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Introduction

It has long been recognised that sandwich structures, composed of stiff
outer layers held apart by a low density core, offer the potential for very
high specific stiffness and other attractive mechanical properties. Most
such structures are created by an assembly step of some sort, before or
during component manufacture. This limits the flexibility of the
production process and is relatively expensive. Nevertheless, there is
considerable current interest in sandwich structures of different types,
many of them based on metallic faceplates and having metal-containing
cores - often made of stochastic cellular metals[1-3] or some more regular
structure such as a truss assembly[4-6]. However, traditional approaches
to the fabrication of the latter (eg investment casting) are cumbersome
and economically unattractive. A particular case of cellular metals is
those made of a metallic fibre network of some sort. A novel type of a
sandwich steel sheet with a fibrous stainless steel core has recently been
developed[7] based on a pair of thin (~ 200 um) stainless steel faceplates.
This material has been termed a Hybrid Stainless Steel Assembly
(HSSA). It can, in principle, offer a highly attractive set of property
combinations, such as low areal density, high beam stiffness, efficient
energy absorption during crushing and good vibrational damping
capacity. Furthermore, the overall thickness of the sheet (~ 1 mm), and
certain features of the core structure, are such that its processing
characteristics can be comparable with those of a conventional monolithic
metallic sheet. Some work has recently been published on the elastic
properties[8] and interfacial delamination behaviour[9] of such material.

In addition to mechanical stiffness and strength, electrical properties
are relevant, since efficient fabrication using steel sheets requires that
they should be weldable, preferably by electrical resistance (spot)
welding. This is considered to be highly desirable for use in the
automotive industry[10]. There has been extensive work on simulation of
heat and current flow during spot welding[11-14], on applied force
characteristics[15] and on welding of thin monolithic metallic sheets[16].
However, there is only limited information available[17] on welding of
metallic sandwich sheets with fibrous metallic cores, although there has
been some work[ 18] on welding of vibration-damped steel. This consists
of two mild steel sheets, typically 0.3 to 1 mm thick, separated by a thin
layer of polymeric adhesive (~ 20 to 500 pm).

In the present paper, a study is presented of the mechanical and
electrical properties of three different variants of HSSA material and of
their welding characteristics. Experimental data are correlated with
predictions based on simple analytical treatments and some conclusions
are drawn about the advantages and disadvantages of the variants
concerned.
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Experimental Procedures

Material Production

Three core structures have been investigated: (a) transversely-aligned
fibres bonded to the faceplates by adhesive (designated "flocked sheet"),
(b) in-plane pre-fabricated sintered mesh bonded to the faceplates by
adhesive or brazing ("long fibre in-plane mesh") and (c) 3-dimensional
brazed fibre array ("short fibre 3-D array") brazed to the faceplates. In all
three cases, the faceplates were made of 200 um thick 316L austenitic
stainless steel. Manufacturing procedures are briefly outlined below:

(a) Flocked sheet. This is made by a flocking process[7], in which short
(~ 1 mm) drawn 316L stainless steel fibres, about 25 um in diameter,
are approximately transversely aligned - see Figure 14.1a. The
fibres have an austenitic / martensitic microstructure, giving them
high strength, but relatively low ductility. The fibres are adhesively
bonded to the faceplates, using a two-component epoxy adhesive
(Araldite” 420A/B). The fibre volume fraction in the core is about
10%.

(b) Long fibre in-plane mesh. This is made by bonding to the
faceplates a  pre-manufactured solid-state sintered mesh
(Bekeart S.A.), containing 19vol.% of 25 um diameter fibres of
316L stainless steel, about 16 mm in length. Most of the fibres in
the mesh are inclined at a relatively high angles (~80°) to the
vertical. The starting fibres are the same as those used in (a), but the
heat treatment involved during sintering leads to complete
conversion of the martensite to austenite, lowering the strength and
raising the ductility. Bonding of the core to the faceplates was
carried out either by adhesive bonding, using a two-component
epoxy adhesive (Araldite® 420A/B), or by brazing, using a
Ni-14Cr-4Fe-2.8B-3.3Si-0.6C braze alloy (Brazing & Soldering
Automation Ltd) and a brazing temperature of 1100°C for a period of
about 5 minutes.

(c) Short fibre 3-D array. This consists of a 3-D network of fibres
bonded to each other, and also to the faceplates, using the same
braze alloy as for the long fibre in-plane mesh. In this case, the
fibres are inclined at various angles to the vertical, with an average
value of the order of 60°. They occupy about 10% of the volume of
the core and are made of 446 (ferritic) stainless steel, melt extracted
to lengths of 2.5 mm (product of FibreTech Ltd). These fibres have
high strength, combined with limited ductility.

Through-thickness Stiffness

The through-thickness Young's moduli of the sheets were measured using
the high load head of a Micromaterials NanoTest 600 indenter. A flat -
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h=1.2 mm, he =0.8 mm, D =25 pm, f=8%, 0 =15°
(@)

h =1.3-1.45 mm, h, =0.9-1.05 mm, D =25 pum, f=19%, 6 =80°

(b)
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® -

h =1.2-1.3 mm, h, =0.8-0.9 mm, D =100 pm, f=10%, 6 ~60°
(©)

FIGURE 14.1:

SEM micrographs showing cross-sectional view of the core and schematic depictions of
the structure of (a) flocked sheet, (b) long fibre in-plane sheet, and (c) short fibre 3-D
array.

ended cylindrical indenter head was used, with a diameter of 25 mm. The
specimens were cut to square sections with sides of length about 5 mm.
Loads of up to about 20 N were applied, corresponding to average
stresses on the faceplate of around 0.8 MPa.

Through-thickness Yield Stress

Small coupons, measuring 10 mm by 15 mm, were loaded in compression
on a servo-hydraulic testing apparatus equipped with a 10 kN load cell.
The tests were conducted under controlled displacement rate of
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0.15 mm min™ and the through-thickness displacements were recorded
from an LVDT (+ 500 pm range) with a resolution of about 5 pum.
Attention was focussed on identification of the core yield stress,
corresponding to the onset of substantial plastic bending and buckling
among the fibres in the core.

Interfacial Fracture Energy

The resistance to delamination of the face plates was measured under
mode I loading conditions. The test procedure employed[19] involves
bonding of the sheet to two steel plates and loading these under pure
bending, so as to generate mode I crack growth. Prior to testing, a narrow
pre-crack was introduced into the specimen at the mid-plane.

Single Fibre Tensile Testing

Single fibre testing was carried out using a Schenk desktop testing
machine, fitted with a 5 or 250 N load cell. The individual fibres were
mounted on paper tabs, with a central cut-out that gave a gauge length of
about 25 mm. The tab was gripped in the jaws of the testing machine
and, prior to testing, cuts were made from each side to the central cut-out.
The cross-head displacement was measured using an LVDT. All tests
were conducted in displacement control at a rate of 0.1 mm min™'. Fibres
were tested in the as-received condition and also after a heat treatment
similar to those involved during solid-state sintering or brazing.

Electrical Conductivity

Specimens were in the form of small rectangular coupons (10 x 14 mm).
An AC circuit was used for the measurements. A fixed current (1 A) was
passed through the specimen via flat ended probes on the faceplates. This
current was modulated at a constant frequency of 1 kHz. The potential
drop across the specimen, from which the resistivity of the core was
deduced, was then amplified and measured. In making this measurement,
the potential drop across other resistances in the sensing circuit must be
eliminated. This drop generates an offset in the mean voltage of the AC
signal. This DC offset was removed by passing the signal through an AC
amplifier, after which it was rectified by a demodulator and then passed
through an integrator to remove noise and finally displayed as a DC
voltage (fewmV to ~ 1V for these specimens). Full details of the
technique are given elsewhere[20].

Resistance Welding

Resistance welding trials were conduced on a single phase AC machine.
Cu/Cr/Zr electrodes to ISO 5821 type E design were used, having 16 mm
diameter and 6 mm radius dome tip. An electrode force of 1.5 kN was
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he  Elevation

Plan 2L sinO

(a) (b)
FIGURE 14.2:
Schematic showing modeled fibre distributions for (a)the transverse fibre and
(b) sintered mat (right) structures.
used. Single welds were made on small coupons. In cases where the core
did not allow significant currents to flow at the low voltages used in
resistance welding (typically about 5 V), a clamp tool was used to provide
a current shunt path, in parallel with the electrodes, linking the outer sheet
surfaces. This current flow heated the specimen sufficiently to allow
deformation of the core, and hence direct flow through it, so that welding
could be achieved. The welding current and voltage were measured using
a standard meter and oscilloscope.

Geometrical Representation of the Core Structure

Simple analytical models have been developed, giving the fibre volume
fraction f as a function of geometrical variables. For the flocked sheet
core, a square array was assumed, with side of length S (Figure 14.2a).
The fibre volume fraction is thus given by

n D?
4 S?

where D is the fibre diameter. The number of fibres per unit area, N, is
related to the fibre volume fraction f and the fibre diameter, D

N:4f2
7D

f= (14.1)

(14.2)
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For the long fibre in-plane mesh, a tetragonal unit cell is identified, of
side 2L sin® and height 2L cosO, where L is the length of a segment of
fibre having one end at a cell corner and the other at the mid-point of a
vertical face (Figure 14b). Each cell thus contains 16 fibre segments, all
of which are shared between 2 cells. The fibre volume fraction and the
number of fibres per unit area are thus given by

n D’
8L
o) e
= (14.3)

" (2Lsind) (2L cosh)  4L7sin’0 cosd

4 _ 4f cosb

= = 14.4
(2LsinG)> D’ (144

For the short fibre 3-D array, the relationship between N and f is
simply obtained by noting that, for a set of prisms with a 3-D random
orientation distribution of the prism axes, the area intersected by any
plane is twice the area intersected by a plane lying normal to the
alignment direction of a set of parallel prisms occupying the same volume
fraction[21]. Hence, N here has a value of half that for the case of an
aligned set of cylinders (=f/(xD*/4)), i.e.,

2f

N =
n D?

(14.5)

Through-thickness Loading Response

Core Stiffness

Two different approaches, based on a cantilever bending model, have
been used to predict the through-thickness stiffness of the sandwich sheet
cores. The first is applicable for the flocked sheet and long fibre in-plane
mesh, in which the fibres are inclined at a specified angle, whereas the
second approach assumes a three-dimensionally random orientation
distribution of the fibre axes (short fibre 3-D array).

Flocked Sheet and Long Fibre In-Plane Mesh

The Young’s modulus of the core in the through-thickness direction
can be predicted by considering the behaviour of a single fibre of length
L, initially straight and inclined at an angle 6 to the direction of the
applied load. The situation under load is depicted schematically in
Figure 14.3. All fibres inclined at such an angle will behave similarly
under the action
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20z ﬂ Wl

he = Lcosd

Az =9 sinf

FIGURE 14.3

Elevation view of the elastic bending of an inclined fibre under the influence of a
vertical load, W.

of an imposed load W normal to the plane of the sheet, provided any
interaction between individual fibres is neglected and assuming that their
behaviour remains linearly elastic. From elementary beam bending
theory, the normal deflection, & (=Az/sinB), of the free end of a cantilever
beam of length L/2, subjected to a load Wsin® normal to the beam axis, is
given by

Az 1Wsinf (L/2)’
sind 3 E;l

(14.6)

where E; is the fibre modulus and | is the moment of inertia of the fibre
section (=nD*/64, where D is the fibre diameter, for cylindrical fibres).

The through-thickness strain of the core, &, is given by

2
h

& (14.7)

C

Substituting for Az from Equation 14.6, and writing the core thickness as
LcosO (see Figure 14.3), leads to

Wsin?0(L/2)  16Wsin®0 L
E = =
° 3E,(nD*/64)Lcos® 3E,nD*cosd

(14.8)
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Now, the applied pressure, P, can be expressed in terms of the value of
W and the number of fibres per unit area, N

P=NW (14.9)

Substituting for N from Equation 14.4, the Young's modulus of the core in
the through-thickness direction can be expressed as

P 3NW E, nD*cos0 3 (4fcos®) E, zD* cos®  3E,f
EC:_: ) 2 = 2 ) 2 = 2 ) (14.10)
& 16W sin"0 L 16 (rD”) sin“0 L 4s” tan"0

C

where S (=L / D) is the fibre aspect ratio.

Predictions’ obtained using Equation 14.10 show that higher stiffness
is predicted for fibres inclined at low angles, as expected, since a fibre
provides less resistance to vertical displacement when it is inclined at a
high angle. It may also be noted that, for a given volume fraction of fibre,
there will be more fibres per unit area when @ is close to 0° (see
Equation 14.4). Also, the fibres will be of lower aspect ratio, for a given
core thickness. The net effect is cumulative, so the sensitivity of the
stiffness to 0 is quite strong (tan’#). Furthermore, it can be seen that the
stiffness goes up sharply as the fibre aspect ratio is decreased. An
obvious way of increasing the stiffness, for a given core thickness, is to
use fibres with larger diameter. An increase in fibre content will also
generate increased stiffness, but this is less efficient and, of course, it also
raises the density of the core.

3-D Random Fibre Array

The cantilever bending model (Figure 14.3) can be also used to predict
the elastic stiffness of an isotropic random fibre array. In this case, the
fibre being considered does not span the two faceplates, but is just a
segment between two fibre-fibre joints. The deflection is induced by an
applied stress, o (compressive in Figure 14.3), which generates a force W
on each individual fibre segment. These are related by

o =NW (14.11)

where N is the number of fibre segments per unit sectional area.

T This treatment clearly breaks down in the limit of 6=0°, when the predicted
stiffness tends to infinity. The value must be upper bounded at f E, corresponding to the
fibres remaining vertical and being axially compressed. In practice, even this value
would not be approached, at least for fibres with relatively high aspect ratios.
Realistically, the model may be taken as applicable for angles down to around 5-10°,
which is probably all that is required.
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As before, the normal deflection, 8, of the end of a cantilever beam of
length L/2, subjected to a load W sinf normal to the beam axis, is given

by
W sind (L/2)° 8Wsinf L’

- 4
3E (nD j 3E.nD

(14.12)

64

so that, substituting for W from Equations 14.11 and 14.12 and N from
Equation 14.5, the axial deflection is given by
46L3sin% 0

Az =5sing= —o=SIY 14.13
S 3E,f D2 (14.13)

The overall deformation expected with a material composed of a three-
dimensionally random array of fibres can be analysed, at least
approximately, by summing the contributions! from individual fibre
segment deformations. The segments are assumed to exhibit a spherically
symmetric orientation distribution, which has a sin® angular probability
distribution about any given axis. The expected overall relative net
extension in the direction of an applied stress can therefore be written
down by considering the displacements of a set of fibre mid-points, using
the expression for the deflection normal to the fibre axis, as a function of
the distance along the fibre, given by Equation 14.13. The macroscopic
deflection in the loading direction, and hence the strain, can thus be
expressed as

P |2
4cL3sin?
[ azsinedo [ 22D g
AZ o ) 3E; D
8627 = T2 = nlz
) L
j Zsin0do J. —cose) sin® do
2
0 0
2
j sin’@  do

(320\ (L) (14.14)

[ o ) (LY % L
36:f) \p) 72 _ 9k f) \
.[ cos0sin® do

0

§ In reality, the deflections exhibited by individual fibre segments will be influenced
by the configuration of neighbouring segments, so this analysis is clearly not rigorous
when the inclination angles vary within the material. For example, the axial deflection
of a segment inclined at a substantial angle to the stress axis would be reduced if a
closely neighbouring segment were aligned parallel to the axis. However, such
interactions are unlikely to generate large errors in the proposed model, at least for an
effectively isotropic, homogeneous material.



Stainless Steel Sandwich Sheets with Fibrous Metal Cores 159

—_
o
(=3
(=}

I L N L L L L L

C

0—&[—0 ”
1

06=280° f=10.19 (Eqn.(10))
N ®  [n-plane mesh (exp)
J — — £=0.10 (Eqn.(15))

O 3-D array (exp)
""""" 0=15° £=0.08 (Eqn.(10)) | -

[0 Flocked sheet (exp)
N

10 15 20 25 30 35 40
Fibre aspect ratio, L/D (-)

100 -

Through-thickness Young's modulus, E (MPa)

—_
(=)

(=)

(9]

FIGURE 14.4

Through-thickness Young’s modulus of the core as a function of fibre aspect ratio. The
three points correspond to experimental measurements, while the curves are predictions
obtained using Equations 14.10 and 14.15. A value of 200 GPa was used for the
stiffness of the stainless steel fibres.

The Young’s modulus of the fibre array, E. (=c/¢), is therefore given by
9E.f  9Ef

¢ 2732 ¢?
32[Lj
D

A comparison between experimental results and predictions obtained
using Equation 14.10 (flocked sheet, long fibre in-plane mesh) and
Equation 14.15 (short fibre 3-D array) is shown in Figure 14.4. It can be
seen that experimental data are broadly consistent with predictions from
the model predictions. For the flocked sheet, the measured value of about
100 MPa is in fairly good agreement with predictions obtained using
estimated values for s, f and 6 of 33 (=h./Dsin6), 8% and 15°
respectively. For the in-plane mesh, stiffnesses of the order of 30 MPa
were obtained experimentally. Using estimated values for s, f and 6 of 6,
19% and 80° respectively gives a predicted stiffness of about 25 MPa.
For cores in which the fibres are bonded together, the appropriate aspect
ratio to use is that between fibre joints: this value can be estimated from
study of SEM micrographs such as that shown in Figure 14.1b. For the
short fibre 3-D array, the measured value of about 100 MPa is in fairly
good agreement with predictions obtained using estimated values for S
and f of 6 and 10% respectively. In any event, it is clear that all of these
stiffnesses are relatively low (appreciably lower, for example, than would

(14.15)
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be the case if the cavity were filled with resin, ie ~1-3 GPa), and that
these results are broadly consistent with the model predictions.

Core Strength and Yielding Behaviour

It's a simple matter to extend the stiffness model to predict the onset of
yielding in the core. The maximum stress generated in the outer surface
of the fibres is given by

MD 32M

—_— = 14.16
21  wD? ( )

Of max =

where M is the bending moment (=W sin6 L/2). Using Equation 14.8 to
substitute for W leads to

32 (BEfmD*cos0 ¢g.) sin® L/2 3Er &,
O f,max = 3 ) 5 = (1417)
nD’ (16sin“0 L) S tan©

Equation 14.17 can be used to obtain an expression for the yield stress
of the fibre, G¢y, in terms of the through-thickness yield strain of the core
8c,Y

3Ef €y
Cofy = ——— 14.18
bY S tan0 ( )

The through-thickness yielding stress of the core oy, in turn, can be
expressed as

GcY = E. EcY (1419)

Substituting for E. and .y, from Equations 14.10 and 14.18, respectively,
o,y can be expressed in terms of ory

3E,f opystand  foy
O = 2 = 2
“Y 4s’tan’® 3E, 4 s tanf

(14.20)

From Equation 14.20, it can be seen that the core yielding stress rises
as the fibre aspect ratio is decreased, although the dependence is not as
strong as that exhibited by the stiffness. A plot is shown in Figure 14.5 of
predictions from this equation for the short fibre 3-D array (S=6,
f=0.10, ory = 1000 MPa), the long fibre in-plane mesh (s=6, f=0.19,
ory = 200 MPa) and the flocked sheet (s =33, f=0.08, oty = 1000 MPa).
The yield strengths of the heat-treated 446 (short fibre 3-D array), heat-
treated 316L (in-plane mesh) and the as-received (drawn) 316L (flocked
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FIGURE 14.5

Predicted dependence (Equation 14.20) of the through-thickness yield stress of the core
on the fibre inclination angle. The yield strength of the fibres was obtained from the
stress-strain curves of Figure 14.6. Also, plotted is the experimental result for the yield
stress of the flocked core obtained from compression testing (Figure 14.7).

sheet) fibres were obtained from single fibre tensile testing (see
Figure 14.6). Also plotted in Figure 14.5 is the experimentally-measured
value of oy obtained from compression of the flocked sheet, which can

be inferred from Figure 14.7 to be about 2.1 MPa. It can be seen that this
value is in good agreement with the model predictions.

1'4 L A A L B B B
121 * ]
N I 446 heat-treated fibre ]
—_ + — — 316L as-received (drawn) fibre [
S 1 r /S Bty 316L heat-treated (drawn) fibre ||
@) L ]
7 08 | :
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FIGURE 14.6

Typical single fibre tensile testing data for (a) as-received (drawn) 316L (flocked sheet),
(b) heat-treated 316L (long fibre in-plane mesh) and (c) heat-treated 446 (short fibre 3-D
array) fibres.
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FIGURE 14.7
Typical stress-strain plot for compressive testing of the flocked sheet.

For the other two materials, on the other hand, it is difficult to quantify
this value experimentally, at least during compression testing, because
extensive yielding only occurs after substantial densification has taken
place, so the compressive stress-strain curve does not display a distinct
plateau regime. In practical terms, it was evident on general handling and
testing of the sheets that the short fibre 3-D random core material is
substantially stronger than the other two,

Interfacial Fracture Energy

The flocked sheets were observed to delaminate predominantly by
fibres being pulled out of their sockets in the adhesive layer. This is
illustrated in Figure 14.8a. The measured value of the (mode I) fracture
energy was found to be about 340 J m-2. In contrast, the long fibre in-
plane mesh and the short fibre 3-D array delaminated within the core
itself, rather than at the interfaces with the faceplates. This is illustrated
in Figure 14.8b for the in-plane mesh. The average measured values of
the (mode I) fracture energies were about 30 and 675 J m-2, respectively,
for the in-plane mesh and the short fibre 3-D array. There were no
systematic differences between the behaviour of the adhesively bonded
and brazed in-plane mesh sheet: this is unsurprising, since they differ only
in the way that the fibres are attached to the faceplates and in all cases the
fracture and deformation was confined to the mid-plane region.

However, there is a substantial difference in the fracture energies
between the in-plane mesh and the short fibre 3-D array. This may be
attributed to the different bonding techniques employed to generate joints
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Fracture at
- cross-over points

(© (d)
FIGURE 14.8

SEM micrographs of fracture surfaces. The top pair are from a flocked sheet specimen,
showing (a) glue adhering to the ends of pulled-out fibres and (b) sockets in the adhesive
layer, from which fibres had been pulled out. The bottom pair are from a long fibre in-
plane mesh, showing (c) a general view and (d) a fractured neck formed at a fibre-fibre
joint.

between adjacent fibres. Solid-state sintering is a very slow process and,
even after prolonged holding at high temperature, the joints are likely to
be limited in area and consequently weak. Furthermore, the prolonged
heating can lead to grain coarsening and extensive carbide precipitation,
reducing the fibre strength. On the other hand, liquid phase sintering
techniques, such as brazing, are much faster than solid state sintering,
since the rate-determining process is viscous flow, rather than diffusion.
Well-consolidated joints can therefore be formed quickly and readily,
with less danger of deleterious changes in the fibre microstructure. Of
course, the mechanical properties of the braze metal may be relevant, but
with suitable joint geometry the stresses in the braze metal will be much
lower than those in the fibres, making it unlikely that the joints will fail.
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FIGURE 14.9

Schematic of the model used for prediction of energy absorption during pull-out of
inclined fibres for the flocked sheet core.

Fibre Pull-out in Flocked Sheets

A simple model has been developed for delamination in the flocked sheet,
based on a shear-lag treatment of fibre pull-out[22]. Consider an inclined
fibre with a diameter D and an embedded length X, as illustrated in
Figure 14.9. The work done in pulling out a single inclined fibre can be
written as

H/ cosO
AG = jn DX t#dx = © D
0

H 2
—— Ti* 14.21
2c0s”0 ( )
where 7+ is the fibre / adhesive interfacial shear strength, taken as
constant along the fibre length. If the number of fibres per unit area is
written as N, there will be (N cosB dx/H) per unit area with an embedded
length between X and (X + dx). Thus the total work done in pulling out
the inclined fibres, Gy, is given by

H/cos©
NcosO dx H?2
Gip = ! —— Dt (14.22)

Substituting the expression for N given in Equation 14.4 into
Equation 14.22 and integrating (assuming equal embedded lengths for all
fibres) leads to

_2fr, H*

— 14.23
o D cosf ( )
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Predicted dependence (Equation 14.23) of the interlaminar fracture energy of the flocked
sheet on the fibre-adhesive interfacial shear strength.

Figure 14.10 shows the predicted dependence of this pull-out energy
on interfacial shear strength. From SEM images of cross-sections through
the sheet, it was estimated that the fibres are typically anchored into the
adhesive to a depth of about 100 um (=H). It can be seen that the
experimentally obtained value of G (~340Jm-2) corresponds to that
predicted by the model (using f=8%, H=100pum, &€=15° and
D =25 um) if the fibre / adhesive interfacial shear strength has a value of
about 5 MPa. This is a relatively low value for an interfacial shear
strength[23, 24], although it is certainly of the order of magnitude
expected.

Fibre Fracture in the In-plane Mesh and 3D Array

The long fibre in-plane mesh and the short fibre 3D array were observed
to delaminate by fibre fracture. A simple model has been developed to
estimate the fracture energy for this mechanism. It is assumed that all the
fibres deform and fracture within a deformation zone of length z. This is
illustrated in Figure 14.11. The work of fracture may in this case be
written as

G,=N U, z (14.24)

where Ug is the work of fracture for a single fibre. Substituting the
expression for N given in Equation 14.4 into Equation 14.24 leads to an
expression for the work of fracture of the long fibre in-plane mesh

4f cosO
Gfr = W US YA (1425)
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Dx

FIGURE 14.11

Schematic of the model used for prediction of energy absorption during fibre fracture for
the in-plane mesh and the 3-D array.

Predictions obtained using this equation are shown in Figure 14.12.
The work of fracture for a heat-treated 316L fibre was measured from the
area under the load-strain curve (Figure 14.6) and is approximately
0.0011 J m-1. The experimental value of G (~ 30 J m-2) is consistent with
model predictions if the fibres are inclined at 85° to the stress axis and the
deformation zone is about 100 um long. Evidently, the length of the
deformation zone is an important parameter and these results suggest that
deformation is restricted to a fairly narrow band. This is not something
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FIGURE 14.12

Predicted dependence (Equation 14.25) of the interlaminar fracture energy of the long
in-plane mesh on the single fibre work of fracture.
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that can readily be verified by inspection of failed specimens, since it is
rather difficult to establish precisely where substantial plastic deformation
of the fibres has occurred. Nevertheless, the general impression on
inspecting the damage and deformation zone is that it was wider than
100 pm. Moreover, the value of 85° used for the fibre inclination angle is
probably too high.

It can thus be seen that the experimental value is actually considerably
lower than that predicted using the model. The probable explanation for
this is evident in Figure 14.8c and 14.8d, where it can be seen that failure
commonly occurred at the sintered necks, rather than by fibre fracture.
As illustrated in Figure 14.8d, the width of the necks can be quite small,
relative to the fibre diameter. Consequently, when the faceplates are torn
apart, necks that are not sufficiently strong are apparently quite prone to
fail. This probably accounts for the measured fracture energy values
being lower than predicted.

For the short fibre 3-D array, substituting the expression for N given in
Equation 14.5 into Equation 14.24 leads to the following expression for
the work of fracture

2 f
G, =|—|U.z 14.26
fr l:TEDz:| s ( )

Predictions obtained using this equation are shown in Figure 14.13.
The work of fracture for a heat-treated 446 fibre was measured from the
area under the load-displacement curve (Figure 14.6) and is
approximately 0.2 J m-1. The experimental value G (~ 675 J m-2) broadly
agrees with model predictions if the deformation zone is taken to have a
length of the
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FIGURE 14.13

Predicted dependence (Equation 14.26) of the interlaminar fracture energy of the 3-D
fibre array on the single fibre work of fracture.
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Core resistivity as a function of fibre content. Points are experimental data and curves
are predictions, obtained using Equation 14.29, with three values of R* and h, = 0.8 mm,
for the flocked sheet, and Equation 14.32, with three values of 6, for the long in-plane
mesh and the short fibre 3-D array. Resistivity values of 85 and 65 puQ cm, respectively,
were used for the austenitic (flocked sheet and long in-plane mesh) and ferritic (short
fibre 3-D array) fibres.

order of 0.5 mm (Figure 14.13). It may be noted that this is the
approximate spacing between the fibre-fibre joints in this material (see
Figure 14.1c¢).

Through-thickness Electrical Resistance of the Core

Flocked Sheet

For the flocked sheet, the through-thickness core resistivity was predicted
assuming the fibre arrangement shown in Figure 14.2a. The resistance of
a fibre column, R, is equal to the sum of the resistance offered by the
fibre itself and the contact resistance at each interface with the faceplates,
R*

4 ps
Rol = Rib + 2R = p;gzhc + 2R (14.27)

T
where h, is the separation of the faceplates (~ fibre length) and pgy, is the
fibre material resistivity. Since there is, in effect, one fibre column per
square array, the apparent resistivity of the core, peore, 1S given by

(4w he 2R*) s
_ n_D?
Peore = . (14.28)
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After substitution for S in terms of f (Equation 14.1), this leads to an
expression for the core resistivity in terms of known dimensions, the
resistivity of the fibre material and the contact resistance.

1 [R* n D2
f 2 h

It can be seen that the thickness of the core comes into this expression.

Pcore =

+ pﬁb) (14.29)

Brazed In-plane Mesh and 3-D Array

For the brazed in-plane mesh and the short fibre 3-D array, it is assumed
that there is no contact resistance at the interface between fibres and
faceplates, so the treatment just concerns a small representative volume of
core material (Figure 14.2b). The resistance to current flow presented by
the unit cell, R.ey, can be expressed in terms of the resistance of a segment
of fibre Rye. Since, in effect, current passes through two sets of 4 parallel
segments as it progresses down the height of a unit cell, it follows that

1 4 2 D?
_ - — _ = (14.30)
Reell 2Rseg _L Pfib 2L Pfib
(n D2\
4 )

The resistance offered by the unit cell can also be expressed in terms of
the resistivity of the core

Pcore 2L cos0 _ Pcore cosO

Reell = = 14.31
! (2L sin0) 2L sin’0 ( )
Combining Equations 14.3, 14.30, and 14.31 leads to
Pcore = —Pib__ (1432)

f cos’0

A comparison between experimental results and predictions
(Equations 14.29 and 14.32) is shown in Figure 14.14. It can be seen that,
in order to obtain consistency with experimental data, it is necessary to
assume a relatively high resistance (few Gf2) between fibre end and
faceplate in the flocked fibre core. This can be attributed to poor
electrical contact with the faceplates. The experimental resistivities of the
brazed in-plane mesh and the short fibre 3-D array cores are orders of
magnitude lower than the effective resistivity of the flocked core. The
values are consistent with the simple geometrical model, assuming that
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the fibres are inclined at about 82° and 60° respectively to the direction of
current flow. These figures are at least approximately correct. The
resistance of the adhesively bonded in-plane mesh is considerably higher
than the predicted levels for a brazed sintered mat, which is attributed to
poor electrical contact with the faceplates. However, it can be seen that
this is still better than in the flocked material. This is probably because
pressure was applied while the adhesive was setting, bringing the fibres
into better electrical contact with the faceplates than is possible with the
flocked sheet procedure.

Welding Characteristics

The flocked sheet could not be welded directly, since no significant
current flowed through the material with the electrode force and voltage
used. This is consistent with the high measured electrical resistivity of
the core. By using a shunt, however, it was found to be possible to create
a weld. Initially, sufficient current flowed through the faceplates and
across the shunt to cause heating of the core between the electrodes,
leading to softening, consolidation and hence sufficient reduction in core
resistance to allow a substantial direct current to flow and melting to
occur. However, during these initial trials, breakthrough of the core was
inconsistent and the faceplates were susceptible to local burn-through by
the shunt current. In the example shown in Figure 14.15, breakthrough
and current increase occurred only in the last of the 10 cycles of weld
time. Even then, the poor shape of the final half cycles of current
indicates intermittent current flow. In some cases, depending on the
position of the shunt, no breakthrough occurred at all.
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FIGURE 14.15

Voltage-time and current-time plots obtained during welding together of two flocked
sheets, with a weld time of 10 cycles (0.2 s).
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FIGURE 14.16
Optical micrograph of a polished transverse section from a pair of flocked sheets after

resistance welding.

Even when a weld was created between flocked sheets, it was
invariably of poor quality. This can be seen in the micrograph shown in
Figure 14.16, where it is clear that the pressure has resulted in much of
the faceplate material being melted and squeezed out laterally. There has
also been vaporisation of the adhesive, leading to blow-holes, and
cracking of the faceplates. Melt expulsion of this type is often
problematic, particularly with thin metal sheets in composite materials
such as vibration damping steels[18]. Such a weld would be
mechanically very weak.

The brazed long fibre in-plane sheet, on the other hand, was readily
weldable. Figure 14.17 shows typical voltage and current plots. The
current rises quickly to the set value and substantial heat is generated
from the start in the sheets between the electrodes. Sections through a
corresponding weld are shown in Figure 14.18. It can be seen that the
weld is of good quality, with some lateral flow of melted fibres, but the
inner faceplates retaining their integrity and the outer faceplates
remaining unmelted. The brazed short fibre 3-D array core material is
also readily weldable, as expected.
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FIGURE 14.17
Voltage-time and current-time plots obtained during welding of a pair of brazed in-plane
mesh sheets, with a weld time of 7 cycles (0.14 s).
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FIGURE 14.18

Optical micrographs of transverse sections from a pair of brazed in-plane mesh sheets
after resistance welding, showing an as-polished complete section (above) and a higher
magnification view of an etched sample (below), in which the fused zone is clearly
visible.

Summary

This chapter relates to a new sandwich sheet material (~ 1 mm thick),
composed of thin stainless steel face-plates and a low density metallic
fibre core. Such material can offer low areal density, high stiffness,
efficient energy absorption during crushing and good acoustic /
vibrational damping capacity, in combination with processing
characteristics (such as formability and weldability) comparable with
those of conventional metal sheet. The chapter, gives an outline of some
of the relationships between core structure and relevant thermo-
mechanical and electrical properties exhibited by the sheet. The
following conclusions can be drawn.

(a) Three variants of a novel, thin sandwich steel sheet, with a steel
fibre core, have been characterised in terms of core structure. One
variant (flocked sheet) contains strong (austenitic / martensitic)
fibres oriented approximately normal to the plane of the sheet and
bonded to the faceplates by adhesive. The second variant (long
fibre in-plane mesh) contains solid-state sintered mats of softer
(recrystallised, fully austenitic) fibres oriented at low angles to the
plane of the sheet, brazed or adhesively bonded to the faceplates.
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The third variant (short fibre 3-D array) contains an approximately
3-D random network of strong, melt-spun (ferritic) fibres, brazed to
each other and to the faceplates. Fibre contents in the core are
around 10% for the flocked sheet and the 3-D array, while the figure
is about twice this for the in-plane mesh.

(b) The measured through-thickness Young's moduli are relatively low
(~10-100 MPa) and are broadly consistent with predictions from an
analytical model based on the bending of individual fibres. Core
yield stress values have also been explored, and are in the range
1-10 MPa. In this context, it is worth noting that, in sandwich
sheets, the bending stiffness and strength are dominated by the
faceplates, so the core does not necessarily need to be very stiff or
strong. However, very compliant, or very soft, cores might be
problematic, in that they may allow excessive shear between the
faceplates or failure to maintain faceplate separation under load,
leading to low beam stiffness or premature plastic deformation of
the sheet. The brazed 3-D random fibre array core performs
appreciably better than the other two in this regard.

(c) The fracture energy during delamination of the faceplates has been
measured for mode I loading conditions. The flocked fibre core
fails by pull-out of fibres from their sockets in the adhesive. A
model has been developed to predict the energy absorbed during
fibre pull-out, based on simple shear lag theory. Good agreement is
found between theory and experiment, assuming an interfacial shear
strength between fibre and adhesive of about 5 MPa. The long in-
plane mesh and the short fibre 3-array both fail by fracture within
the core. A model has been developed for prediction of the fracture
energy for this type of failure, based on deformation and fracture of
individual fibres. Good agreement with experiment is obtained for
the short fibre 3-D array sheet, which has the highest fracture
energy. Experimental values for the long fibre in-plane mesh,
however, are lower than predicted. This is ascribed to a tendency
for delamination to occur by failure of solid state sintered fibre-fibre
necks, which are relatively weak, rather than by fibre fracture.

(d) Through-thickness electrical resistivities have been measured for the
cores of the flocked sheet (~10 £2cm), adhesively bonded in-plane
mesh (~1 Q cm), brazed long in-plane mesh (~0.01 £2cm) and the
brazed short fibre 3-D array (~0.001 £2cm). These values compare
well with predictions from simple geometrical models. The high
resistivity of the flocked fibre core is attributed to poor electrical
contact between the fibre ends and the faceplates.

(e) The flocked (adhesively-bonded) material could not readily be
welded. A shunt was required to achieve any melting, but electrical
contact through the core was variable. In addition, weld flaws and
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faceplate damage occurred during welding. The brazed long fibre
in-plane mesh material, on the other hand, exhibited good welding
characteristics, with good current flow from the start of the welding
period. The short fibre 3-D array sheet is also readily weldable.

(f) Overall, it is clear that sheet of this type can offer attractive
combinations of light weight, high beam stiffness / strength, good
interfacial toughness and low through-thickness electrical resistivity
- allowing resistance welding to be carried out easily with
conventional equipment. Of the three cores examined, the brazed
short fibre 3-D array structure clearly offers the best combination of
these properties. Ongoing work is aimed at exploring the influence
of core structure on other aspects of sheet performance, including
fatigue resistance, formability, energy absorption during crushing
and sound / vibration damping characteristics, as well as
optimisation of sheet manufacturing procedures. The material is
evidently of potential interest to the automotive industry, even
though it will inevitably be somewhat more expensive than
monolithic metal sheet.
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