 is
shown in a graph 30 in FIG. 5. At low weld currents given by the region 44, the weld button size
is less than the 95% of the diameter of the electrode 36 that is used on the face of the composite
material during the welding step. At intermediate weld currents illustrated by the region 40, the
button size is greater than 95% of the diameter of the electrode 36. At high weld currents

illustrated by region 42, there is expulsion of metal and/or a loud popping noise during the welding
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and the resulting welds are unacceptable. The minimum weld current 34 for obtaining acceptable
welds is about 10 kA for Example 7. The maximum weld current 32 for obtaining acceptable welds
is about 13 kA. The difference between the maximum weld current 32 and the minimum weld
current 34 is the current range 38. Thus measured, the weld current range of Example 7 is about
3.0 kKA.

Example 8

[00122] The weld current range is measured for a weld stack consisting of two monolithic sheets
of the galvannealed steel each having a thickness of about 0.8 mm similarly measured and is
determined to be less than about 1.3 KA. The weld current range is measured using the same
method as for Example 7. Surprisingly, the composite material of Example 7 is easier to weld (i.e.,
has a broader processing window for welding) than the galvannealed steel, as determined by its

higher weld current range (e.g., compared to Example 8).

Example 9

[00123] Example 9 is a composite material having the same composition, filled thermoplastic
polymer, and structure as Example 7. The weld current range of Example 9 is measured using
the same conditions as in Example 7, except the load on the weld electrodes is about 2.76 kN
(about 600 Ib), the upslope time is about 50 ms, the weld time is about 300 ms, and the initial
weld current is about 8-9 kA. The weld current range is first measured for a weld stock consisting
of the Example 9 composite material and a sheet of uncoated deep drawing quality steel (i.e.,
DDQ) having a thickness of about 1.2 mm. The weld button size is measured at different weld
currents as shown in FIG. 6. Good welds characterized by i) a button size of about 3.6 mm or
more in diameter and ii) no metal expulsion are obtained when the weld current is from about 6.4
kA to about 9.2 KA. The weld current range is determined to be about 2.8 kA for welding the
Example 9 to 1.2 mm thick uncoated DDQ.

[00124] Next, weld stacks consisting of the composite material and 0.8 mm thick galvannealed
steel are prepared and welded using the same conditions as for the uncoated DDQ steel.
Surprisingly, good welds are obtained without changing the upslope time, the weld time, the initial
weld current, or the load on the weld electrodes. The weld button is measured at different weld
currents as shown in FIG. 7. Good welds characterized by i) a button size of about 3.6 mm or
more in diameter and ii) no metal expulsion are obtained when the weld current is from about 7.75
kA to about 9.45 kKA. The weld current range is determined to be about 1.7 kA for welding the
Example 9 composite material to 0.8 mm thick galvannealed steel.

[00125] The composite material of Example 9 is also welded to hot dip galvanized steel (i.e.,
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HDG) having a thickness of about 1.5 mm. Weld stacks consisting of the composite material and
the 1.5 mm thick HDG are prepared and welded using the same conditions as for the uncoated
DDQ steel. Surprisingly, good welds are obtained without changing the upslope time, the weld
time, the initial weld current, or the load on the weld electrodes. The weld button is measured at
different weld currents as shown in FIG. 8. Good welds characterized by i) a button size of about
3.6 mm or more in diameter and ii) no metal expulsion are obtained when the weld current is from
about 7.35 kA to about 9.35 kKA. The weld current range is determined to be about 2.0 kA for
welding the Example 9 composite material to 1.5 mm thick HDG.

[00126] Surprisingly, the same welding conditions can be used for welding the composite
material to different types of steel (e.g., DDQ, HDG, or galvannealed steel). Additionally, it is
surprising that the composite material is capable of being welded to steel having thickness varying
by about 87% (i.e., from 0.8 mm to 0.8 mm x 187% = 1.5 mm) without changing the welding
conditions. It is also surprising that for the different types of steels, and the different thickness of
the steel, the welding to the composite material is characterized by generally large weld current
ranges.

Example 10

[00127] Example 10 is a composite material identical to Example 9 is prepared except the
thickness of the core layer is increased to about 1 mm and the thickness of each metal sheet is
increased to about 0.5 mm. The composite material is welded to a sheet of cold rolled steel having
a thickness of about 2 mm. A multi-stage weld process is required to weld the materials. The
multi-stage weld process includes a first weld stage having a first weld current for melting the
polymer and a second weld stage including a second weld current higher than the first weld
current for fusing the substrate to the composite material.

Example 11A

[00128] The composite material of Example 9 is welded to cold rolled steel. A second weld is
made about 50 mm from the first weld. Both the first and second welds are made using a single
stage weld process. The second weld has arcing from the first weld and the surface is
unacceptable.

Example 11B

[00129] The composite material of Example 9 is welded to cold rolled steel. A second weld is
made about 50 mm from the first weld. A multi-stage weld process is required for the shunted
weld the materials. The multi-stage weld process includes a first weld stage having a first weld
current for melting the polymer and a second weld stage including a second weld current higher

than the first weld current for fusing the substrate to the composite material.
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[00130] For the above examples, similar results are expected when any of the values provided
in the examples are varied by 10%, 20%, or 30%.

[00131] As used herein, unless otherwise stated, the teachings envision that any member of a
genus (list) may be excluded from the genus; and/or any member of a Markush grouping may be
excluded from the grouping.

[00132] Unless otherwise stated, any numerical values recited herein include all values from
the lower value to the upper value in increments of one unit provided that there is a separation of
at least 2 units between any lower value and any higher value. As an example, if it is stated that
the amount of a component, a property, or a value of a process variable such as, for example,
temperature, pressure, time and the like is, for example, from 1 to 90, preferably from 20 to 80,
more preferably from 30 to 70, it is intended that intermediate range values such as (for example,
1510 85, 22 to 68, 43 to 51, 30 to 32 etc.) are within the teachings of this specification. Likewise,
individual intermediate values are also within the present teachings. For values which are less
than one, one unit is considered to be 0.0001, 0.001, 0.01 or 0.1 as appropriate. These are only
examples of what is specifically intended and all possible combinations of numerical values
between the lowest value and the highest value enumerated are to be considered to be expressly
stated in this application in a similar manner. As can be seen, the teaching of amounts expressed
as “parts by weight” herein also contemplates the same ranges expressed in terms of percent by
weight. Thus, an expression in the Detailed Description of the Invention of a range in terms of at
“X' parts by weight of the resulting polymeric blend composition” also contemplates a teaching of
ranges of same recited amount of “x” in percent by weight of the resulting polymeric blend
composition.”

[00133] Unless otherwise stated, all ranges include both endpoints and all numbers between
the endpoints. The use of “about’ or “approximately” in connection with a range applies to both
ends of the range. Thus, “about 20 to 30" is intended to cover “about 20 to about 30", inclusive of
at least the specified endpoints.

[00134] The term “consisting essentially of’ to describe a combination shall include the
elements, ingredients, components or steps identified, and such other elements ingredients,
components or steps that do not materially affect the basic and novel characteristics of the
combination. The use of the terms “comprising” or “including” to describe combinations of
elements, ingredients, components or steps herein also contemplates embodiments that consist
essentially of the elements, ingredients, components or steps.

[00135] Plural elements, ingredients, components or steps can be provided by a single

integrated element, ingredient, component or step. Alternatively, a single integrated element,
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ingredient, component or step might be divided into separate plural elements, ingredients,
components or steps. The disclosure of “a” or “one” to describe an element, ingredient,
component or step is not intended to foreclose additional elements, ingredients, components or
steps. All references herein to elements or metals belonging to a certain Group refer to the
Periodic Table of the Elements published and copyrighted by CRC Press, Inc., 1989. Any
reference to the Group or Groups shall be to the Group or Groups as reflected in this Periodic
Table of the Elements using the IUPAC system for numbering groups.

[00136] As used herein the terms "polymer" and "polymerization" are generic, and can include
either or both of the more specific cases of "homo-* and copolymer" and "homo- and
copolymerization", respectively.

[00137] It is understood that the above description is intended to be illustrative and not
restrictive. Many embodiments as well as many applications besides the examples provided will
be apparent to those of skill in the art upon reading the above description. The scope of the
invention should, therefore, be determined not with reference to the above description, but should
instead be determined with reference to the appended claims, along with the full scope of
equivalents to which such claims are entitied. The omission in the following claims of any aspect
of subject matter that is disclosed herein is not a disclaimer of such subject matter, nor should it
be regarded that the inventors did not consider such subject matter to be part of the disclosed

inventive subject matter.
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CLAIMS

What is claimed is:

1. A process for constructing an article including a step of contacting a metallic substrate
material with a composite material, wherein the composite material includes a pair of spaced
apart steel sheets and a core layer between the sheets;

the volume of the core layer is 25 volume % or more, based on the total volume of the
composite material;

the core layer includes a polyolefin;

the core layer includes a plurality of steel fibers arranged in one or more masses of
fibers that extend the thickness of the core layer so that the core layer is in electrical
communication with the steel sheets; and

the steel fibers have a rectangular cross-section and a cross sectional area

perpendicular to the length of the fibers from 1 x 10°° mm? to 2.5 x 102 mm>.

2. The process of claim 1, wherein the process includes a step of applying a weld current from
2.5 kA to 25 kA to the metallic substrate and the composite material to weld the substrate
with the composite material so that a weld is achieved characterized by a weld button

having an area of 1 mm? or more.

3. The process of claim 1 or 2, wherein the concentration of the steel fibers is from 10 percent
by volume to 30 percent by volume, based on the total volume of the core layer of the
composite material.

4. The process of any one of claims 1 through 3, wherein the composite material has a
process window for welding the composite material to a 0.8 mm thick cold rolled steel,

wherein the process window is characterized by a weld current range from 1.2 to 3.5 kA.

5. The process of any one of claims 1 through 4, wherein the ratio of the static resistance of

the composite material to the static resistance of the metallic substrate is from 2 to 30.

6. The process of any one of claims 1 through 5, wherein the polyolefin is a copolymer.
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7. The process of any one of claims 1 through 6, wherein the thickness of the composite

material is from 0.4 to 4 mm.

8. The process of any one of claims 1 through 7, wherein the process includes a step of
forming a weld using a multi-stage welding process including a step of applying a weld
current to the substrate and the composite material during a first weld stage and a step of
applying a different weld current to the metallic substrate and the composite material during
a second weld stage, so that a weld between the composite material and the metallic

substrate is formed.

9. The process of claim 8, wherein the composite material has a thickness of 1 mm or more.

10. The process of claim 8, wherein the weld formed by the multi-stage welding process is a
weld located 200 mm or less from another previously formed weld between the composite

material and the metallic substrate.

11. The process of claim 9, wherein the weld formed by the multi-stage welding process is a
weld located 200 mm or less from another previously formed weld between the composite
material and the metallic substrate.

12. The process of any one of claims 1 through 11, wherein the composite material has a

stamped configuration.

13. The process of any one of claims 1 through 12, wherein the composite material has a static
resistance in the through thickness direction that is 2 times or more greater than the static
resistance of a monolithic material having the same thickness as the composite material and

made from the same metal as the metallic sheet of the composite material.

14. The process of claim 13, wherein the process includes a step of resistance spot welding for
welding the metallic substrate material to the composite material using a weld current and a
weld time selected so that metal expulsion does not occur during the step of resistance spot

welding.
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15. The process of any one of claims 1 through 14, wherein the combined thickness of the pair
of metallic sheets of the composite material is 0.6 mm or less and is less than 75% of the

total thickness of the composite material.

16. The process of any one of claims 1 through 15, wherein the process includes a step of
resistance spot welding a weld stack including the metallic substrate using a pair of
electrodes including a first electrode for contacting a surface of the weld stack and a second
electrode for contacting an opposing surface of the weld stack;
wherein the first electrode has a surface area for contacting the weld stack that is the same
or smaller than the surface area of the second electrode;
wherein the step of resistance spot welding includes a step of passing a weld current
between the first and second electrodes for a time so that the substrate and composite
material have a weld that is characterized by a weld button size of 50% or more of the

surface area of the first electrode.

17. The process of any one of claims 1 through 16, wherein

i) the volume of the core layer is 25 volume percent or more based on the total volume of
the composite material; and

i) the concentration of the steel fibers in the core layer is sufficiently low so that the weld
current range for welding the composite material to a substrate of cold rolled steel
having the same total thickness as the composite material is greater than the weld
current range for welding a monolithic steel sheet to a substrate of cold rolled steel,
wherein the thickness of the monolithic steel sheet is the same as the total thickness of

the two steel sheets of the composite material.

18. The process of any one of claims 1 through 17, wherein the core layer includes from 10
volume percent to 30 volume percent steel fibers, the cross-sectional area of the steel fibers
is 8 x 10° mm? or more, so that the static resistance of the composite material is 1.5 mOhm
or less, as measured between two electrodes each having a face diameter of 3.8 mm using

a load of 2220 N and a sample coupon width of 25 mm and length of 25 mm.

19. A weld joint prepared according to the method of any one of claims 1 through 18.
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20. A welded article prepared according to any one of claims 1 through 18, comprising

21.

i) the composite material,
i) the metallic substrate wherein the metallic substrate is a steel substrate; and
i} aweld joint characterized by at least one of the following:

a) a weld button size of 2 mm? or more;

b) a tensile strength of 1 KN or more; or

c) aweld free of metal expulsion.

A process for constructing an article comprising the steps of:
i) contacting a substrate material with a composite material, and
i) applying a weld current from 2.5 kA to 25 kA to the substrate and the composite

material to weld the substrate with the composite material so that a weld is achieved

characterized by a weld button having an area of 1 mm? or more;

wherein the composite material includes a pair of spaced apart steel sheets having an
area of overlap and a distance between the sheets, and a core layer;

wherein the composite material includes a space between the steel sheets having a
volume defined by the area of overlap and the distance between the steel sheets, wherein
the core layer is in the space between the steel sheets;

the volume of the core layer is 25 volume percent or more, based on the total volume of
the composite material,

the core layer includes a polymer matrix and a plurality of single steel fibers arranged in
one or more masses of fibers that extend the thickness of the core layer so that the core
layer is in electrical communication with the steel sheets, wherein the fraction of the steel
fibers that span individually the thickness of the core layer is less than 0.4; and

the steel fibers have a cross sectional area perpendicular to the length of the steel fibers
from 1 x 10° mm?2to 2.5 x 102 mm?, and the cross-section perpendicular to the length of the
steel fibers has a width, a thickness, and one or more straight sides;

wherein the polymeric matrix includes one or more polymers and the volume ratio of the
polymer to the steel fibers is greater than 2.5:1, the concentration of the steel fibers is
greater than 5 percent by volume, based on the total volume of the core layer of the
composite material, and

the core layer fills at least 90 volume percent of the space between the steel sheets.
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22. The process of claim 21, wherein the concentration of the steel fibers is 10 percent or more

by volume, based on the total volume of the core layer of the composite material.

23. The process of claim 22, wherein the composite material has a process window for welding
the composite material to a 0.8 mm thick cold rolled steel, wherein the process window is
characterized by a weld current range from 1.2 to 3.5 kA, wherein the weld current range is
measured by spot welding using a compressive force of 2713 Nt., an electrode having a
face diameter of 3.8 mm for contacting against the composite material, and an electrode

having a face diameter of 4.8 mm for contacting the cold rolled steel.

24. The process of claim 22, wherein the ratio of the static resistance of the composite material
to the static resistance of the substrate is from 2 to 30, wherein the static resistance is
measured between two electrodes each having a face diameter of 3.8 mm using a load of
2220 N and the static resistance of the composite material is measured using a composite
material sample coupon having a width of 25 mm and a length of 25 mm, and the static
resistance of the substrate is measured using a sample coupon having a width of 25 mm and

a length of 25 mm.

25. The process of any one of claims 21 through 24, wherein the thickness of the composite
material is from 0.4 to 4 mm.

26. The process of any one of claims 21 through 25, wherein the composite material has a

thickness of 1 mm or more.

27. The process of any one of claims 21 through 26, wherein the composite material has a

stamped configuration.

28. The process of any one of claims 21 through 27, wherein the composite material has a static
resistance in the through thickness direction that is 2 times or more greater than the static
resistance of a monolithic material having the same thickness as the composite material and

made from a same steel as the steel sheet of the composite material.

29. The process of any one of claims 21 through 28, wherein the weld current and the weld time

are below values at which metal expulsion occurs during the step of resistance spot welding,
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wherein the weld time is from 4 cycles to 25 cycles, and the weld current is greater than 3
KA.

30. The process of any one of claims 21 through 29, wherein the combined thickness of the pair
of steel sheets of the composite material is 0.6 mm or less and is less than 75 percent of the

total thickness of the composite material.

31. The process of any one of claims 21 through 30, wherein the process includes a step of
resistance spot welding a weld stack including the substrate and the composite material
using a pair of electrodes including a first electrode for contacting a surface of the weld
stack and a second electrode for contacting an opposing surface of the weld stack;

wherein the first electrode has a surface area for contacting the weld stack that is the
same or smaller than the surface area of the second electrode;

wherein the step of resistance spot welding includes a step of passing a sufficient weld
current between the first and second electrodes for a sufficient time so that the substrate
and composite material have a weld that is characterized by a weld button size of 50
percent or more of the surface area of the first electrode, wherein the weld time is from 4

cycles to 25 cycles, and the weld current is greater than 3 kA.

32. The process of any one of claims 21 through 31, wherein

i) the volume of the core layer is 25 volume percent or more based on the total volume of
the composite material; and

i) the concentration of the steel fibers in the core layer is sufficiently low so that the weld
current range for welding the composite material to a substrate of cold rolled steel
having the same total thickness as the composite material is greater than the weld
current range for welding a monolithic steel sheet to a substrate of cold rolled steel,
wherein the thickness of the monolithic steel sheet is the same as the total thickness of
the pair of steel sheets of the composite material, wherein the concentration of the steel

fibers is 21 volume % or less, based on the total volume of the core layer.
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33. The process according to any one of claims 21 to 32 wherein

34.

the step of contacting includes forming a weld stack; and

the step of applying a weld current includes welding the composite material directly to
the substrate;

wherein the volume of the core layer is 25 to 95 volume percent, based on the total

volume of the composite material;

the total volume of the steel sheets of the composite material is from 5% to 75%, based
on the total volume of the composite material;

the steel fibers have a length of 200 um or more and less than 7 mm;

the one or more polymers includes a polyolefin; and

the composite material has a stamped configuration.

A weld joint prepared according to the process of any one of claims 21 through 33,

wherein the composite material includes the pair of spaced apart steel sheets having an
area of overlap and a distance between the sheets, and the core layer;

wherein the composite material includes the space between the steel sheets having a
volume defined by the area of overlap and the distance between the steel sheets, wherein
the core layer is in the space between the steel sheets;

the volume of the core layer is 25 volume percent or more, based on the total volume of
the composite material,

the core layer includes the polymer matrix and a plurality of steel fibers arranged in one
or more masses of fibers that extend the thickness of the core layer so that the core layer is
in electrical communication with the steel sheets; and

the steel fibers have a cross sectional area perpendicular to the length of the steel fibers
from 1 x 10° mm2 to 2.5 x 102 mm?, and the cross-section perpendicular to the length of the
steel fibers has a width, a thickness, and one or more straight sides;

wherein the polymeric matrix includes one or more polymers and the volume ratio of the
polymer to the steel fibers is greater than 2.5:1, the concentration of the steel fibers is
greater than 5 percent by volume, based on the total volume of the core layer of the
composite material, and

the core layer fills at least 90 volume percent of the space between the steel sheets.

35. A welded article prepared according to the process of any one of claims 21 through 33,

comprising
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i) the composite material,
i) a metallic substrate wherein the metallic substrate is a steel substrate; and
iii) aweld joint characterized by the following:

a) a weld button size of 2 mm? or more;

b) a tensile strength of 1 KN or more; and

c) aweld free of metal expulsion;

wherein the composite material includes the pair of spaced apart steel sheets having an
area of overlap and the distance between the sheets, and the core layer;

wherein the composite material includes the space between the steel sheets having a
volume defined by the area of overlap and the distance between the steel sheets, wherein
the core layer is in the space between the steel sheets;

the volume of the core layer is 25 volume percent or more, based on the total volume of
the composite material,

the core layer includes the polymer matrix and a plurality of steel fibers arranged in one
or more masses of fibers that extend the thickness of the core layer so that the core layer is
in electrical communication with the steel sheets; and

the steel fibers have a cross sectional area perpendicular to the length of the steel fibers
from 1 x 10° mm?2 to 2.5 x 102 mm?, and the cross-section perpendicular to the length of the
steel fibers has a width, a thickness, and one or more straight sides;

wherein the polymeric matrix includes one or more polymers and the volume ratio of the
polymer to the steel fibers is greater than 2.5:1, the concentration of the steel fibers is
greater than 5 percent by volume, based on the total volume of the core layer of the
composite material, and

the core layer fills at least 90 volume percent of the space between the steel sheets.

36. A process for constructing an article comprising:

a step of contacting a substrate material with a composite material, and

a step of applying a weld current from 2.5 kA to 25 kA to the substrate and the
composite material to weld the substrate with the composite material so that a weld is
achieved characterized by a weld button having an area of 1 mm? or more;

wherein the composite material includes a pair of spaced apart steel sheets having an

area of overlap and a distance between the sheets, and a core layer;
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wherein the composite material includes a space between the steel sheets having a
volume defined by the area of overlap and the distance between the steel sheets, wherein
the core layer is in the space between the steel sheets;

the volume of the core layer is 25 volume percent or more, based on the total volume of
the composite material,

wherein the core layer includes
i) a polymer matrix that includes at least one polymer selected from the group consisting of

a polyolefin, a polyamide, a polyester, a polyether, a polystyrene, a polymer including an

acrylonitrile, a polymer including an acrylic acid, a polymer including an acrylate, a

polyimide, a polycarbonate, an ionomer, a polyolefin copolymer, a polyamide copolymer,

a polyester copolymer, a polyether copolymer, a polystyrene copolymer, and a

copolymer including an acrylonitrile; and
i) a plurality of steel fibers arranged in one or more masses of fibers that extend the

thickness of the core layer so that the core layer is in electrical communication with the
steel sheets;

wherein the volume ratio of the polymer to the fibers is greater than 2.5:1;

the concentration of the steel fibers is greater than 10 percent by volume, based on the
total volume of the core layer of the composite material; and

the core material fills at least 90 volume percent of the space between the steel sheets.

A process for constructing an article comprising the steps of:
i) contacting a substrate material with a composite material, and
i) applying a weld current from 2.5 kA to 25 kA to the substrate material and the composite
material to weld the substrate material with the composite material so that a weld is
achieved characterized by a weld button having an area of 1 mm? or more;
wherein the composite material includes a pair of spaced apart steel sheets and a core
layer between the sheets;
the volume of the core layer is 25 volume percent or more, based on the total volume of
the composite material;
the core layer includes one or more polymers;
the core layer includes a plurality of steel fibers arranged in one or more masses of
fibers that extend the thickness of the core layer wherein the core layer is in electrical

communication with the steel sheets; and
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the steel fibers have a cross sectional area perpendicular to the length of the fibers from
8 x 10° mm?2to 2.5 x 102 mm?; and wherein

the core layer includes from 10 volume percent to 30 volume percent of the steel fibers,
wherein the steel fibers have a cross-section in the direction perpendicular to the length of
the fibers, wherein the cross-section has two or more parallel sides and one or more straight
sides, wherein the static resistance of the composite material is 1.5 x
103 Q or less, as measured between two electrodes each having a face diameter of 3.8 mm

using a load of 2200 N and a sample coupon width of 25 mm and length of 25 mm.

A process of forming a weld joint comprising the steps of:
i) providing a substrate material, wherein the substrate material is a metallic material,
i) providing a light weight composite material having a stamped configuration, a roll formed

configuration, a bent configuration, or a punched configuration;
i} forming a weld stack including at least the substrate material and the light weight

composite material; and
iv) welding the light weight composite material directly to the substrate material;

wherein the step of welding includes a step of applying a weld current to the substrate
material and the light weight composite material using electrodes of a resistance welding
apparatus to weld the substrate material with the light weight composite material; the step of
welding includes a first weld stage having an upslope weld current starting at an initial weld
current followed by an increase to the weld current;

wherein the light weight composite material includes a pair of spaced apart steel sheets
and a core layer including a filled polymeric material between the steel sheets, wherein the
core layer has a thickness;

wherein the filled polymeric material is present at a concentration from 30 volume % to
75 volume %, based on the total volume of the light weight composite material;

wherein the core layer includes a polymeric matrix and a plurality of steel fibers arranged
in one or more masses of fibers that extend the thickness of the core layer so that the core
layer is in electrical communication with the steel sheets,

wherein the polymer matrix includes one or more polymers, and the polymer(s) and steel
fibers are present at a volume ratio of polymer(s) to steel fibers of 19:1 to 2.2:1;

wherein the steel fibers have a length of 200 ym or more and less than 7 mm; and

wherein the steel fibers have a generally rectangular cross-section perpendicular to the

length of the fibers.
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The process of claim 38, wherein the step of applying a weld current includes applying a
weld current from 2.5 kA to 25.0 kA to the substrate and the light weight composite material
to weld the substrate with the light weight composite material so that a weld is achieved

characterized by a weld button having an area of 1 mm? or more.

The process of claim 39, wherein the concentration of metallic fibers is from 10 percent by
volume to 30 percent by volume, based on the total volume of the core layer of the light

weight composite material.

. The process of claim 40, wherein the polymeric matrix includes at least one polymer

selected from the group consisting of a polyolefin, a polyamide, a polyester, a polyether, a
polystyrene, a polymer including an acrylonitrile, a polymer including an acrylic acid, a
polymer including an acrylate, a polyimide, a polycarbonate, an ionomer, a polyolefin
copolymer, a polyamide copolymer, a polyester copolymer, a polyether copolymer, a
polystyrene copolymer, a copolymer including an acrylonitrile, a copolymer including an
acrylic acid, a copolymer including an acrylate, a polyimide copolymer, and a polycarbonate

copolymer.

The process of claim 40, wherein the thickness of the light weight composite materials is
from 0.4 to 4 mm; and the polymeric matrix includes a polyethylene including 70 wt % or

more ethylene.

The process of claim 42, wherein the combined thickness of the pair of metallic sheets of
the light weight composite material is 1.5 mm or less and is less than 75% of the total

thickness of the light weight composite material.

The process of claim 43, wherein the core layer includes from 10 volume percent to 30
volume percent metallic fibers, wherein the metallic fibers have a cross-section in the
direction perpendicular to the length of the fibers having a cross-sectional area of 8 x 10°
mm? or more, wherein the static resistance of the light weight composite material is 1.5
mOhm or less, as measured between two electrodes each having a face diameter of 3.8 mm

using a load of 2220 N and a sample coupon width of 25 mm and length of 25 mm.

A weld joint prepared according to the process of any one of claims 38 to 44.
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46. A welded article prepared according to the process of any one of claims 38 to 44,
comprising:
i) the light weight composite material;
i} the steel substrate; and
i} aweld joint characterized by at least one of the following:
a) a weld button size of 2 mm? or more;
b) a tensile strength of 1 KN or more; or

c) aweld free of metal expulsion.

47. A process of forming a weld joint comprising the steps of:

i) providing a substrate material, wherein the substrate material is a metallic material,
i) providing a light weight composite material having a stamped configuration, a roll formed
configuration, a bent configuration, or a punched configuration;
i} forming a weld stack including at least the substrate material and the light weight
composite material; and
iv) welding the light weight composite material directly to the substrate material;
wherein the step of welding includes a step of applying a weld current to the substrate
material and the light weight composite material using electrodes of a resistance welding
apparatus to weld the substrate material with the light weight composite material;
wherein the light weight composite material includes a pair of spaced apart steel sheets
and a core layer including a filled polymeric material between the steel sheets, wherein the
core layer has a thickness;
wherein the filled polymeric material is present at a concentration from 30 volume % to
75 volume %, based on the total volume of the light weight composite material;
wherein the core layer includes a polymeric matrix and a plurality of steel fibers arranged
in one or more masses of fibers that extend the thickness of the core layer so that the core
layer is in electrical communication with the steel sheets, wherein the fraction of the steel
fibers that contact a steel sheet along at least half of the length of the fiber is 0.3 or less;
wherein the polymer matrix includes one or more polymers, and the polymer(s) and steel
fibers are present at a volume ratio of polymer(s) to steel fibers of 19:1 to 2.2:1; and

wherein the steel fibers have a length of 200 yum or more and less than 7 mm.
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48. The process of claim 47, wherein the concentration of metallic fibers is from 10 percent by
volume to 30 percent by volume, based on the total volume of the core layer of the light

weight composite material.

49. The process of claim 48, wherein the polymeric matrix includes at least one polymer
selected from the group consisting of a polyolefin, a polyamide, a polyester, a polyether, a
polystyrene, a polymer including an acrylonitrile, a polymer including an acrylic acid, a
polymer including an acrylate, a polyimide, a polycarbonate, an ionomer, and a copolymer

including one or more of the above polymers.

50. The process of claim 48, wherein the thickness of the light weight composite material is from
0.4 to 4 mm and the polymeric matrix includes a polyethylene including 70 wt.% or more
ethylene.

51. The process of claim 50, wherein the combined thickness of the pair of metallic sheets of
the light weight composite material is 0.6 mm or less and is less than 75% of the total
thickness of the light weight composite material; and

wherein the step of welding includes a first weld stage having an upslope weld current

starting at an initial weld current followed by an increase to the weld current.

52. A welded article prepared according to the process of any one of claims 47 to 51,
comprising:
i) the light weight composite material;
i} the steel substrate; and
i} aweld joint characterized by at least one of the following:
a) a weld button size of 2 mm? or more;
b) a tensile strength of 1 KN or more; or

c) aweld free of metal expulsion.

53. A process of forming a weld joint comprising the steps of:
i) providing a substrate material, wherein the substrate material is a metallic material,
i} providing a light weight composite material;
i} forming a weld stack including at least the substrate material and the light weight

composite material; and
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iv) welding the light weight composite material directly to the substrate material;

wherein the step of welding includes a step of applying a weld current to the substrate
material and the light weight composite material using electrodes of a resistance welding
apparatus to weld the substrate material with the light weight composite material;

wherein the light weight composite material includes a pair of spaced apart steel sheets
and a core layer including a filled polymeric material between the steel sheets, wherein the
core layer has a thickness;

wherein the filled polymeric material is present at a concentration from 30 volume % to
75 volume %, based on the total volume of the light weight composite material;

wherein the core layer includes a polymeric matrix and a plurality of steel fibers arranged
in one or more masses of fibers that extend the thickness of the core layer so that the core
layer is in electrical communication with the steel sheets, wherein the fraction of the steel
fibers that individually span the thickness of the core layer is 0.4 or less;

wherein the polymer matrix includes one or more polymers, and the polymer(s) and steel
fibers are present at a volume ratio of polymer(s) to steel fibers of 19:1 to 2.2:1;

wherein the steel fibers have a length of 200 um or more and less than 7 mm; and

wherein the steel fibers have a generally rectangular cross-section perpendicular to the

length of the fibers.

The process of claim 38, wherein the polymeric matrix includes at least one polymer
selected from the group consisting of a polyolefin, a polyamide, a polyester, a polyether, a
polystyrene, a polymer including an acrylonitrile, a polymer including an acrylic acid, a
polymer including an acrylate, a polyimide, a polycarbonate, an ionomer, a polyolefin
copolymer, a polyamide copolymer, a polyester copolymer, a polyether copolymer, a
polystyrene copolymer, a copolymer including an acrylonitrile, a copolymer including an
acrylic acid, a copolymer including an acrylate, a polyimide copolymer, and a polycarbonate

copolymer.

The process of claim 54, wherein the thickness of the light weight composite material is from
0.4 to 4 mm; the polymeric matrix includes a polyethylene including 70 wt.% or more
ethylene; and the metallic fibers are present at a concentration from 10 percent by volume to
30 percent by volume based on the total volume of the core layer of the light weight

composite material.
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The process of claim 55, wherein the combined thickness of the pair of metallic sheets of
the light weight composite material is 0.6 mm or less and is less than 75% of the total

thickness of the light weight composite material.

A welded article prepared according to claim 53, comprising:
i) the light weight composite material;
i} the steel substrate; and
i} aweld joint characterized by at least one of the following:
a) a weld button size of 2 mm? or more;
b) a tensile strength of 1 KN or more; or

c) aweld free of metal expulsion.

The process of claim 43, wherein the fraction of the steel fibers that individually span the

thickness of the core layer is 0.4 or less.

The process of claim 51, wherein the fraction of the steel fibers that individually span the

thickness of the core layer is 0.4 or less.

The process of claim 56, wherein the fraction of the steel fibers that individually span the

thickness of the core layer is 0.4 or less.

A method of measuring the weldability of a light weight composite material comprising the

steps of:

i) applying a weld current to a weld stack consisting of a layer of a composite material and
a layer of a monolithic steel sheet using a pair of electrodes having a face diameter, d;
wherein the weld current is selected so that a weld button size is greater than 0.95d;

i) measuring the diameter of the weld button if any, formed in step i)

i}y repeating steps i) and ii) with decreasing the weld current until the weld button size is
less than d; wherein the lowest weld current that results in a weld button size defines a
lower limit of the weld current;

iv) repeatedly and incrementally increasing the weld current until an unacceptable weld is

obtained as characterized by metal expulsion, sticking of a sheet to an electrode, or weld

popping noise is encountered, wherein an upper limit of the weld current is defined by

the highest weld current that produces an acceptable weld;
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v) calculating a weld current range for the composite material by subtracting the minimum
weld current from the maximum weld current,

vi) repeating steps i) through v) except the light weight composite material is replaced by a
second monolithic steel sheet having the same thickness as the light weight composite
material for measuring the weld current range of the steel sheet; and

vii) calculating the weld current ratio as the ratio of the weld current range of the light weight
composite material divided by the weld current range of the steel sheet;
wherein a weld current ratio greater than 1 indicates a larger processing window than

the steel sheet;
wherein the light weight composite is a sandwich composite including a core layer

interposed between spaced apart steel layers, the core layer including metallic fibers

distributed in a polymer matrix.

A process of forming a weld joint comprising the steps of:

i) forming a weld stack including at least a substrate material and a light weight composite
material, wherein the substrate material is a metallic material, wherein the weld stack
has a total thickness from 1 to 8 mm and the light weight composite material has a weld
current range ratio of 1.1 or more; and

i) welding the weld stack including welding the light weight composite material directly to
the substrate material to form a weld joint;
wherein the step of welding includes a step of applying a weld current to the substrate

material and the light weight composite material using electrodes of a resistance welding

apparatus to weld the substrate material with the light weight composite material;

wherein the light weight composite material includes a pair of spaced apart steel sheets
and a core layer including a filled polymeric material between the steel sheets, wherein the
core layer has a thickness;

wherein the filled polymeric material is present at a concentration from 30 volume % to

75 volume %, based on the total volume of the light weight composite material;
wherein the core layer includes a polymeric matrix and a plurality of steel fibers arranged

in one or more masses of fibers that extend the thickness of the core layer so that the core

layer is in electrical communication with the steel sheets,
wherein the polymer matrix includes one or more polymers and the polymer and fibers
are present at a volume ratio of polymer to fiber of 19:1 to 2.2:1;

wherein the steel fibers have a length of less than 10 mm,;
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wherein the step of applying a weld current includes applying a weld current from 2.5 kA
to 25 kA to the substrate and the light weight composite material in a welding zone to weld
the substrate with the light weight composite material; and the weld joint has a weld button
having an area of more than 1 mm?; and

wherein the step of welding includes melting some or all of the polymer in the welding

zone, and removing some or all of the polymer from the weld joint.

The process of claim 62, wherein the process includes flowing a fluid through the
electrodes, wherein the fluid has a temperature less than a melting temperature of the

polymer.

The process of claim 62, wherein the process includes melting some or all of the steel fibers

in the welding zone.

The process of claim 64, wherein some or all of the steel fibers in the welding zone melt

before the melting of one of the spaced apart steel sheets.

The process of claim 65, wherein the steel fibers have a generally rectangular cross-section

perpendicular to the length of the fibers.

The process of claim 66, wherein a power density of at least 15 W/cm? is applied in the

welding zone.

The process of claim 67, wherein the one or more polymers includes a low density
polyethylene or a linear low density polyethylene, wherein the linear low density

polyethylene is a copolymer having a density of 0.915 to 0.930 g/cm?®.

The process of claim 68, wherein the light weight composite material having a stamped

configuration, a roll formed configuration, a bent configuration, or a punched configuration.

The process of claim 62, wherein the light weight composite material has a stamped

configuration, a roll formed configuration, a bent configuration, or a punched configuration.

A weld joint prepared according to the process of claim 62.
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72. A welded article prepared according to the process of claim 62, comprising
i) the light weight composite material;
i} the steel substrate; and
i} aweld joint characterized by at least one of the following:
a) a weld button size of 2 mm? or more;
b) a tensile strength of 1 KN or more; and

c) aweld free of metal expulsion.

73. A welded article prepared according to claim 69, comprising
i) the light weight composite material,
ii) the steel substrate; and
iii) a weld joint characterized by at least one of the following:
a) a weld button size of2 mm? or more;
b) a tensile strength of 1 KN or more; and

c) a weld free of metal expulsion.

74. A light weight composite material, wherein

i) the light weight composite material has a weld current range ratio of 1.1 or more;

i} the light weight composite material includes a pair of spaced apart steel sheets and a
core layer including a filled polymeric material between the steel sheets, wherein the
core layer has a thickness;

i} the filled polymeric material is present at a concentration from 30 volume % to 75
volume %, based on the total volume of the light weight composite material;

iv) the core layer includes a polymeric matrix and a plurality of steel fibers arranged in one
or more masses of fibers that extend the thickness of the core layer so that the core
layer is in electrical communication with the steel sheets,

v) the polymer matrix includes one or more polymers and the polymer and fibers are
present at a volume ratio of polymer to fiber of 19:1 to0 2.2:1,

vi) the steel fibers have a length of less than 10 mm.
75. The light weight composite material of claim 74, wherein the concentration of metallic fibers

is from 10 percent by volume to 30 percent by volume, based on the total volume of the core

layer of the light weight composite material; and the polymeric matrix includes at least one
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polymer selected from the group consisting of a polyolefin, a polyamide, a polyester, a
polyether, a polystyrene, a polymer including an acrylonitrile, a polymer including an acrylic
acid, a polymer including an acrylate, a polyimide, a polycarbonate, an ionomer, and a

copolymer including one or more of the above polymers.

The light weight composite material of claim 74, wherein the fraction of the steel fibers that

individually span the thickness of the core layer is 0.4 or less.

A welded article comprising
i) the light weight composite material of claim 74;
i) a steel substrate; and
i} aweld joint characterized by at least one of the following:
a) a weld button size of 2 mm?2 or more;
b) a tensile strength of 1 KN or more; and
c) aweld free of metal expulsion;
wherein the thickness of the light weight composite material is from 0.4 to 4 mm; and the

polymeric matrix includes a polyethylene including 70 wt.% or more ethylene.

The article of claim 77, wherein the combined thickness of the pair of metallic sheets of the
light weight composite material is 1.5 mm or less and is less than 75% of the total thickness

of the light weight composite material.

The article of claim 78, wherein the core layer includes from 10 volume percent to 30 volume
percent metallic fibers, wherein the metallic fibers have a cross-section in the direction
perpendicular to the length of the fibers having a cross-sectional area of 8 x 10° mm? or
more, wherein the static resistance of the light weight composite material is 1.5 mOhm or
less, as measured between two electrodes each having a face diameter of 3.8 mm using a

load of 2220 N and a sample coupon width of 25 mm and length of 25 mm.

The article of claim 79, wherein the fraction of the steel fibers that individually span the

thickness of the core layer is 0.4 or less.
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