Plugging: physical
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Research into plugging and related processes, such as punching and blanking, is
briefly reviewed and discussed with emphasis on understanding the physical aspects
of the process and its mechanical description. Based on progress in the study of
thermoplastic shear instability, a mechanical model is proposed which concentrates
on localization ofshear deformation up to the occurrence ofthe instability; the latter
phenomenon has been observed experimentally. Making two additional
assumptions about perforation and strain distribution, an overestimate of the
amount of energy absorbed is obtained, which accounts for well known empirical
formulae. Also, an approach is given for assessing the ability of plate materials to
withstand this type of fracture. MT|816

(©1982 The Metals Society. Manuscript received 3 August 1981. Prof. Johnson is
in the Department of Engineering, University of Cambridge. Mr Bai was tempora-
rily at the University of Cambridge, and has now returned to the Institute of
Mechanics, Chinese Academy of Sciences, Peking, People’s Republic of China.

List of symbols

t=target
z=axial direction

a=radius of punch
A=area
b=thickness of plate

O0=quantity at impact
+=material property

B=non-dimensional thickness of plate (b/a) Plugging, and similar industrial processes such as cropping,

Cy=specific heat
d=diameter of punch

blanking, punching, and shearing, are by no means new
phenomena and indeed the subject has been emphasized

e=energy absorption due mainly to material from different angles since 1945. In 1950 Chang and Swift*
Z=non-dimensional energy absorption carried out a comprehensive study of shearing, and some of
#=energy absorption per unit volume their observations are still frequently quoted. In 1967,

E=energy absorption
f=constant

k=yield shear stress

K=material constant

[=terminating depth of penetration

m=mass of plug

M =mass of punch
n=work-hardening index
p=depth of penetration
r=radial variable
F=non-dimensional radius
R=resistance of target

S=measure of strength of plate

t=time
v=velocity of penetration
W ,=plastic work done

a=thermal softening parameter

[B=constant
y=shear strain
8=width of shear band

n=fractional non-dimensional penetration

¢=temperature
k=kinematic viscosity

£=non-dimensional penetration

p=density
o=stress
t=shear stress

Subscripts

a=at periphery of punch
c=critical for perforation
f=residual
i=thermal shear stability
j=initial

M=maximum
g=non-elastic collision
s=shear

Johnson and Slater® published a long survey on slow and
fast blanking, and the basic concepts they put forward are
also suitable for other related processes. In particular, they
reflected the background to the fresh interest shown in the
study of blanking and the complexity involved in various
cognate processes, namely, the effects of strain rate, the
speed of operation, temperature, and stress-wave propaga-
tion. In 1978 Backman and Goldsmith,? in their com-
prehensive review, surveyed historical and current research
work on penetration. Plugging, of course, received much
attention, and according to their review it is not hard to
trace the evolution of the concepts in this process. It is also
quite clear that an understanding of the real physical pro-
cess and of the interrelationship between various physical
parameters and different phenomenological features
becomes crucially significant. In this sense, Johnson and
Slater? and Backman and Goldsmith? share the same point
of view, although their starting points are quite different.
Their comments represent the main trend in research on
plugging and related processes. From an academic point of
view, this trend inevitably stimulates fresh interest in the
subject. As will be pointed out, some new concepts have
been successively introduced in recent years, but the total
understanding of all the physical aspects involved is still far
from satisfactory.

In this paper, historical progress is first outlined, and
some important results are described, particularly with
reference to recent publications. It is desirable in the course
of this historical description to clarify useful approaches
which can benefit research in both academic and technical
aspects. Later, a simple model is developed mainly for
identifying the physical features implied by these processes,
and more specifically — based on results about thermo-
plastic instability obtained in the past two decades — a
physical description is put forward. This model enables a
number of empirical observations to be explained. With this
physical understanding, it becomes possible to clarify some
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of the effects of the material and geometrical parameters in
punch-load variation and energy absorption. Also, an over-
estimate of the energy absorbed can be obtained, which can
provide a foundation for empirical expressions.

Brief survey

Early studies of plugging were concerned only with critical
impact velocity or critical energy absorption, and this would
seem to have been prompted entirely by military interests
and implications.?

The easiest approach to impact velocity and energy
absorption uses dimensional analysis. The physical quan-
tities involved in this phenomenon are the plate thicknessb,
some measure S of the strength of the plate, and the radiusa
and mass M of a projectile. Thus, the critical perforation
velocity v, can be written as

ve=V.(a, b,M,S)

Application of the usual methods of dimensional analysis
and the m-theorem reduces the above expression to

My.? b
< :f(a) ................................... 2)

Further, a parabolic approximation to the function gives

Mye?

- K(é)ﬂ ................................. 3)
a a

where K is a material constant and 8 another constant.
The French engineer de Marre summarized gross data to
yield the well known de Marre formula for steel plate,

M:K([—’)l'” ............................... @)

d?

where d is the diameter of the projectile.* This equation has
long been widely used in blunt-projectile-perforation
studies, but even though some textbooks (see for instance
Ref.5) have quoted this kind of formula, no sound physical
explanation of its origin has been offered. For example, why
do the two geometrical parameters constitute such a form,
and how is the target material to be accounted for or
included since it sustains this kind of failure and implies
some special energy-absorption mechanism? These points
require a deeper physical understanding, for which dimen-
sional analysis is no longer satisfactory.

That all the early works are phenomenological may be
justified by reference to both the problem and the demands
for practical solutions. The forces responsible for plugging
have not been examined in depth. Basically, there are two
approaches. The first is the ‘force approach’, with an
analysis based on the mechanical-equilibrium equation;
Spells’s paper® is ah early example of this. He simply
assumed the resistance R of the target to be given by

where A, and p, are the area and density of the target,
respectively, and v is the penetration velocity. Integrating
the kinetic equation for the projectile led to

A
v:vlexp(#%’) ............................. (6)

where p is the depth of penetration and v, the initial velocity
of entry. It now becomes clear that equation (6) might be
applicable to some kinds of penetration, but not for
plugging.

The second approach is the ‘energy approach’, used
mainly by Recht and Ipson,” and can be outlined as follows.
The total kinetic energy of the projectile Mv{?/2 is dissi-
pated in three ways: as residual kinetic energy (M +m)v#/2
(where v; denotes the residual velocity and m the mass of
the plug); as shear deformation energy E,, and as non-
elastic collision energy absorption E,=Mmv2/2(M+m).
Because the relationship between E; and the material
properties was not specified, the whole problem of energy
partition remains unsolved.

It has been realized gradually that neither oversimplified
material resistance nor confusing assumptions about energy
absorption can lead to satisfactory results, and thus that the
plugging process itself must be examined. In the mid-1960s
Pytel and Davids® and Minich® used viscoplastic theory to
describe the process and carried out some numerical simu-
lations. Their models embody the following equations:

forz  Orz oy

” +T:Pt?t ............................... (7
av av
(m+M)a—t zzwab(—k+xa—r), Pt o vamewes 45 3 8)
v (r,0)=0, i1 ST R 9
vi(r,0)=vi, g L (10)

where k denotes kinematic viscosity and k the yield shear
stress. Their simulation provided a much better understand-
ing than was hitherto available.

During this period another development occurred which
took account of projectile deformation and various kinds of
deformation in the target. Awerbuch and Bodner?® and
Marom and Bodner!! aimed to develop a model which
included the latter effects, and consisted of three intercon-
nected stages. The first occurred mainly during the indenta-
tion of the target by a deformable punch. This was followed
by compression and shear deformation. Finally, the plug
and projectile were considered to move with the same
velocity until the plug was ejected. This is a more sophisti-
cated model than those of Pytel and Davids® and Minich,?
which considered only simple shear, and were neither able
to_include early indentation nor suitable for thin plates.
Nevertheless, the results obtained by Awerbuch and Bod-
ner'® showed the first stage to be rather less important than
the second, which was dominated by shear deformation.
The significant point in the analysis of Awerbuch and
Bodner is that it includes radial clearance in relation to the
width of the shear band. Most workers have taken shear
force to be the key to an understanding of plugging, but
little has been done to establish just how shear deformation
proceeds in plugging. Both Pytel and Davids’s simple shear,
visco-plastic model® and Awerbuch and Bodner’s radial
clearance assumption'® are valuable attempts in this latter
direction.

It is instructive to reconsider Chang and Swift’s' investi-
gation. The punch load—penetration autographic diagrams,
which they obtained for various metals, are as shown in
Fig.1. For all the metals they examined, the curves attain a
peak load after which they drop abruptly or smoothly
according to the material. Obviously, this is a significant
indication of behaviour in processes such as plugging and
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blanking. Later, Johnson and Slater,? in their general sur-
vey of slow and fast blanking of metals at ambient and high
temperatures, outlined the individual phases shown in
Fig.2, and qualitatively explained Chang and Swift’s earlier
experimental observations. Plastic deformation develops
between A and Cin Fig.2, and at B the punch force attains

its maximum, which implies a kind of instability pheno-
menon. During the post-instability phase, plastic flow takes
place between B and C, and microcracks may be initiated
somewhere within the initially crack-free body, for instance
at the site of imperfections. Beyond C the punch force drops
dramatically, there being a coalescence of small cracks and
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subsequently a macrocrack propagation. Finally, it is sug-
gested that some frictional effects give rise to a low level of
resistance (see the punch load—penetration diagrams in
Ref.2). While this general picture is sound, there is much
room for improvement, especially in respect of quantitative
treatment.

Johnson and Slater pointed out at the beginning of their
review that ‘fresh interest in the study of the axisymmetric
blanking process has been stimulated mainly by the advent
of H.E.R.F. methods during the last decade’ and ‘the scien-
tific importance of H.E.R.F. has been to compel, both
jointly and severally, attention to the effects of strain rate
and speed of operation, temperature and stress wave prop-
agation in metals’.? Further, since plugging and related
processes have a simple geometrical configuration, it is
relatively easy to study the two fundamental aspects of
ductile fracture, i.e. shear instability and the initiation and
coalescence of cracks. Most significant and complicated to
study are the interaction and coupling of the latter.

Parallelling the above-mentioned studies is that of
thermoplastic shear instability. To some extent, research on
this subject is more necessary than the development of
simplified models for understanding plugging and related
processes, and indeed there have been some important
achievements in the past two decades. Although Backman
and co-workers have performed and reported some
damage-mechanism research (see for instance Ref.12), it is
unfortunate that the comprehensive review (Ref.3) does
not mention shear instability. Further, some investigations
have noted and proposed the incorporation of thermoplas-
tic shear instability into the mechanical model. Recht!® and
Recht and Ipson™ provided clear pictures showing white
adiabatic shear lines at the periphery of punch and plug.
Balendra and Travis* (based on their dynamic blanking
tests on steel of various hardnesses) suggested that, at all
hardnesses up to that of the ductile-brittle transition, sep-
aration occurs in all dynamic tests (often with varying
amounts of plastic shear) following the development of
thermoplastic instability, and in no case is separation due to
the mechanism effective in static tests, that is after varying
amounts of plastic shear followed by fracture. Later, Zaid
and Travis'>-1% found that thermoplastic instability occurs in
high-speed impact with single and multi-plate targets as
well. Notably, Balendra and Travis'* and Johnson!” stressed
the distinction between the ‘metallurgical separation’ of
blank and stock and ‘blanking’, i.e. physical separation
in the conventional sense. Only the former, of course, is
identical with adiabatic shear instability. It seems that a
consistent physical description of plugging is still needed.

In carbon steel plate, a plug is usually ejected with a white
etched band which separates the plug from the target. It has
been held that a shear strain of about 100 occurs in the
white band. In other metal plates, for instance aluminium
alloy, similar intensive shear bands have also been
observed. Rogers'™™ described the process as follows:
intense shear bands form in the plate at the corner of the
punch; they penetrate right through to the back surface
when the plate is approximately one-third penetrated!”;
cracks initiated in the shear bands on the rear of the plate
progress back along the shear bands to cause final plug
detachment as penetration continues.

As far as the material is concerned, Irwin2® has found that
tungsten is the most resistant to shear-band deformation,
while uranium alloys are most susceptible to it, along with
tungsten carbide—cobalt alloys. Culver2!-2? using dynamic
torsion tests, has measured critical adiabatic shear strains in
various metals and alloys such as mild steel, stairiless steel,
copper, aluminium alloys, titanium, and titanium alloys. He

concluded that, of these metals and alloys, titanium and its
alloy Ti-6 Al4V are the most susceptible to adiabatic shear
instability, whereas copper is the least susceptible.

Rogers" also reviewed shear instability in high-velocity
forming and in chip formation in machining. From all
observations, it has been concluded that the critical shear
strain, and to some extent the energy absorption in
plugging, is closely connected with thermal softening and
strain-rate hardening of the material concerned. From this
point of view, the viscostatic plastic model material seems
to represent an oversimplification in that it does not include
the key feature of material behaviour during the plugging
process.

Recently, Atkins® introduced a kind of critical-
instability shear strain into an examination of cropping. He
assumed a constant width of shear band, but did not include
any thermal effects. Obviously, a more embracing and
physically reasonable description is desirable.

In this paper it is not the aim to go too far into materials
science, but rather to examine some materials aspects and
to draw some helpful conclusions so as to construct a physi-
cally reasonable mechanical and quantitative model for
plugging and related processes.

Process of plugging

The present paper is devoted to developing a simple
mechanical model which can incorporate several of the
physical aspects involved in plugging, so as to provide a
method of recognizing the important material properties
and geometrical parameters involved. These consist of
three elements. The first is the kinetic-energy equation
connecting the punch or projectile and the plug, the second
is the constitutive relationship, and the third is the relation-
ship between the displacement of the plug and the shear
strain. In previous papers (such as Ref.3), the first item was
well discussed. As for the last two items, it seems that no
one has provided a consistent and reasonable description.
Some investigators have realized, however, that, apart from
a characteristic strength involved in the phenomenon,
critical shear strain plays a significant role in plugging. As
mentioned above, the usual approach is to deal with them
by assuming a characteristic strength and connecting the
shear strain with the displacement of the punch using

where & is the width of the shear band, y the shear strain,
and p the penetration. Because there is no exact method of
calculating the width, some arbitrary assumption has to be
introduced.

In the present paper itis aimed to provide a description of
plugging based on some fundamental assumptions concern-
ing the constitutive relation, and relying mainly on recent
progress describing adiabatic shear deformation.

It isassumed that in a punching process only simple shear
deformation occurs along the direction of the moving punch
when in the plate. This is, of course, suitable only where the
ratio of punch diameter to plate thickness is about unity. By
considering the predominant failure mode in such circum-
stances, the supposition, which has hitherto been com-
monly used, is reasonably satisfactory. Hence the equation
of motion has the very simple form

(M -+ m}$=—2'n‘ab’ra .......................... (12)
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3 Schematic sectional view of plugging showing
parameters involved

where m denotes the mass of the plug, which is ma®bp; 7, is
the uniform shear stress along a cylindrical surface defined
by the punch periphery at r=a, but inside the plate (see
Fig.3). The velocity of penetration v, namely the velocity of
the punch and the plug, is

where p is the depth of penetration. Combining equations
(12) and (13) gives

(M+m) d(v®)

= S 1
> a» 2mabr (14)

The integration of equation (14) yields, as a measure of the
absorbed energy,

_(M-+m)
— 2

1

e (vi2— vrz}:f 2rabradp ... ...l (15)
0

where v; and v; are the initial and final velocities of the

punch and plug, and / is the ultimate penetration beyond

which no energy is consumed on further penetration.

At the moment of impact, supposing that the plate
remains at rest, except for the plug (and that sound and
friction effects can be neglected), conservation of momen-
tum gives

MIVG=CM IV vnviremin s sim masioe vis s ments o s (16)

where v, is the impact velocity. Strictly speaking, the
absorbed energy is

_MVna M+m
E==—"

m
--eJrKom ............................... (17

where Ko=Mv,?/2 is the initial kinetic energy of the punch.
If m<<M, then E >~ e¢. It is evident that the measure of

absorbed energy e, which is determined by the combination
of material properties and geometrical configuration, is of
crucial importance. Later, close attention will be paid to the
calculation of e. For the critical impact velocity vy, which
implies a zero limiting residual velocity vy, we have

Voe =[(M+m)2€fM]1"2 .......................
If m<<M, this reduces to
V[)r!:(ze,"/\/l-)}-"2 ................................ (19)

To discuss the plugging process further, use is made of a
constitutive relation which includes temperature as well as
strain; such a requirement is prescribed because of the
severe localized shear deformation which arises. In Ref.17,
various constitutive relations obtained at high strain rates,
and including the effects of temperature and strain, are
summarized. Using Bell’s formula,'” the constitutive rela-
tion may be expressed by

g (L BB s i s s s i st wis statsssiets (20)

where 7, «, and n are material constants, and @ is the
temperature. Below, only high-speed phenomena are con-
sidered, so equation (20) is adopted as an expression appli-
cable for high strain rates, and such that strain rates need
not appear explicitly in the constitutive relation.

Because of the simple shear deformation of the present
case, the first law of thermodynamics for the supposedly
adiabatic conditions is

pCydi=kdW,

where Cy is the specific heat of the plate material. Here k is
about 0-9 according to Taylor and Quinney.** but for
simplicity, it will be taken here as unity.

Substituting equation (20) into equation (21) and inte-
grating leads to

aT ,yn+1
=71 +af ] [T 22
T=74y"(l +a c:)exp(mcvn_l_]) (22)

where 6, is the room temperature.

As mentioned in the previous section, thermoplastic
shear instability may arise because of the competition bet-
ween thermal softening and strain hardening, and can be
taken to occur at some critical shear strain; this can be
determined™ as

This inequality yields the critical shear strain, after using
equation (22), as

y,=(—n”c")”"+") ............................ (24)

Ty

corresponding to which the shear stress approaches its
maximum as

tu=7xy"(l +abo)expl—n/(1+m)] ..o .. (25)

Using the parameters n, 7y, and 7y, the adiabatic
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stress—strain relation (22) can be expressed in a more
compact form as

- _}L n n - )i, n+l
T—TM()“) exp{l_l_"[l (yi) ]} ............ (26)

It will be shown that, with the aid of the three material
parameters n, y;, and 7y, energy absorption in plugging can
be determined more exactly.

Because the constitutive relation (20) can be regarded
as defining a family of isothermal relations, from which
the critical shear strain instability and the adiabatic
stress—strain relations (22) and (26) are deducible, the
adiabatic relation should be appropriate for both pre- and
post-instability. Some typical adiabatic stress—strain curves
following equation (26) are shown in Fig.4,

As a typical analysis of the penetration equation such as
equation (14) shows, the absorbed energy and critical
impact velocity are expressed as an integral of stress taken
over the depth of penetration (equation (15)). There is no
doubt that the relationship between penetration depth and
shear strain is vitally important, but unfortunately it
involves a complicated boundary problem, even for the case
of simple shear deformation. The deformation of the plate
is governed by a partial differential equation with a special
boundary condition, namely

o(rr) 0%
By —rpta—fz ................................. (27)
where at
P e s enbiendian e S SEERTERR B RS B SRS e 6 (28)

p is the displacement of a plate element (see Fig.3). The
plugging problem has to be solved by the simultaneous
integration of equations (12), (13), (26), (27), and (28),
and using

ap
ar

In general, a solution can be effected only by numerical

(01,025)
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4 Dimensionless adiabatic shear stress—strain dia-
grams for materials with various work-hardening
indices n and critical adiabatic shear strains y,, after

equation (26)

14 I T T

124 —

10t -

o8 _

06 -

0-4 a

02 n

5

N
W
N

5 Shear-strain distribution along dimensionless
radius, T=r/a, for mild steel, for different shear
strains at punch periphery, v,

methods, so some researchers have adopted certain simp-
lifying assumptions instead of using equations (27) and
(29). For instance, Atkins® supposed that

where y,; is the critical shear strain in the shear band located
at the periphery of the punch, and fis a constant. But this
approach is not entirely satisfactory.

Here, based on the localized shear deformation and
movement, it is assumed that the deformation of the plate
beyond the plug is quasi-static. Under this supposition,
equation (27) is reduced to

Integrating equation (31) from r=o00 to r=a gives the
distribution of shear stress as

For the displacement of the plate element, equation (29)
leads to

To integrate equation (33), an expression for the shear
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strain y as a function of distance r is needed. Combining
equations (26) and (32) yields

R G

Equation (34) implies the dependence of the shear-strain
distribution on the material constants y; and n1, the geomet-
rical parametera, and the shear strain y, at the periphery of
the punch. Because of the simple assumption about shear,
the radius @ appears as a length scale rather than the plate
thickness b, and this is reasonable. Calculation shows that,
along with increasing shear strain vy, at the periphery of the
punch, the localization of the shear deformation becomes
more severe, although the shear strains increase every-
where in the deformation zone (see Fig.5). This is in agree-
ment with observations.

Once the strain vy, reaches the value y;, the critical shear
strain for adiabatic shear instability, some new pheno-
menon is likely. Corresponding to the strain v, the adiaba-
tic shear stress—strain curve reaches its peak stress 7. Also,
according to the distribution of shear strain obtained pre-
viously, the stresses in the region r>>a remain less than 7y,
even though r=7y at r=a. Thus, further deformation will
lead to a post-instability shear deformation at r=g, in which
y>7; along the descending segment of the adiabatic shear
stress—strain curve (see Fig.6); the requirement on stress
indicates an unloading process atr>a. Bearing in mind that
the stress state has not exceeded the peak stress, and that no
shear instability has occurred there, the unloading is easy to
visualize. In the case of finite deformation it is reasonable to
suppose that the strain attained is ‘frozen in’ (see Fig.6).
Accordingly, a shear-strain discontinuity will appear at the
periphery due to the adiabatic shear instability. Clearly, this
strain discontinuity will lead to an abrupt shear deformation
in a narrow band, and eventually to a crack.

Figure 7 shows how the deformation and stress state of
the plate, except for the plug, vary with penetration. It can
be seen that before instability both shear strain and stress
increase with penetration, but that the post-instability
shows a descending stress and a frozen-in strain, i.e. the
strain and displacement of the element retain the values
attained at the occurrence of the shear instability.
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What is still not known is how wide the shear-strain
discontinuity is and at what stage it becomes a visible crack
and exhausts the plate’s resistance to penetration. As for
the former, the adiabatic assumption can only give zero
width, and it seems that the more accurate thermoplastic
shear instability consideration might provide a means of
dealing with the problem.?® The onset of cracking is more
difficult to cope with and, to some extent, lies at the core of
the problem of ductile fracture. Apparently, all these issues
are challenging to current research.

Approximate expressions and general
conclusions

Despite the physical difficulties mentioned in the preceding
section, it is possible, based on the approach proposed, to
make estimates of the punch load—-displacement relations
and the energy absorption. In this section two additional
assumptions are introduced, one concerning the strain
distribution in the plate, and the other the criterion of
perforation.

The strain distribution has been obtained and is given by
equation (34). Its implications for critical shear strain, the
shear-strain discontinuity at the periphery of the punch, and
the frozen-in deformation in the plate at post-instability,
have been interpreted.

It has also been pointed out that, in this description only,
it is impossible to account for the whole plugging process,
especially the post-instability stage, without some know-
ledge of crack initiation. Equation (34) may be approxi-
mated to

(5) = (‘—:) e (35)

The physical implication of equation (35) can be explained
as follows. Supposing =86, atr>a; then equations (20) and
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(32) would lead to equation (35). After comparing equa-
tions (35) and (34), it is apparent that equation (35) pro-
vides the smoothest strain distribution for all shear strains.
Also, at post-instability the plate does not stop being
deformed, contrary to what was shown in the preceding
section, and indeed the deformation continues, but is still
localized. Therefore, at a given stress level this strain dis-
tribution will allow the plate to absorb most of the plastic-
deformation energy.

Substituting equation (35) into equation (33) and then
integrating, a simple relation between the penetration and
the shear strain at the periphery of the punch can be
obtained as

"

fr 1 1 ”’)/a .................................... (36)

where £=p/a. Combining equations (36) and (26), the
punch load-penetration relationship can be obtained. It can
be imagined that the relationship between the forces acting
on a unit area of the peripheral surface of the punch and the
dimensionless penetratjon £ must be very similar to the
shear stress—strain curve (see Fig.4). All these are one-peak
curves with decaying terminations; they are very like the
punch load—penetration autographic diagrams obtained for

various metals by Chang and Swift! (see Fig.1). The ascend-
ing portion is limited to y<7y;. For most metals, v; is ~1 and
n<0-5. In accordance with equation (36), the ascending
portion corresponds to the penetration depth p~a. When
the plate is not very thin, it almost always undergoes post-
instability deformation.

The influences of the material parameters are now
examined. Obviously, the higher the adiabatic shear
strength, the higher the peak load the plate can sustain. It
should be emphasized that the critical shear strain plays a
crucial role in plugging. On the one hand, the larger the
critical shear strain, the longer the tail of the load—penetra-
tion curve, while on the other hand, the larger the critical
shear strain, the greater the delay in the onset of the insta-
bility. For a given critical shear strain and penetration,
varying the index n changes the load—displacement curve,
but not so much as does varying the critical shear strain.
Transforming to

where'B=b/a and n=p/b is the fractional penetration, the
geometrical configuration parameter B is substituted into
the load—displacement relationship, thus showing that, the
thicker the plate, the earlier the occurrence of the peak
load, or the sooner the onset of instability in plugging (see
Fig.8). For instance, in the case of mild steel plate with
B =2, the instability begins at a penetration of about one-
third of the thickness of the plate.

The more significant aspect in plugging, namely the
energy absorption, is now considered. Instead of taking into
account the strain discontinuity, crack initiation, coales-
cence, and frozen-in deformation of the plate at the post-
instability stage, it is assumed that the punch process
terminates at

Apparently, this assumption is not correct because of the
initiation and coalescence of cracks. But considering that,
for most metals, the post-instability deformation can still
absorb considerable amounts of energy, and because the
punch-load displacement relationship obtained by combin-
ing equations (36) and (26) resembles the experimental
formulae of Chang and Swift,! the assumption represents a
reasonable simplification. Undoubtedly, this approach will
provide an upper limit to the energy absorption in plugging.

Substituting equations (26) and (36) into equation (15)
and letting /=b, the non-dimensional energy absorption
can be expressed as

= €
= 2wathr M

Bfl—pn &\ n ] g £yt
=f0(7;) v:x;a{,,“[l—( = 771) ]}d& (39)

It is easy to see that the energy absorption is a function of
the geometrical parameter B and the two material para-
meters y; and n. When m<<M, the energy absorption and
the critical impact velocity will be

e mabz and Voe R~ W ....................... (40)
if the integral (39) is a linear function of B or
ab'/?
ex~ah and v~ o R A e e a0 “n

if the integral is a constant. An empirical expression such as
equation (4) lies between approximations (40) and (41).
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Table 1 Material parameters and energy absorptions, for two different plate thicknesses, and three plate

materials
é & kdm—*
Plate material n i . MNmM™2 B=1 B=2 B=1 B=2
Mild steel 0-280 1-94 4877 0-930 1775 2:85 5-44
Aluminium alloy 0075 0-438 3596 0-390 0-414 0-88 094
Titanium 0170 0326 6253 0-370 0-375 1-45 1-47

*é=2mryé is the energy absorption per unit volume.

According to equation (15), the integrated function in
equation (39) is, in fact, the shear resistance, so that equa-
tion (40) corresponds to constant shear stress, while equa-
tion (41) corresponds to a case in which the shear stress
drops to zero after a certain penetration. This is why the
thickness of the plate appears more influential in equation
(40) than in equation (41). Reverting to Figs.4 and 8, it is
evident that the theoretically predicted energy absorption
must lie in the region between equations (40) and (41). This
is in agreement with observations.

Figure 9 shows the dependence of non-dimensional
energy absorption on the thickness of plate up to twice the
diameter of the punch, for values of critical shear strain of
0-25 and 2, and values of the indexn of 0- 1 and 0- 3, which
covers most metals. Roughly speaking, both material
parameters benefit from energy absorption. However, it
seems that the critical shear strain is more influential than
the index on the non-dimensional energy absorption,
especially for thick plates. Thick plates made from material
of low critical shear strain have exhausted their capacity to
absorb energy before perforation; in other words the resis-
tance of the plate to plugging has vanished. This does not
mean that increasing the thickness cannot enhance the
energy absorption, due to the definition of the non-
dimensional energy &, but it does imply at this stage that the
increase of energy absorption is proportional to the plug
thickness shown in equation (41), rather than thickness
squared, as in equation (40). No doubt this is the least
efficient way of absorbing energy.

Generally speaking, nearly all the non-dimensional
energy-absorption curves are convex upwards, and there-
fore the energy-absorption mode of equation (40) is the
most efficient. But, as remarked above, this only corres-
ponds to a constant resistance, and thermoplastic shear
instability must occur sooner or later, say at p<a, so this
situation is unrealizable in real plugging operations.

From the above considerations of energy absorption, it
can be concluded that increasing plate thickness is helpful

3 | | |
(n,y;)
(03,2:0)
2 -
] (01,2:0)
1 -
(0:3,025)
| i (01,0:25) i
0 1 2 3 4

B

9 Dimensionless relation of energy absorption é and
plate thickness B for various indices n and critical
shear strains v,

only for materials of larger critical shear strain. However,
the mode given by equation (40) is the most optimistic
albeit an unrealistic one.

It is helpful to examine some examples. In Table 1 the
material parameters and energy absorptions for two differ-
ent plate thicknesses are listed for mild steel, aluminium
alloy, and titanium. The material parameters are based on
the data in Ref.22. Because it has the largest critical shear
strain, the greatest index, and quite a large adiabatic shear
strength, steel possesses the greatest capacity for energy
absorption. As for titanium, although it has a very high
strength, the absorbed energy is very limited as compared
to steel. Obviously, this is because of the very low critical
shear strain. Titanium is an excellent structural material
due to its lightness and high strength, but for the failure
mode concerned here, namely plugging resistance, it loses
its superiority. In this sense, it can be seen that plugging and
related processes represent a novel failure feature.
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