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Theoretical and experimental studies have been made of the effect of non-fracturing
reinforcing members on the growth of a central crack in metal and polymeric sheets
subjected to a uniform tensile load. The crack has been aligned perpendicularly to the
reinforcing members which have been oriented in the same direction as the applied
load.

As a consequence of interactions between the non-fracturable and fracturable com-
ponents of the composite structure, crack growth in the latter isinhibited severely. At the
same time the non-fracturing reinforcing members provide a residual fail-safe load
bearing capability.

5 Tolerable agreement is observed between the predictions of the proposed theory and
the observed behaviour of experimental samples.
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18 I.R.McCOLL AND J.G. MORLEY

1. INTRODUCTION

Research on fibre reinforced metals was initiated in the early 1960s because of the potential
engineering advantages to be gained by replacing a polymeric matrix with a metal. It was
expected that the development of metal matrix composites would enable the temperature
limitations of polymers to be avoided while, at the same time, the need for multi-directional
arrays of reinforcing fibres would be reduced because of the superior mechanical properties of
metals. It was thought that metal matrix systems were more likely to be compatible with existing
metal structures and to be more resistant to surface damage than polymers. Furthermore, it was
hoped that the superior toughness of metals would be reflected in the properties of the composites.

From the outset emphasis was given to the use of ceramic reinforcing fibres because of the
combination of high specific strength, high specific stiffness and high temperature capability
which these materials possess. A number of ceramic fibre-reinforced composite systems have been
produced on a laboratory scale but only one system, boron/aluminium, has been manufactured
in engineering quantities. Chemical and physical interactions between fibre and matrix, en-
countered during fabrication, have been largely responsible for the very limited range of fibre-
reinforced metals produced. These problems have been reduced to manageable proportions by
the use of two-stage fabrication procedures which utilize hot pressing techniques as a final step.
The properties of ceramic fibre reinforced metals have been reviewed recently by Morley (1976).

The fabrication of boron/aluminium composites is facilitated by the low melting temperature
of aluminium but, even so, itis impracticable to hot press large structures in one operation because
of the very large presses which would be required. As a consequence incremental multiple step
pressing procedures have been investigated (Prewo 1976). Compatibility problems can be
avoided by the use of controlled solidification to produce the reinforcing component by phase
separation, but this technique is only applicable to small engineering components.

In order to widen the choice of materials used and to maximize the contribution of relatively
expensive ceramic fibres, the principle of selective reinforcement has been developed (Zender &
Dexter 1968; Mayer 1974). This technique is based on hybrid structures consisting of a metal
substrate to which polymer-bonded ceramic fibres are attached. A metal beam having ceramic
fibres bonded to its upper and lower surfaces, so that they are most effective during flexure, is a
simple example of this approach. The selective reinforcement of a metal substrate offers a further
advantage, in that it can be arranged for the metallic portion of the material to carry the design
loads applied to the structure while the ceramic fibres contribute additional stiffness. In this way,
the relatively unpredictable fracture behaviour of fibrous composites (Hancock 1974) can be
more easily accommodated in an engineering design philosophy. However, with this approach,
the metal component of the structure is still susceptible to fatigue failure.

When the loads are applied in the direction of the fibre alignment the fatigue characteristics
of metals, in which reinforcing ceramic fibres are embedded, are much superior to those of
unreinforced metals. The failure process is general and progressive instead of being localized and
catastrophic, as is usually the case with unreinforced metals. The ability of fibres to deflect
fatigue cracks in the matrix and to carry loads across the fracture faces is similar to the engineering
use, on a larger scale, of local reinforcement by ‘crack stoppers’ to limit the growth of fatigue
cracks in sheet metal structures. The reinforcing fibres do not, of course, provide these benefits
when cyclic loads are applied transversely to the direction of fibre alignment.

When a monotonically increasing tensile load is applied along the direction of fibre alignment,
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REINFORCED SHEET METAL 19

fibre-reinforced metals fracture in a localized region at a low overall strain value in the region
of 19%,. The strain-hardening characteristics of the matrix cannot stabilize the failure process
because of the small volume of metal which undergoes plastic deformation. Similar low failing
strains and localized failure are also experienced under traverse tensile loading. Under both these
loading conditions, therefore, existing fibre reinforced metals can be considered to behave as
brittle materials.

In an attempt to avoid the engineering limitations of existing metal matrix fibrous composites
which have been outlined above, preliminary investigations have been carried out on an alter-
native approach to the design of reinforced sheet metal systems. These systems differ from
existing fibre-reinforced metals in the following ways.

(1) Fabrication can be carried out by using conventional sheet metal shaping and joining
techniques. Hence, in principle, a wide variety of materials can be utilized in the construction of
the composite systems. As a consequence of the fabrication procedures followed, the systems
would be expected to be quite compatible with existing sheet metal structural components.

(2) The primary reinforcing members do not fracture and thus provide a residual fail-safe
characteristic. In addition they provide two alternative mechanisms by which crack growth in
the metal sheet is inhibited. In the first case, which is treated in this paper, crack growth is
inhibited through a reduction in the amount of strain energy released in the presence of a crack
and also through additional frictional energy losses occurring during crack growth. These
effectively enhance the work of fracture of the metal sheet. In the second case, which will be
discussed elsewhere, the primary reinforcing members are prestressed in tension with the rest of
the composite structure in residual compression. This approach seems likely to be of particular
value in suppressing the initiation and growth of fatigue cracks in a metal sheet.

(3) It seems feasible to incorporate two separate sets of reinforcing members in a composite
sheet metal structure of this type. One set (the non-fracturing members) would provide damage
tolerance and a residual tensile load bearing capability as described above. The other would
provide increased specific stiffness values. This reinforcing component could be formed from
ceramic fibres bonded to the sheet metal in a similar manner to the selective reinforcement
principle mentioned previously. These possibilities are discussed in the conclusions of this paper.

The basic principle of the non-fracturing behaviour of the primary reinforcing members used
in this study has been described by Morley (1970). The non-fracturing characteristic is achieved
through the use of a stress-controlled decoupling/recoupling mechanism acting at the interface
between the reinforcing members and the rest of the composite structure. The strength in shear
of this interface is arranged to decrease as the tensile load carried by the reinforcing member
increases. This contrasts with the behaviour of conventional composites where the shear stress
transfer rate has, in effect, a constant value.

The maximum tensile load carried by the primary reinforcing members, as a result of tensile
deformation occurring in the rest of the composite structure, is limited to that at which complete
debonding of the interface occurs. This is arranged to be less than the tensile breaking load of the
reinforcing members so that they cannot fracture under overload conditions. Thus, they are
insensitive to stress concentrations occurring in the matrix and remain intact carrying a load
across a matrix crack, whatever the magnitude of the separation of the crack faces. The composite
system has a fail-safe characteristic in that the load bearing ability of the primary reinforcing
members is always retained.

3-2
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20 I.R. McCOLL AND J.G. MORLEY

The design of reinforcing elements having these characteristics has been described by Morley &
Millman (1974) and by Chappell, Morley & Martin (1975). They consist of two elastic components,
a core and a tubular sheath. The core, which is the primary reinforcing member, is circular in
section and convoluted, usually helically, with a helix angle in the region of 85°. The helix has a
larger overall diameter than the internal diameter of the sheath so that, when in place within the
sheath, it exerts a strong pressure on the walls of the sheath. Hence a strong frictional force is
generated which resists the displacement of the core. Stainless steel hypodermic tubes with steel
wire cores have been used in the construction of the core/sheath (duplex) systems studied so far.
The contact pressure and frictional force are reduced progressively and reversibly as the tensile
load carried by the helix is increased. Complete debonding occurs when the overall diameter of
the helix is reduced to that of the internal diameter of the tube.

It is observed experimentally (Morley & Millman 1974) that the load L required to withdraw
or insert a length x of the core member is given by an equation of the form

L = Lipgx(1 — &%), (1)

where Lpyax is the limiting debonding load and £ is a constant. More recent studies (Morley,
Millman & Martin 1976) show that the limiting stress distribution along a core member as it is
being withdrawn from its tube follows the same relationship. As a result of the large hoop tensile
stresses which are developed in the tube and the large effective Poisson ratio of the helical core,
its longitudinal stiffness is enhanced considerably when constrained by the tube. This effect,
coupled with the fact that the core member is in any event almost straight, ensures that the
longitudinal stiffness of the convoluted core, when inside the tube, is comparable with the
Young modulus of a straight member formed from the same material and having the same cross-
sectional area.

The core reinforcing members also differ from conventional reinforcing fibres in that it can be
arranged for the core member to be prestressed in tension with the tube member, and any matrix
to which it is attached, in residual compression. As mentioned previously, this feature is clearly of
particular importance in the suppression of the initiation and growth of fatigue cracks in a
reinforced metal sheet. Preliminary studies of the behaviour of steel wire core/stainless steel sheath
systems have been reported by McColl & Morley (1975). More recent studies have shown that
fatigue lifetimes in excess of 10° cycles at core peak stress values of about 1 GPa can be obtained
with similar steel core steel tube elements (McColl & Morley 19774).

The work reported in this paper has been carried out on experimental systems consisting of a
sheet of metal or polymer to the surface of which has been attached a layer of bicomponent rein-
forcing elements of the type described above. A uniform tensile load has been applied to the
edges of the specimens in the same direction as that of the fibre alignment. The width of the
specimens tested has ranged from 0.12 m to 0.915 m and they have contained initial central cracks
having lengths ranging from ca. 0.04 m to 0.2 m. The initial crack lengths have been arranged
perpendicularly to the direction of fibre alignment.

The analytical work reported here has been concerned with systems in which all the components
are initially under zero longitudinal differential stress and the sheet has been considered to be
semi-infinite in extent and to be subjected to uniform tensile loads applied at its remote edges.
Computed strain distributions around cracks of various lengths in a reinforced aluminium sheet
are reported. A 309, volume fraction of duplex reinforcing elements (core plus tube) is con-
sidered, in which the cross-sectional areas of core and tube are equal. The tubes are considered
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REINFORCED SHEET METAL 21

to behave as part of the matrix. Calculations have been made of the rate of release and the rate of
absorption of energy for this system for increasing crack lengths and for elastic strain values
extending up to 0.004. Similar calculations have been carried out to account for the behaviour
of the various experimental specimens studied and these are compared with the experimental
results obtained.

Itis possible that sheet metal systems reinforced with steel duplex elements of the type described
in this paper can be used with little modification in certain types of advanced engineering
applications. Hypodermic tubes are intrinsically relatively inexpensive in comparison with boron
fibres. However, other composite configurations, possessing similar mechanical characteristics
but with the tube and matrix assembly manufactured from sheet metal, can be envisaged (Morley
1976; Morley et al. 1976). These may offer advantages from the point of view of manufacturing
convenience.

The studies reported here refer to unidirectionally reinforced sheet materials subjected to a
uniform tensile stress. Consideration also needs to be given to non-uniform and unconventional
loading conditions. One situation of particular interest concerns the applications of concentrated
loads to an engineering structure directly through the core reinforcing members. This approach
would seem to be perfectly feasible where the primary reinforcing members are formed from
strong metal wires and may offer a convenient means of applying a concentrated load to a highly
stressed sheet metal structure.

Since the stress transfer mechanism between the core and the sheath in these systems in due to
frictional effects, it is of interest to establish the effects of conventional lubricants on this frictional
interaction. Preliminary studies indicate that the presence of conventional lubricants has no
noticeable effect on the frictional stress transfer between core and sheath (Morley & Chappell
1977). It appears, therefore, that the presence of lubricants would not be deleterious in the case of
metal reinforcing members and might be used to advantage in certain corrosive environments.

2. CRITICAL ENERGY RATE ANALYSIS OF CRACK BEHAVIOUR
2.1. Crack stability under uniform loading conditions

The prediction, based on energetic principles, of the behaviour of a crack in a composite
structure acting under applied loads is concerned with the rates of release and of absorption of
strain energy associated with crack growth. The condition necessary for such a crack to be able to
grow without work being done by the applied loads, i.e. the condition necessary for catastrophic
crack growth, is the Griffith criterion, namely,

AWy /d(2a) > dW,/d(24),

where dWg/d(2a) is the rate of release of strain energy for a crack of length 2z under fixed grip
loading conditions, dW, [d(2a) is the rate of absorption of energy at the onset of crack growth, due
to the work of fracture of the fracturable part of the structure and any other effects such as
relative displacements between components of the structure against resisting frictional forces.
For conventional elastic materials the necessary energetic condition for catastrophic crack growth
is given by the well-known Griffith equation,

o = (EGm/na)},

where o is the fracture stress of the material, E is the Young modulus, Gm is the work of fracture
value pertaining to the initiation of fracture and 2a is the crack length.
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22 I.R. McCOLL AND J.G.MORLEY

When a non-fracturable reinforcing component is present it interacts with the fracturable part
of the composite structure modifying the strain field around the crack and hence the rate of
release of strain energy. Also this interaction results in the non-recoverable absorption of strain
energy by work done against frictional forces and thus contributes to the rate of absorption of
strain energy.

2.2, Theoretical strain distribution

This analysis is concerned with the behaviour of a central crack in a thin sheet structure
uniaxially and uniformly reinforced with non-fracturing reinforcing elements. Uniform uniaxial
loading perpendicular to the plane of the crack and parallel to the direction of reinforcement is
considered. The crack lengths are assumed small, compared with the size of the sheet, but
sufficiently long for any plastic zone around the crack tips to be fully developed.

strain

centre of
crack
Ficure 1. Idealized strain field around a crack in an unreinforced sheet.

Prediction of the behaviour of a crack requires the rates of release and of absorption of strain
energy, as a function of crack length, to be calculated. To do this a knowledge of how the strain
energy is released and redistributed during crack growth is necessary. Also the degree of relative
displacement between the core and sheath of the reinforcing elements, during crack growth, is
required to enable the work done against frictional forces to be calculated. Thus, a representation
of the strain field around the crack is first obtained. The form of the strain field and the general
physical model considered has been discussed previously by Morley & McColl (1975) and only
a brief outline will be given here.

The model assumes an elliptical zone around the crack to be partially relaxed. For the unrein-
forced sheet a linear change in strain is assumed, parallel to the direction of loading, from the
crack face to the extremities of the elliptical zone (figure 1). The size of the elliptical zone is
chosen such that the strain energy released by the presence of the crack, on the basis of the
assumptions made, is the same as calculated by Griffith (1920) for the classical case of a crack in an
infinite elastic material. It follows that the major axis of the ellipse is three times the crack length.
Outside the partially relaxed elliptical zone the sheet is assumed to be unaffected by the presence
of the crack. Only strains parallel to the direction of loading are considered and shear interactions
between the adjacent strips, together with stress concentration at the crack tips, are neglected.
The validity of these assumptions is discussed in § 3.
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REINFORCED SHEET METAL 23

2.3. Theoretical equations describing the strain field around a crack
bridged by non-fracturing reinforcing elements

In order to simplify computation of the effects of the duplex (non-fracturing) reinforcing
elements, the exponential form of the stress distribution along an element is reduced to that of
a constant shear strength interface up to a stress level 074, and corresponding strain €q, at which
complete debonding is assumed to occur (figure 2).

Omax idealized
N
| S— Ed
/ experimental
Oy .

strain

stress

~~slope = 21/r

length of coreftube interface

F1cure 2. Idealized and experimental strain distributions along the
core element of a non-fracturing reinforcing element.

§ o[ SN
:Q‘ —
1 — P
- .
/l’/‘/ ! l
— | |
| —_—
0 L, L, I

distance from crack face

F1cure 3. Strain distribution along a section perpendicular to a crack in a sheet
reinforced with non-fracturing reinforcing elements (¢, < €,).

The longitudinal strain distribution along a section perpendicular to the plane of a crack in a
duplex reinforced sheet is shown in figure 3. The maximum core element strain ¢, is taken to be
less than the debonding strain eq. The core elements bridge the crack and load is transferred from
the core elements to the tube/sheet assembly in the vicinity of the crack (from O to L,). For the
purpose of this analysis the tube (sheath) elements are assumed to behave as part of the sheet
(matrix) although their contributions to the work of fracture and stiffness of the structure are
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24 I.R.McCOLL AND J.G. MORLEY

taken into account. The rates of change of core element strain and matrix strain in the region of
the crack (i.e. the slopes of the lines VQ and OQ in figure 3) are given by,

def 2T
&~ TEr @)
dem 2V}T Gﬁ
- 4P 3
and Ir ~ TaVat BV 711, (3)

respectively, where

r is taken as the radius of the wire from which the core element is formed.

7 is the effective shear strength of the core/tube element interface measured over the surface area
of the core wire.

E,, Eyand E, are the Young moduli of the core elements, tube elements and sheet respectively.

1, Vi and Vi are the volume fractions of the core elements, tube elements and sheet respectively.

ep/Ls is the strain gradient along the section in the absence of the reinforcing elements.

€p is the general strain in the structure outside the elliptical zone.

L, is the distance from the plane of the crack to the edge of the elliptical zone and is given by,

Ly = 3(a%—x?)%,

where a is the half crack length and « is the distance from the centre of the crack to the section
considered.

At the position L (figure 3) the elastic strains of the core elements and the tube/sheet assembly
are the same and thus the differential movement between the components is zero. Hence, no
further stress transfer between the core elements and the tube/sheet assembly occurs and it is
assumed that from position L, to position L, the elastic strain in both core elements and tube/sheet
assembly remains the same. From position Ly, which lies on the strain distribution for the unrein-
forced sheet, to position L, which is on the edge of the ellipse, the strain distributions for both the
core elements and the tube/sheet assembly are assumed to be the same and to correspond with
those of the sheet with the core elements absent. Since the strain redistributions, due to the
presence of the crack, are assumed to occur entirely within the partially relaxed elliptical zone,
the total integrated strain of the core elements must be unchanged by the presence of the crack.
Thus, in figure 3, the areas shown shaded must be equal. This boundary condition together with
equations (2) and (3) enables equations defining the strain distribution along any section in the
elliptical zone, perpendicular to the plane of the crack, to be derived. These are,

or = [ep Lo/{Q(P +6p/Ly) 7 + LyJep}]},
en = Ly(P+ Q +ep[Ly), (4)
Ly = ex(P+ep[Lg) ™", Ly = Lyexfeg, Ly = 3(a®— %3,

where P = 2V 7[(EnVin + EiVi) r and Q = 27/Eyr,
€r, €y €py Lo, Ly, Ly are defined in figure 3.

The half crack opening, at a distance x from the centre of the crack, is obtained from the difference
in integrated strain between the core elements and the tube/sheet assembly, over the distance
OL,, and is given by s = ¢, L,.

So far, it has been assumed that the stress supported by the reinforced structure is such that the
crack-bridging core reinforcing elements, in the section considered, are not stressed to their


http://rsta.royalsocietypublishing.org/

'\
/N
JA \
A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A\

y \

N

0\

A A

Py

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

REINFORCED SHEET METAL 25

debonding level. If the core elements do reach their debonding stress, in the vicinity of the crack,
the model assumes that they suddenly decouple from the tube/sheet assembly.

Figure 4 shows the strain distribution along a section, perpendicular to the plane of the crack,
appropriate to such a situation. From the face of the crack to the point L, the core elements are
completely decoupled from the tube/sheet assembly. Between L, and L, load is transferred
between the core elements and the tube/sheet assembly via the assumed constant shear strength
interface. From L, to the edge of the ellipse the strain distribution is as defined for the non-
decoupled core elements shown in figure 3. Again the integrated strain of the core elements is
unchanged by the presence of the crack so that the areas shown shaded in figure 4 are equal.

€

€4

~

g
8
@ €
p
el 77 77
| I\ 1 }
A — [ ]
VAN Lo
v | |
€ /')|/\ I |
0 Y L\ _ I |
0 VL, L, S L, L,

distance from crack face

Ficure 4. Strain distribution along a section perpendicular to a crack in a sheet
reinforced with non-fracturing reinforcing elements (¢, = ¢,).

Thus, as for the case of the non-decoupled core elements, a set of equations describing the strain
distribution along any section in the elliptical zone perpendicular to the plane of the crack may be
derived. These are

er = [Cea—{2C(e3 — §) /G,

€ = Loeﬁ/Laa

Ly = Ly[er— (P+ep|Ly) (ea—ex) [ @l fep,

Ly = Ly[er— P(ea—er)[Q)feps

L, = exLyfep,

Ly = 3(a®—?) %a

()

where C = 2{1 + (2P +¢p/L,)|Q},
P = 21/{7'/(Eme +Et.[/t) 7,
Q = 27'/EH‘.

€ry €4y €gs Loy Ly, Ly, Ly are defined as in figures 3 and 4.
The half crack opening # is now given by,

1= ca(Lo+L)[2 — Ly Lycpl2Ly,

4 Vol. 287. A.
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26 I.R.McCOLL AND J.G. MORLEY

The sets of equations (4) and (5) enable the complete theoretical strain field around a crack in
a duplex reinforced sheet to be described in terms of the mechanical parameters of the structure,
the general strain outside the partially relaxed elliptical zone and the crack length. The strain
field for one quadrant of the partially relaxed ellipse is obtained by first computing the strain
distribution along a section near the crack tip and then along similar sections nearer to the centre

distance from

strain _centre of crack,a=30 mm

a=100 mm

600
Frcure 5. Computed strain field development around a crack of increasing length (24) in a sheet
reinforced with non-fracturing reinforcing elements (¢, > ep = 0.002).

distance from
_“centre of crack,a=30 mm

\,%

—_——

0

Y

. — 7~ Ve /r —

\26N T TTw |
400 800 :

600 1200

Ficure 6. Computed strain field development around a crack of increasing length (2a) in a sheet
reinforced with non-fracturing reinforcing elements (¢, < e = 0.0035).
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REINFORCED SHEET METAL 27

of the crack using equations (4). The position of these sections is controlled by the value of x, the
distance along the crack face from the centre of the crack. The value of ¢, at each section is
inspected and where it exceeds €q the strain distribution is recalculated using equations (5). The
strain fields for the other quadrants of the ellipse are obtained from symmetry.

2.4. Numerical values of strain fields around a crack

Figures 5 and 6 show examples of strain fields around cracks in a duplex reinforced sheet
computed using equations (2), (3), (4) and (5) from the parameters given in table 1. Figure 5
shows the development of the strain field, for increasing crack lengths, for the value of bulk strain
(ép = €c) at which the core elements are just capable of supporting the whole applied load.
Figure 5 shows that, irrespective of crack length, the core elements nowhere reach their debonding
strain levels provided e < €. Figure 6 shows the strain field development, for increasing crack
length, for a value of bulk strain (65 > €;) under which condition the core elements are not
capable of supporting the whole applied load. It is apparent that both the fraction of debonded
core elements bridging the crack and the debonded length of the core elements increases with
increasing crack length.
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Ficure 7. Maximum crack opening displace- Ficure 8. Profile of a crack in a sheet reinforced
ment as a function of crack length and applied with non-fracturing reinforcing elements
strain for both an unreinforced sheet and a (ep < €)-

sheet reinforced with non-fracturing reinforc-
ing elements.

Values of maximum crack opening displacement (at the centre of the crack, computed from
the data given in table 1) as a function of crack length for both unreinforced and duplex reinforced
sheets, are shown in figure 7. It will be observed that for 5 < €. the maximum crack opening
displacement tends to a limiting value with increasing crack length. For ¢ > ¢ the maximum
crack opening displacement is dependent on crack length but is reduced compared with the
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28 I.R.McCOLL AND J.G. MORLEY

unreinforced case. Figure 8 shows a crack profile computed using the parameters in table 1. It
shows that, for €5 < ec and for cracks of sufficient length, the profile of a crack in a sheet reinforced
with non-fracturing reinforcing elements tends to that of a parallel-sided crack under conditions
of uniaxial uniform loading.

2.5. Theoretical equations of strain energy release

The strain energy released by a section of sheet reinforced with non-fracturing reinforcing
elements, having a width 8x and of unit thickness, may be computed from the strain distribution
along the section. If the core elements in the section are not loaded to their debonding level, the
energy released (6W},) by asection at a distance x from the centre of the crack is given by Morley &

McColl (1975) as  6Wp,, = [$Eced Ly — $Feel(Li— L3) /L3 — $Eee?(Ly— Ly)
~ §Emiei Ly — Vi Ex(e} +eyer +€5) Ly] O, (6)
where Ly = 3(a®—2)}; Eo = EtVi+ EnVin + EtVi; and Eng = Em Vi + EiV4.

0004
500F / 0004
,/ 0.003
400f / /
] , —-———-unreinforced

r reinforced
300f e

r 0.003

200t

100f

rate of release of strain energy (dW3/d(2a))[k] m—2

0001 —

0002 —
- “ . _ €=000L___
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crack length 2a/mm

F1cure 9. Rates of release of strain energy for an unreinforced sheet and a sheet reinforced with
non-fracturing reinforcing elements, computed using the values listed in table 1.

If the core elements in the section are loaded to their debonding level, the energy released is
given by
e = [VEech L= VEoch(3~ L)L~ V(Lo L) ~ H ek /I3 e (=)
* (31— 33— V(L1 - L§) + VA(Ly — Ly)} — Vi Erei L,
~BORE]SY (S - L)~ (S— L)} )

erL,—¢€,L eal, —e L Loer—Leq
where p=50"%0, ¢_Cilazorle, o LofrT a6
€r—¢€, €d— €r Ly—-L,
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REINFORCED SHEET METAL 29

The total strain energy released by the presence of a crack in a duplex reinforced sheet is
computed by numerically integrating equations (6) and (7) over the whole elliptical zone. At each
position along the crack equation (6) is used when equations (4) describe the strain distribution
and equation (7) is used when equations (5) describe the strain distribution along the particular
section under consideration. The rate of release of strain energy is then computed by numerical
differentiation of the strain energy released at successive crack lengths. The general form of the
computed rates of release of strain energy, for an unreinforced and a duplex reinforced sheet, as a
function of crack length and for increasing values of applied strain is shown in figure 9.

TABLE 1. TYPICAL PROPERTIES OF A SHEET MATERIAL REINFORCED WITH
NON-FRACTURING REINFORCING ELEMENTS

E, = 150 GPa 7 = 1.5 MPa
E, = 70 GPa r = 0.30 mm
E, = 70GPa oy = 1.10 GPa
E, = 82GPa €, = 0.00733
V= 0.15 G, = 300 K] m—2
V, = 0.15 P =252x10"2m™?
¥, = 0.70 Q = 6.67x102m

For simplicity, the elastic modulus of the tubes is assumed to be the same as that of the matrix sheet.

A list of the parameters used in the computation is given in table 1. It will be observed that for
strain values up to €c, which corresponds to the stress at which the core-reinforcing elements are
just capable of supporting the whole applied load, the rate of release of strain energy approaches
a maximum value with increasing crack length. Up to the strain level ¢ the core elements
nowhere decouple from the tube/sheet assembly. Therefore, the areas VRS and SQTP (figure 3)
which are equal, have a maximum value and er approaches eg withincreasing crack length. To a
first approximation the strain energy released is therefore proportional to the crack length and,
consequently, the rate of release of strain energy approaches a limiting value with increasing
crack length. This contrasts with the unreinforced sheet for which the rate of release of strain
energy increases linearly with increasing crack length. Thus, provided the rate of absorption of
energy exceeds this limiting value, catastrophic matrix crack growth is not energetically possible
whatever the crack length. For values of strain above €. the rate of release of strain energy for the
reinforced sheet is approximately proportional to the crack length but is reduced compared with
the unreinforced situation.

2.6. Theoretical equations of energy absorption

During crack growth in a sheet reinforced with non-fracturing reinforcing elements, energy is
absorbed due to the work of fracture of the tube/sheet assembly and by relative displacements
between the core and tube elements against the resisting interfacial frictional forces. The rate of
absorption of energy with respect to the total crack length, due to fracture of the tube/sheet
assembly, is Vin G, + V3 Gy where Vy, Gy, and V3, Gy are the volume fraction and work of fracture of
the sheet and tubes respectively.

The work done against frictional forces during the growth of a crack is first calculated for a
reinforcing element at a distance x from the mid-point of the crack, assuming the maximum core
element strain ¢, is less than the debounding strain eq. During the crack growth, relative displace-
ment between the core and tube element occurs between the crack face and the position L,
(figure 3), so that the frictional energy losses are confined to this region.
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30 I.R.McCOLL AND J.G.MORLEY

Now the relative displacement dm, at a distance y from the crack face is given by the integrated
strain difference between the core and tube element from the position y to L, and is, therefore,

dm, = " et -yILy) dy = L~y +9712L),

where ¢,(1 —y/[L,) is the strain difference between the core and tube elements at a distance y from
the crack face. ¢, and L, are given by equations (4). Also the frictional force across a length dy
of core-tube interface will be given by 2nr7dy. Hence, it follows that the frictional work done by
the length dy of the core element at a distance y from the crack face, during the growth of the

crack is 2nrr dydm, = 2nrr dy e, (3L, —y +y%/2L,).

initial strain distribution

debonding about to start
. intermediate strain
€q ( :\ distribution
\ \\ \ final strain distribution
\\‘ \ ! — slope=—@Q
\ \|
\,
5 \ \
g o\
w“ |
€, \ + -
\; - _;__—7#,_
. / { } /' ~~I_slope=
. | P+e3/L
, / = /I P/ 3
ana -
e VA 4 e \slope=
0 / | % 65/ Ly
i |
0 ¥ Lm Ly y+qly) Ly

distance from crack face

Fioure 10. The section of the strain distribution shown in figure 4 in which the
relative displacements at the coreftube interface occur.

Thus, the total work done against frictional forces by the whole core element is obtained by
integrating from O to L, (figure 3) and is

2nrr J;)Ll e,(3L, —y +y*2L,) dy = §nrre, L3
The number of core elements in a section of width 8x and unit thickness is V; 8x/rr2. Thus, the work
done against frictional forces in this section, for one quadrant of the partially relaxed ellipse, is
given by Wy = Vare, L2 8x/[3r.
Substitution for ¢, from equations (4) gives
Wy, = Vardx[P+ Q +ep[Ls] LY/3r. (8)

When the applied stress and crack length are such that the core elements in the section con-
sidered reach their debonding stress in the vicinity of the crack, the strain distribution is as shown
in figure 4. The work done against the resisting frictional forces by a debonded core element may
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REINFORCED SHEET METAL 31

be computed by considering the relative displacement between core and tube elements, at all
points along the core element, up to the strain level at which the core element debonds. The
region of the strain distribution in which the relative displacements occur (0 < y < L;) is shown
in figure 10.

First consider the intermediate situation during the development of the strain distribution with
the debonded length of the core element extending to a distance y from the crack face. Stress
transfer between the core and tubefsheet assembly occurs between y and y +¢(y) (figure 10).
Thus, the relative displacement dm,, between core and tube element (at y) required to raise the
core element strain (at y) to €4 is the integrated strain difference between the core and tube
elements between y and y +¢(y) and is given by

dmy, = $(P+ Q +ep/Ly) ¢*(y)-
It is apparent from figure 10, that ¢(y) is a linear function of  and is given by
9(y) = Lm— (Lm+Ly—L1) y/ Lo (9)

and m = €a (P+ Q +¢p[Ls).
L, and L, are given by equations (5).

Thus, the work done against frictional forces by a length of core element, dy, in raising the strain
of that length of core element at a distance y from the crack face to the debond strain level eq is

2rrrdm,, = mrr(P+ Q +e€p/Ls) ¢*(y) dy.

Relative displacement between the core and tube elements, subsequent to the core element
strain reaching eq, involves no frictional work since the core element is assumed to decouple
suddenly and completely from the tube. Thus, for the debonded region of the core element, which
extends to a distance L, from the crack face, the frictional work done is obtained by integrating
from O to L and is

Lo
wr(P+ Q+elLy) [ 72(0) d.

Substituting for ¢(y) from equation (9) and integrating gives
rrr (P + Q + €/ L) [3(Ly — Lo) Lo L + Lo(Lm + Lo — L1)*].

For the core element from L, to L, the frictional work done is calculated as for the non-debonded
situation and is
3t (P+ Q +ep[Lg) (Ly—Ly)>.
Thus the total work done against frictional forces by the reinforcing elements in a section of
width 8x and unit thickness, in one quadrant of the partially relaxed ellipse at a distance x from
the centre of the crack (for ¢, = €q) is

ViTdx
3r

Wy = (P+ @Q+ep/Ls) [(Ly—Ly)*+ 3Ly Lm(Ly — Ly) + Lo(Lm + Ly — L4)?], (10)
where V;8x/nr? is the number of reinforcing elements in the section.

The total strain energy absorbed frictionally can be computed by numerically integrating
equations (8) and (10) over the whole partially relaxed elliptical zone around the crack. At each
position along the crack, equation (8) is used when equations (4) describe the strain distribution,
and equation (10) is used when equations (5) describe the strain distribution. The rate of
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32 I.R.McCOLL AND J.G. MORLEY

absorption of strain energy is then computed by numerically differentiating the strain energy
absorbed at successive crack lengths.

The general form of the computed rates of absorption of strain energy, due to frictional effects,
for increasing values of bulk strain are shown in figure 11. For strain levels up to e, which corre-
sponds to the stress at which the core elements are just capable of supporting the whole applied
load (i.e. €5 < €c), the rate of absorption of energy tends to a limiting value with increasing crack
length. This occurs because the relative displacement between core and tube elements tends to a
limiting value. Furthermore, comparison of figures 9 and 11 indicates that for ¢5 < € the ratio R
of the rate of absorption of strain energy (due to frictional effects) to the rate of release of strain
energy rapidly approaches an upper limiting value with increasing crack length. From this and
other data computed for a wide range of composite properties (I.R.McColl & J.G. Morley,
unpublished work) the limiting value of this ratio in general is found to be close to a value of 0.5.

500 /

B 0004
g
B g
g@ 400
B= 0003
&S
83
X 300
) 0002 —
5 €= 0001 —
1 1 1 | 1 1
200 200 00 600

crack length, 2¢/mm

Ficure 11. Rates of absorption of energy due to frictional effects computed using the values listed in table 1.
(Rate of absorption of energy due to matrix and tubes = V,G,+V,G, = 255 k] m~2.)

That is, it is almost independent of the composite properties and the applied strain (provided of
course € < €c). For strain levels above e. debonding of the core elements occurs and the rate of
absorption of energy increases with increasing crack length. Thus, the effective work of fracture
increases with increasing crack length under these conditions. Comparison of figures 9 and 11
indicates that for ez > €. the ratio R again approaches an upper limiting value with increasing
crack length. However, in contrast to the situation for €3 < €. the upper limiting value of the ratio
R is strongly dependent on the composite properties and decreases as the applied strain € is
increased. Data computed for a wide range of composite properties indicates that the maximum
limiting value of the ratio R, which occurs for a value of applied strain g slightly above the
critical strain €c, may exceed 0.5 (maximum value of R for €3 < ¢,) and indeed may approach
unity. Hence, for all values of applied strain the frictional energy loss term is of major importance
since it may considerably reduce the matrix work of fracture necessary to ensure crack stability.

It should be noted that the strain energy absorbed by a particular section at a particular crack
length is calculated (for simplicity) assuming the matrix strain gradient (€p/Ls) is fixed during the
development of the strain distribution along the section. Under real conditions the crack would
extend in stages to the final length and the value of Lg, for the particular section considered, would
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increase correspondingly up to the final value. For the case of non-debonded core elements, the
value of L; during the development of the strain distribution along a section does not affect the
total relative displacement between the core and tube elements and, hence, the energy absorbed
frictionally. However, during the development of the strain distribution along a section in which
the core elements are debonded, the relative displacement between the core and tube elements
(for the intermediate situation shown in figure 10) depends on the value of ¢, and thus the matrix
strain gradient €/ L;. Thevalue of the frictional work done increases to some extentwith increasing
L,. Thus, the method used to compute the frictional work done, for debonded core elements,
overestimates this term to some extent.

3. VALIDITY OF THE THEORETICAL MODEL OF STRAIN DISTRIBUTION

The model used is based on three simplifying assumptions.

(a) The strain field around the crack in the matrix sheet is assumed to be linear.

(b) The strain distribution of the crack bridging core elements is assumed linear up to a
critical strain level at which complete decoupling is assumed to occur.

(¢) The elliptical zone around the crack is assumed to be divided up, in effect, into a number
of parallel segments perpendicular to the crack so that each segment is subjected only to longi-
tudinal loads applied in a direction perpendicular to the length of the crack.

Assumption (a) is a reasonable approximation to the actual strain distribution around a crack
in a unidirectionally loaded elastic sheet (Inglis 1913). As stated above, the size of the elliptical
zone and, hence, the strain gradients are chosen so that the amount of strain energy released by
the presence of the crack is equal to that obtained in the classical case. In the case of a real duplex
fibre core decoupling occurs progressively, not instantaneously as assumed in the theory set out
above. The strain distribution chosen, however, corresponds quite closely to those of experimental
systems and the major uncertainty seems likely to be associated with the contribution to the
effective work of fracture by the frictional energy loss term when debonding of the core elements
is assumed to occur instantaneously. The assumption that the composite structure, within the
elliptical zone around the crack, carries only loads aligned in a direction perpendicular to the
crack seems to be a reasonable approximation. It is clear from an inspection of the strain field
around the crack that, over the major portion of the elliptical zone, the strain distributions for
adjacent segments are similar. Thus, the strain energy generated by shear displacements would
not appear likely to be of major importance in a more comprehensive assessment of the strain
energy release rate.

4, THEORETICAL PREDICTIONS OF THE ANALYSIS

The analysis indicates that, provided the core members are capable of carrying the whole of the
tensile load applied to the composite structure, the rate of release of strain energy by a transverse
crack in the matrix will tend to some upper limiting value as the length of the crack increases.
Clearly, if this value is less than the matrix work of fracture, catastrophic matrix crack growth
will not be possible whatever the crack length. The analysis also predicts that the effective work
of fracture will be enhanced by the frictional energy losses encountered during crack growth.
The importance of this factor, relative to the work of fracture of the tube sheet assembly, increases
with increasing crack length particularly when debonding occurs. As a consequence it would

5 Vol. 287. A.
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34 I.R. McCOLL AND J.G. MORLEY

seem that very long matrix cracks can remain stable even when the non-fracturing reinforcing
elements are not capable of carrying the whole of the applied load.

In order to provide some experimental data on matrix crack growth in systems of this type,
reinforced sheet structures have been constructed using two types of matrix material. The
reinforcing elements have been similar in each case but the work of fracture and elastic charac-
teristics of the two sheet materials used have been very different. This work is described in the
following section.

5. EXPERIMENTAL OBSERVATIONS
5.1. Experimental samples

Experimental specimens were fabricated from two types of sheet (matrix) material, with
widely different work of fracture and elastic characteristics. These materials were half-hard
brass shim strip (0.055 mm thick) and polymethylmethacrylate (ICI Perspex) sheet (1.50 mm
thick). Specimens fabricated from the former used either a single strip (152 mm wide) or a number
of parallel strips soldered together, with 6 mm wide lap joints, to produce a large sheet (approxi-
mately 1m square). This rather unsatisfactory fabrication technique caused buckling to occur
in the metal sheets but was necessary, owing to the non-availability of suitably thin material of
sufficient width. The use of such thin material was essential because of the limited capacity of
the available test equipment.

The reinforcing elements used were formed from either 10 mwg stainless steel wire or 11 mwg
tinplated piano wire together with 19 gauge stainless steel hypodermic tubing. The helical core
elements were produced by first close-winding the wire on to a mandrel and then extending the
resulting close-wound spring, by plastically deforming the wire, into the form of a large angled
helix (helix angle approximately 85°).

The theoretical model outlined in § 2 assumes that the core elements are initially under zero
longitudinal tensile stress. In order to satisfy this condition experimentally the tube elements were
cutinto short lengths. This was necessary because if a helical core element is pulled into a tube and
the external load is then removed the core element remains in tension and the tube in corre-
sponding compression. Since the residual core tensile load is proportional to the length of the
core/tube interface, the use of short tube elements (20 mm) results in a residual core tensile load
sufficiently small to be neglected. The reinforcing elements were assembled by threading the
short tube elements on to the core wire which was held in tension slightly above the debonding
stress. A small gap of 1.0 mm was left between each short tube element. The core element tensile
load was removed and the bicomponent reinforcing element was attached to the sheet at the mid-
point of each short tube element. The short tube elements were directly soldered to the brass
sheet. In the case of the Perspex sheets, the short tube elements were soldered to an array of
washers which were attached to the sheet by screws. Because of their discontinuous form the tube
elements did not directly interfere with crack propagation in either type of matrix sheet.

As discussed elsewhere (Morley ef al. 1976), the effective Young modulus of the core element
when constrained within the tube can be appreciably greater than that of the helix when loaded
separately. This enhanced core element stiffness, together with the effective contribution of the
tubes and their attachments to the stiffness of the sheets, were determined from modulus measure-
ments on sections of the reinforced specimens. An example is given in table 2 of the elastic
properties of a typical reinforcing element.

A single, uniformly spaced, parallel array of duplex elements was attached to one side of the
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REINFORCED SHEET METAL 35

brass sheets and similar arrays were attached to both sides of the reinforced Perspex specimen.
The reinforcing elements were attached in a direction perpendicular to that of the initial crack.
In the case of the reinforced specimens this was in the sheet material only ~the core elements
remained bridging the initial crack.

TABLE 2. PROPERTIES OF A TYPICAL NON-FRACTURING REINFORCING ELEMENT

core element material 12 m.w.g. tinplated piano wire
core element diameter 0.73 mm

tube material 19 gauge stainless steel hypodermic tubing
tube internal diameter 0.795 mm

tube external diameter 1.065 mm

mandrel diameter 1.23 mm

core element prestress 1660 MPa

core element debonding stress 1100 MPa

core element free amplitude 0.82 mm

straight wire Young modulus 195.4 GPa

free helix Young modulus 152.2 GPa

constrained helix Young modulus 185.5 GPa

TABLE 3. REINFORCING ELEMENTS

type (4) type (b)
core element material 10 m.w.g. stainless 11 m.w.g. tinplated
steel wire piano wire
core wire diameter/mm 0.61 0.66
mandrel diameter/mm 1.04 1.06
preload/N 350 480
core element wavelength/mm 5.9 6.3
core element free amplitude/mm 0.86 0.88
tube element material 19 gauge stainless 19 gauge stainless
steel hypodermic steel hypodermic
tubing tubing
tube inside diameter/mm 0.80 0.83
tube outside diameter/mm 1.06 1.08
pull in stressfMPa ~ limiting debonding stress 1280 13501
mean coreftube shear strength/MPa 1.3 1.0
constrained core element Young modulus/GPa 91.0 119.6
free core element Young modulus/GPa 63.0 97.9
core wire modulus in original straight condition/GPa 146.0 192.3
tube element Young modulus/GPa 167.0 171.1

+ Variations were observed in the characteristics of nominally similar material. The material used was selected
so as to be as nearly uniform as practicable.

In the case of the brass sheet specimens the initial crack was cut with a scalpel blade. The
initial crack in the Perspex sheets was a saw cut (1.2 mm wide). Crack tips were formed at the
ends of the saw cut using a steel wedge and an impact below.

Details of the experimental specimens are listed in tables 3-5.

5.2. Experimental arrangements

The sheet specimens were tested under fixed grip conditions in an Instron universal testing
machine. The specimens were held between parallel rigid beams clamped across their ends. Both
beams were attached to the testing machine by pivoted couplings. The loads were applied
perpendicular to the initial crack, i.e. parallel to the reinforcing elements and perpendicular to

5-2
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36 I.R. McCOLL AND J.G. MORLEY

the soldered lap joints when present. All the tests were performed at an extension rate of
0.2mm min~1
5.3. Experimental results
Figure 12 shows the experimentally observed stress-indicated strain diagrams obtained for the
specimens detailed in tables 4 and 5. The stress is taken as the average stress over the whole
specimen and the indicated strain is the observed extension divided by the nominal gauge length.

TABLE 4. UNREINFORCED SHEET SPECIMENS

specimen number
A

r A
3a
la 2a brass 4a
material brass brass (fabricated)  Perspex
thickness/mm 0.055 0.055 0.055 1.41
gauge length/mm 465 470 910 900
width/mm 120 152 915 298
initial crack length/mm 41.0 41.0 200.0 72.0
Young modulus/GPa 97.9 97.9 97.9 2.88
work of fracture, obtained from critical stress, 6.0 6.0 11.8 0.45
Gmy| (k] m~%)
direction of crackt il 1 I —_
work of fracture, obtained for double cantilever 33.0 33.0 50.0 0.40

beam technique. Average value over whole fracture
process, Gm,[ (k] m~2)
work of fracture, obtained for double cantilever — — 14.2 —
beam technique. Value computed from compliance
at initiation of fracture, Gm,/ (k] m~—2)

1 Perpendicular or parallel to rolled direction.

TABLE 5. REINFORCED SHEET SPECIMENS

specimen number
A

8 Y
1b 2b 3b 3¢ 4b
sheet material brass brass brass brass Perspex

reinforcing element type (b) (b) (a) (a) (b)
sheet thickness/mm 0.055 0.055 0.055 0.055 1.57
gauge length/mm 465 470 872 865 895
sheet width/mm 120 152 915 860 299
initial crack length/mm 40.5 41.0 200.0 200.0 72.0
core element volume fraction 0.224 0.233 0.054 0.101 0.043
effective tube element volume fraction 0.051 0.052 0.014 0.027 0.013
sheet material volume fraction 0.725 0.715 0.932 0.871 0.944
work of fracture of sheet material, 33.0 33.0 50.0 50.0 0.40

obtained from corresponding
unreinforced specimen/(k] m~2%)

The behaviour of the unreinforced sheets was approximately as predicted by the Griffith~
Irwin theory, catastrophic failure occurring at a critical stress value. The work of fracture values
Gm, calculated from the critical stress values, using the Griffith-Irwin theory, were compared
with values obtained for similar material under conditions of double cantilever beam crack
propagation. These work of fracture values were calculated by two methods. Firstly, the work
of fracture Gm, was simply obtained from the work done to fracture a specimen completely in a
controlled manner. Secondly, in the case of crack propagation in the brass shim parallel to the
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rolled direction, the work of fracture Gmg was calculated using a slightly modified compliance
analysis method described by Shockley & Groves (1968). Gm, is an average value for the whole
fracture process and Gms is the effective work of fracture value pertaining to the initiation of
fracture.

| (a) L ()
300 2a =40 mm 800 2a=41 mm
2001 16 200 2
N . \ .
load carried by load carried by
100 core elements alone 100~ core elements alone
1a 2a
< 0 | 1 L | | 0 | | L ] 1
E 0.002 0.004 0.002 0.004
=
8
# (c) 30+ (@) .
2a=200 mm 2a=72 mm
120} 290 (crack length /mm)
- . 3c © 20 crack growth
80k £80 740 830 860 \ load carried by initiated
434 core elela)ment's alone W
- 3
40- 556 155 900 10-
~ 3a
; I 1 ! 1 L 4e ! | |
0 0.002 0.004 0 0.002 0.004

indicated strain

Ficure 12. Observed stress-indicated strain diagrams for unreinforced sheets and the corresponding sheets
reinforced with non-fracturing reinforcing elements. Specimens: (a) 1a, 1b; (b) 2a, 2b; (c) 3a, 3b, 3c;
(d) 4a, 4b.

Inspection of table 4 shows that in the case of the brass sheets both Gm, and Gm, exceed Gm,.
In particular Gm, is considerably larger than Gm,. Some appreciable difference between Gm, and
Gm, might have been anticipated since similar values would only be expected when the fracture
initiation and fracture propagation processes are similar. It was obvious from an inspection of the
crack profiles that, in the case of the stable crack growth experiments, the crack profile deviated
appreciably from that of a plane cleavage crack. Thus, since the crack lengths from which values
of Gm, were calculated did not take account of these deviations, the resultant value of Gm, would
be expected to be appreciably larger than the work done per unit area of fractured material.

Since Gm, and Gmg both pertain to the initiation of fracture from similar initial cracks, their
values would be expected to be similar. The observed difference in values may be due to two
factors, which may also contribute to the difference between Gm, and Gm,. Firstly, neither the
individual brass sheets (which formed the smaller specimens) nor the larger specimens (which
were fabricated from a number of narrow sheets) were completely flat. As the applied load was
increased it was apparent that, for both types of specimens, the central regions in which the crack
was situated were carrying a higher than average stress. Also the larger sheets, in particular, were
slightly buckled on a scale of the order of 10 mm so that, in the case of these specimens, small-scale
perturbations in the stress field were superimposed on the larger-scale non-uniformity previously
mentioned. The general non-uniformity in the stress field would be expected to initiate crack

5-3
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growth at a lower nominal stress than would have been expected for a perfectly flat sheet sub-
jected to a uniform tensile stress. The second (micro) effect would be expected either to enhance
or to reduce the nominal stress at which crack initiation occurred, depending on the position of
the crack tip with respect to the small-scale stress perturbations. The second factor requiring
consideration is the appreciable value of the crack length to sheet width ratio (see table 4). This
would be expected to enhance the stress concentration effect of the crack. In the case of the
reinforced sheets the situation is further complicated by the presence of the crack bridging load
bearing reinforcing members.

SUA dWg
d(2a) d(2a)
150+
S 100 —— — —— observed critical stress=98 MPa
% / _——theoretical » » =82 MPa
50~
1 L L
0 25 50 75

rates of release and absorption of strain energy/kJ m—2

Ficure 13. Rate of release, dWy[d(24), and rate of absorption, dW,[d(24), of strain energy, as a function of the
applied stress, computed from the data for specimen no. 35. Initial crack length, 2a = 200 mm.

In the case of the Perspex specimens Gm, was observed slightly to exceed Gm,. Although the
problems of non-uniform loading and localized buckling were not encountered with the Perspex
specimens, the value of the crack length to sheet width ratio was similar to that of the brass speci-
mens. Thus, assuming the fracture initiation and propagation processes to be similar, the value
of Gm, would be expected to be larger than the observed value of Gm,. However, observations
by Davidge & Tappin (1968) indicate that the fracture processes are different and that in fact
Gm, should exceed Gm, (by a factor of approximately 2). Thus the error in the observed value
of Gm, and the difference in the true value of Gm,; and Gm,, due to the different fracture pro-
cesses, might be expected to cancel and result in the observed similarity of Gm,; and Gm,.

A very important observation was that crack propagation in the reinforced specimens com-
menced at a substantially higher critical stress and corresponding strain value than was observed
for their unreinforced counterparts. This is a clear indication of the ability of the crack bridging
reinforcing elements to inhibit the growth of a crack in the matrix sheet. Itis felt that the observed
differences in nominal stress values for crack growth in the reinforced and unreinforced metal
sheets provides a valid basis of comparison despite the uncertainties about the magnitude of local
stress perturbations discussed above. The matrix of the narrow reinforced brass specimens (nos. 15
and 2b) failed by fast crack propagation from the initial crack (figures 124 and 125). However,
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the large reinforced brass specimens (nos. 34 and 3¢) did not fail by fast crack propagation
through the matrix sheet (figure 12¢). Instead, the matrix crack propagated in a stable manner
as the applied strain was increased. In the case of the reinforced Perspex sheet (figure 124d) the
initial crack did not completely propagate to the edge of the sheet. A limited amount of stable
crack growth occurred as the applied strain was increased until eventually progressive failure
of the matrix occurred at the ends of the specimen, where stress transfer from the sheet to the
reinforcing elements occurs. In this region the core elements do not contribute fully to the
strength of the structure.

In all the reinforced sheets the core elements remained bridging the crack and continued to
support an appreciable applied load, even when the crack extended across the whole width of the
sheet. Thus they provided a residual fail-safe tensile load bearing capability.

5.4. Comparison of experimental data with theory

The theory outlined in § 2 was used to compute rates of release and absorption of strain energy
from the experimental specimen data listed in tables 4 and 5. Figure 13 shows the rates of release
and absorption of energy computed for the large reinforced brass sheet specimen, number 35.
The rates of release and absorption of strain energy are plotted as a function of the applied stress
for a value of crack length corresponding to the experimental initial crack length. The point of
intersection of the curves gives the predicted critical stress value for a reinforced sheet containing
a crack of the length considered. Also indicated in figure 13 is the corresponding experimentally
observed critical stress value.

TABLE 6. OBSERVED AND COMPUTED GRITICAL STRESS VALUES

specimen initial crack observed critical computed critical
number length 2a/mm stress/MPa stressfMPa

15 40.5 209.0 148.0

2b 41.0 187.0 133.0

3b 200.0 98.0 82.0

3¢ 200.0 106.5 88.0

4b 72.0 27.0 21.0

Table 6 lists the experimentally observed and the corresponding computed critical stress values
for the reinforced specimens detailed in table 5. It will be observed that the computed critical
stress values are in reasonable agreement with the experimentally observed values but that, in all
cases, the experimental value exceeds the computed value.

The work of fracture values, used to compute the predicted critical stress values for the rein-
forced sheets, were obtained by applying the unmodified Griffith equation to the critical stress
values obtained for the corresponding unreinforced sheets. The various factors considered in the
choice of the most appropriate work of fracture value have been outlined in § 5.3. It is felt to be
reasonable to use these particular work of fracture values since they are the values obtained at the
onset of crack growth. Also they are for sheets of similar size and having similar initial crack
lengths to the corresponding reinforced specimens. Thus, stress concentrations owing to the
finite width of the sheets and to non-uniform loading of the sheets (because of buckling, etc.),
would be expected to be similar for both the unreinforced and the similar reinforced sheets. Also
variations in the work of' fracture as a function of crack length, as a result of the development of
the plastic zones, should be overcome by comparing unreinforced and reinforced sheets with
similar initial crack lengths. The work of fracture value may be underestimated by assuming the
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stress distribution of the unreinforced sheet to be that of a semi-infinite sheet. However, the error
caused by using the semi-infinite sheet stress distribution to compute the predicted critical stress
value for the reinforced sheet should be largely overcome by using this underestimated work of
fracture value obtained for an unreinforced sheet of similar size and with a similar initial crack
length.

dWy
L d(2a)
) .
5 wof
&%
Ao T A
_‘; S d2a)
g % 201
]
g8 |
ek
% b7 10F
8
=
i-q | —
L 1 1 1 1 1
0 200 400 600

crack length 2¢/mm

F1cure 14. Rates of release and absorption of strain energy, as a function of crack length, computed from
the data for specimen no. 3¢. Applied stress = 99 MPa.

The theoretical model outlined in §2 predicts that, at a particular value of critical stress,
a matrix crack in a reinforced sheet should become energetically unstable. However, the matrix
crack propagation observed in specimens 35, 3¢ and 46 proceeded in a semi-stable manner
(figures 12¢ and 12d). A possible explanation for this behaviour may be obtained from an
inspection of figure 14. This is a plot of the rates of release and absorption of strain energy as a
function of crack length. The values, which are computed from the data listed in table 5, are
appropriate to the large reinforced brass sheet specimen number 3¢. It shows that, at crack
lengths sufficiently long to be predicted as energetically unstable, the difference between the
rates of release and absorption of energy is relatively small. Hence, small perturbations in the
stress field, such as would be produced by the micro-buckling previously mentioned, could
modify the release of strain energy sufficiently to arrest the crack. Thus, an increasing applied
strain would be necessary to sustain crack growth.

Also in the case of the large brass sheets, as the crack extended towards the edges of the sheet,
the crack tips propagated into regions of diminishing stress. Hence, again it might be expected
that an increasing applied strain would be necessary to sustain crack growth.

6. CONCLUSIONS

The basic theory outlined in §2, dealing with the energetics of crack growth in reinforced
systems utilizing non-fracturing reinforcing members, contains many simplifications. However,
the observed properties of the experimental specimens so far studied are in tolerable agreement
with the predictions of the theory despite the experimental difficulties encountered in their
fabrication. The fail-safe capability of the reinforced sheets under tensile loading and the very
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considerable modifications made to the crack growth characteristics by the reinforcing members
have been demonstrated unambiguously.

It should be noted that, in these composite systems, the reinforcing members are fully load
bearing (up to their debonding strain) and are not behaving parasitically, in the sense of increasing
the weight of the structure for a given tensile load bearing capability. Also the metal duplex
elements produce no significant impairmant of the specific stiffness of the composite structure in
comparison with an unreinforced sheet. Although the core reinforcing members are convoluted
their effective longitudinal elastic modulus values can be arranged to be very similar to those of
the corresponding straight reinforcing member (table 2).

The analysis developed in § 2 indicates that the capability of the primary reinforcing elements
to influence matrix crack growth is due to two mechanisms. Firstly, the ability of the core
elements to bridge and transfer load across a matrix crack (irrespective of length or crack face
separation) can reduce dramatically the release of strain energy owing to the presence of the
crack. Secondly, during matrix crack extension, differential displacements between the core and
sheath elements against the resisting interfacial frictional force, result in the irreversible absorp-
tion of strain energy. The former mechanism is of particular importance when the core elements
are capable of carrying the total applied load. Under these circumstances, provided the sum of
the matrix work of fracture and the frictional energy loss term is sufficient, a completely crack
insensitive material is achievable. The frictional term is generally of particular importance when
the applied strain and crack length are such that the rate of release of strain energy exceeds the
work of fracture of the matrix sheet and, in these circumstances, can ensure crack stability.

The experimental reinforced sheet specimens described in this paper utilize a discontinuous
sheath element to enable the core elements to be nominally under zero initial longitudinal stress.
It appears possible to achieve this initial stress condition using techniques appropriate to con-
tinuous manufacturing processes. One such technique consists of first sliding a core element into
a tube with an internal diameter greater than the free outside diameter of the core element. By
use of conventional tube drawing techniques the internal diameter of the tube can be reduced to
a suitable value less than the free external diameter of the core element. A frictional interface
is thus developed with the core element under zero longitudinal stress. Preliminary observations
of the behaviour of a system of this type have been reported elsewhere (Millman & Morley 1976).
A second technique dispenses with the use of a hypodermic tube as the sheath element. Instead the
core elements are sandwiched between two thin corrugated metal sheets. The size of the corruga-
tions is such that, when the sheets are correctly aligned and seam welded together, a parallel
array of tubes of the appropriate internal diameter is formed. Preliminary studies carried out by
R.S.Millman (unpublished work) have demonstrated the general feasibility of this approach.
This technique is of particular interest since the longitudinal tensile stress of the core elements can
be set to any value before the sheets are welded together. This provides a convenient method for
prestressing the sheet structure in compression. As discussed in § 1, prestressing of the matrix is
likely to be of particular importance when fatigue loading is considered.

The overall dimensions of the experimental specimens used, and those of the initial crack
lengths, correspond with typical highly stressed engineering structures where failure by cata-
strophic crack growth must be avoided. The strain values used also cover those of typical
engineering design strains. The calculations illustrated in figures 9 and 11 correspond to a
hypothetical reinforced structure consisting of an aluminium alloy sheet reinforced with non-
fracturing reinforcing members having characteristics similar to those of the laboratory specimens
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so far produced. It is of interest to note that, at conventional engineering design strains (0.1-
0.2 %), the work of fracture of the aluminium sheet is considerably greater than the predicted
value necessary to prevent unstable crack growth. For composite systems of this type, therefore,
it becomes feasible to consider modifications to the alloy composition which would reduce its
work of fracture and retain the crack stability feature, but enhance other desirable characteristics.
Additionally, or alternatively, a further component could be added to the composite structure
which could have a lower work of fracture but possess other desirable properties. One obvious
candidate material for this purpose would be resin bonded carbon fibres which could be bonded
directly to the metal plate. By this means the longitudinal specific stiffness of the composite
structure could be increased and unstable crack growth still prevented. It seems reasonable to
suppose that such a structure could accept local damage, which might cause plastic deformation
of the metal sheet and fracture of the ceramic stiffening fibres, while still maintaining the fail-safe
and damage tolerant characteristics conferred by the presence of the non-fracturing reinforcing
members.

In figures 5 and 6 the approximate strain distributions which would be expected to occur
around a crack in an aluminium sheetreinforced with steel wire/hypodermic tube duplex elements
are shown. Engineering design strains would not exceed 0.2 %, for most situations and the
diagrams indicate that for these circumstances the core element stress transfer lengths would be
of the order of 100 mm. This would be the situation whether the load was transferred from the
sheet metal ‘matrix’ to the core members (corresponding to a conventional fibrous composite)
or whether a concentrated tensile load was applied to the composite system via the core members.
For the latter situation the analysis given in § 2 is applicable if one half of the stress-field is con-
sidered and the crack in the sheet metal matrix is assumed to be infinitely long. If the former
loading condition is assumed the analysis given in § 2 would be applicable to crack stability in the
matrix sheet in regions which are an appreciably greater distance than 100 mm from the free
end of the structure. It thus applies to engineering structures of appreciable dimensions.

It will be noted that, when a concentrated tensile load is carried by the core members as a
consequence of centrifugal loads carried by the composite system, the overall dimensions of the
component need not exceed about 100 mm, for the system considered, and could indeed be less.
The analysis of crack stability given above would not, of course, be directly applicable to this
situation since the matrix would be subjected to a compressive load generated by the centrifugal
forces.

The work described above has been concerned with composite structures comprising sheet
metal which has been reinforced by non-fracturing reinforcing members. However, the theoret-
ical analysis set out in §2 is broadly applicable to matrix cracking in more conventional
composites. In glass fibre reinforced polymers, for example, stress transfer between fibres and
matrix takes place primarily as a result of frictional effects. Therefore, provided that the failing
strain of the fibres is not exceeded and the matrix has the lower failing strain and, also, that any
energy losses due to chemical debonding effects are ignored, the theory should describe the
energetics of transverse matrix cracking in simple unidirectional fibrous composites (McColl &
Morley 19775).

This work has been carried out with the support of the Science Research Council. We thank
Mr J.M.]J.Bennett for fabricating the experimental specimens and invaluable assistance in
their testing.
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