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Application of the Martel dynamic hardness
to the penetration problem

Yu. V. Milman, V. A. Goncharuk, L. V. Mordel

Penetration of the undeformable kinetic energy projectile (KEP) into the target is
considered as the “deep” indentation. It was shown by the example of aluminum alloys
that the Martel dynamic hardness HMR, can be used for description of this process.
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HMR, for the target can be calculated from the relation HMR, = W , where m is

the mass of the KEP, v is its rate before impact collision with the target, and V is the
volume of the penetration channel. The ballistic limit v. of the target with a given

HMR nd?l
2m

thickness | can be calculated by equation v, = for the KEP with a

given mass m and diameter d.

Keywords: Penetration, Martel hardness, hardness from penetration depth, dynamic
hardness.

Introduction

Dynamic hardness was introduced by Martel in 1895 [1]. In experiments,
Martel used a steel ball that dropped from a height /; onto a smooth metallic
surface and made a spherical indentation on the surface of the sample. It was
shown that A/V = const, where A is the kinetic energy of the ball and V is the
volume of the indentation. Since this relation has the same dimensionality as
pressure [Pa], it can be considered as the dynamic hardness of metals [2, 3].

Thus, the Martel hardness HMR is determined from the relation

A
HMR =—, (D
V
where A is the work to create the indentation and V is the volume of this
indentation.

Since HMR has the same dimensionality as the Meyer hardness (the mean
contact pressure during indentation) and characterizes the same process, it can
be thought that

HMR=KHM , 2)
where K is a dimensionless parameter.

Martel [1] had calculated hardness from equation:
mgh,

—_. 3

% 3)
But in experiments performed by Martel, after impact of a ball, the elastic
recovery of an indentation occurred, and the ball rebounded to a height 4,
(h, < hy). Since, in these experiments, it was impossible to measure the volume
of indentation under load (to calculate the unrecovered hardness), the recovered
hardness must be calculated. The energy that caused plastic (residual) strain can

HMR =
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be calculated by subtracting the energy of elastic recovery from the kinetic
energy of the ball.

The mathematical description of the process of dynamic indentation was
given by Tabor [2].

Tabor had obtained equation

HMR = M ’ (4)

that take into account the energy of elastic recovery. Equation (3) may be used
if the rebound is not very large, so that h; is small.

At present, the Martel hardness can also be calculated in static indentation
by a pyramidal indenter by using the instrumental hardness with recording the
“load on the indenter P—displacement of the indenter /4™ curve. In this case, the work
expended on the formation of the hardness indentation is equal to the area under
the P—A curve, and the volume of the indentation can be determined from the
contact depth of penetration of the indenter /.; the technique of determination of
h. was developed in [4]. The value of 4. can also be determined by standard
microscopy methods via determination the size of the indentation diagonal (in
the assumption that the size of diagonal is not changed during recovery) and
calculation of the height of the indentation pyramid, using the value of the
center line to the face angle of pyramidal indenter.

In the present work, we consider the possibility of applying the Martel
hardness to the problem of penetration a target by a kinetic energy projectile
(KEP) if the KEP is undeformable. It is assumed that, in this case, the process
of penetration of the KEP can be considered as a “deep” indentation. The ratio of
the kinetic energy expended by the KEP on the formation of the penetration
channel in the target to the volume of the penetration channel must correspond
to the Martel hardness according to eq. (1).

The check of this proposition has been performed for several aluminum
alloys. In static indentation, the Martel hardness was determined by the
instrumental indentation method in the microhardness region. The possibility to
use Martel hardness to calculate the ballistic limit for targets from aluminum
alloys is shown.

Experimental Results

The penetration of three aluminum alloys by the KEP was investigated in
the present work, to check the possibility of applying the Martel hardness to the
problem of penetration. The chemical compositions of the alloys, Martel’s
hardness HMR, and Meyer’s hardness HM are presented in table.

Targets of aluminum alloys in the form of sheets 25 mm in thickness were
used. The mass of the KEP was m = 9,6 g, and the diameter of the penetration
channel practically coincided with the diameter of the KEP d = 7,62 mm.

The volume of the penetration channel was calculated as follows:

2
V= %l , (5)
where [ is the depth of penetration of the KEP.

Typical instrumental indentation curves obtained in a Micron Gamma unit
[5] in the P—A coordinates for three aluminum alloys are shown in fig. 1.
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Chemical compositions of aluminum alloys investigated in the work, Meyer
hardness HM and Martel hardness HMR; the subscript s corresponds to
static indentation; the subscript d corresponds to the mean hardness
determined in penetration of the target by the KEP, and calculated by (1).
P is the maximum load on indenter

Number| oot composition |/7M, GPa |HMR,, GPa |HMR,, GPa | HMRq,
compo- P=150g| P=150g | P=10kg | GPa
sition
1 Al—4,45Mg— 0,99 1,13 1,02 1,18
0,7Mn—0,13Cr
2 Al—4,45Mg— 1,48 1,68 1,37 1,42
0,4AMn—0,3Sc—0,1Zr
3 Al—6Zn—2,3Mg— 2,07 2,3 2,16 2,0
1,5Cr—0,3S¢—0.1Zr

These curves were used to determine the work of indentation. The volume
of a hardness indentation was calculated by the formula for calculation of a
trihedral pyramid volume.

1

V=§ h., where S is the projection area of indentation and 4. is the

contact depth of penetration of the indenter.
2

mo
The kinetic energy of the KEP was calculated as E = T , where v is the

velocity of the KEP before the impact collision with the target. The energy
expended on the formation of a unit volume of the penetration channel was
considered as the dynamic hardness HMR,; and calculated by the formula

2
HMR, = ”; ; : (6)

The values of HMR, are shown in fig. 2 as a function of the velocity of the
KEP v for 3 aluminum alloys.

P g
160

140

120

100

8O

60

HMR,, GPa

N
<
1

40

20 10

08 .
400 500 600 700

Velocity of KEF, m/s

0
h, um

Fig. 1. Instrumental indentation curves of
aluminum alloys (the numbers of the
alloys correspond to those in table).

Fig. 2. Dependence of the dynamic
Martel hardness HMR, , determined in
penetration of KEP into the targets
according to (6), on the velocity .
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The instrumental Martel hardness HMR; and Meyer hardness HM were
determined at a maximum load on the indenter equal to P = 150 g. The obtained
results (see Table 1) showed that for the investigated aluminum alloys, relation
(2) is satisfied for K = 1,13. The Meyer hardness HM was also determined with
a Vickers hardness tester under a load of P = 10 kg, and the Martel hardness
HMR; was calculated by formula (2) under the assumption that K = 1,13 as in
the case of a smaller load on the indenter.

Discussion of Results

The Meyer hardness HM is the force approach to the indentation problem
when one determines a maximum value of the mean contact pressure at which
the penetration of the indenter terminates. The Martel hardness can be
considered as the energy approach to the indentation problem, for which the
work expended for the formation of the unit of a hardness indentation volume is
determined.

In physics of strength, both the force and the energy approaches are often
applied to the same problem and enable one to reveal more completely the
essence of the process. For instance, in the problem of development of a crack
and the fracture toughness, the energy approach was developed by
Griffith [6] and Orovan [7], and the force approach was developed by Irvin [8].

The force approach is based on the laws of mechanics, and the energy
approach uses the notions of the energy balance.

The use of both the force and the energy approaches extends the possibility
of using the notion of hardness in different physical processes.

For instance, it is practically impossible to compute the Martel hardness by
using the standard methods of measuring the static hardness by a rigid indenter
(the Vickers method, Brinnel method, etc.) because these methods do not enable
one to determine the energy A expended on the formation of an indentation.
An estimate of the quantity 4 in static indentation (under the assumption that
P ~ d", where d is the diameter of the indentation of a spherical indenter or a
diagonal of the indentation of a pyramidal indenter) given in [9], does not take
into account that, in the indicated methods, the loading of the indenter by a
maximum load P is followed by a hold, during which the hardness indentation
increases at P = const, and some work is expended on this process as well. This
is why the conclusion that HMR = HM (i. e., the conclusion that the constant K
is equal to 1 in formula (2)) made in [9] does not agree with results presented in
table. In other words, K obtained in instrumental indentation is somewhat larger
than 1 precisely due to holding indenter under P = const. As is seen from table,
for aluminum alloys, we have K = 1,13. It is clear, that in penetration of the
KEP into a target, the notion of Meyer hardness loses its meaning because this
hardness is determined by the value of residual (plastic) strain at the moment
when the indenter under a load P stops, but in the penetration process the KEP
does not stop in the surface layer.

However, the efficiency of using the fairly simple technique of measuring
the Meyer hardness by different rigid indenters (spheres, trihedral or tetrahedral
regular pyramids, cones, etc.) for the characterization of properties of the
materials is beyond any doubt.

Static indentation by a rigid indenter with the determination of the Meyer
hardness makes it possible to determine the average contact stress and calculate
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not only the flow stress from it, but also determine a number of other mechanical
characteristics of materials, e. g., to construct stress-strain curves, determine
the strain hardening and plasticity characteristic, estimate the fracture
toughness, etc. [10, 11]. In [12], it was shown that, in aluminum alloys, around
the channel of penetration, a disperse granular nonequiaxial structure and a
dislocation cellular substructure, which are typical for metals deformed in
compression by 70%, are formed. However, this does not enable us to
determine the Meyer hardness HM in the case of penetration a target by a KEP.

At the same time, experimental results obtained in the present work show
that the Martel hardness can be used to describe the process of penetration of
the KEP.

It is seen from fig. 2 that the Martel hardness HMR,, that is determined in
the process of penetration the target by the KEP , is practically independent on
the velocity v of the KEP in the investigated range of used values of v. This
enables us to determine the critical velocity of penetration (ballistic limit) from

the relation
2
v, = HMRnd"l . )
V 2m

The critical thickness of the target /, which will be penetrated at a velocity v
of the KEP, can be determined from the same relation at a known velocity v . At
the same time, it follows from fig. 2 that there exists some tendency to decrease
of HMR, as the velocity v of the KEP diminishes. A comparison of the value of
HMR; (obtained under static loading of the indenter) and HMR, shows that for
alloys 1 and 2, HMR, is somewhat higher than HMR, (table). Under static

loading of the indenter, its velocity can be estimated from the relation vy = —
t

(where & is the maximum displacement of the indenter and ¢ is the loading
time). The estimate shows that v, = 5107 m/s, i. e., it is smaller by 9 orders
than that in the case of penetration of the target by the KEP.

As is seen from (2), HMR ~ HM. However, it is known that HM is
proportional to the flow stress o, and that o, increases with the strain rate [10,
13]. For this reason, the fact that HMR, is somewhat larger than HMR; seems to
be natural. The indicated relationship between HMR4 and HMR; is observed for
alloys 1 and 2, whereas for the hardest alloy 3, HMR, is even slightly lower than
HMR;. 1t can be assumed that, for this alloy, the condition of determination of
the Martel hardness cannot be satisfied, i. e., the KEP cannot be absolutely
undeformed.

At the same time, there exists one more factor that can lead to a difference
between the values of HMRy and HMR;, namely, the scale dependence of the
hardness (indentation size effect), which manifests itself to the highest degree
for nanohardness [14], but some decrease in HM with increasing load P is
observed in micro- and macro hardness regions as well. For the hardest alloy 3,
the scale dependence of the hardness must be stronger than that for the softer
alloys 1 and 2 because the size of indents for harder alloys is smaller than that
for softer alloys.

It should also be noted the important results of work [15], in which ballistic
limit for some aluminum alloys was determined for two different KEPs.
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The values of HMR, calculated by eq. (6) for the data of work [15] were found
to be practically equal for KEPs of different diameter and mass. For instance,
for 5083 aluminum alloy, at v, = 722 m/s, HMR, appears to be equal for the
KEP withm =449 g, d=12,9 mm and /=59,7 and the KEP with m =10,4 g,
d =7,84 mm, and [ = 35. For both KEPs, HMR =~ 1,43 GPa. Note also that alloy
2, used in the present work, has a chemical composition close to that of 5083
alloy and its value of HMR, (1,42 GPa) is practically equal to that of 5083 alloy.

Conclusion
It has been proposed to consider the penetration of the target by the
undeformable kinetic energy projectile as a process of "deep" indentation and

determine the Martel dynamic hardness HMR, for this target from the relation

2
my

HMR; = ——, where m is the mass of the KEP, v is its rate before impact
2V

collision with the target, and V is the volume of the penetration channel. By the
example of aluminum alloys, it has been shown that HMR, depends slightly on
the velocity of the KEP v. The static Martel hardness HMR; is related to the
Meyer hardness HM by the simple relation HMR, = KHM, where K is somewhat
larger than 1.

If HMR, of the target has been determined , the ballistic limit for this target
with a given thickness 1 can be calculated by equation (7) for the KEP with a
given mass and diameter.
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3acTocyBaHHsI JUHAMIYHOI TBepa0CTi 32 MapreJieM
10 MpodJ1eMH NPOHUKHEHHS

10. B. Mineman, B. A. 'onuapyk, JI. B. Mopaens

Iponuxuenns nedeopmisnum Kinemuunum iHoenmopom (KEP) 6 yinomy MooscHA
pozenadamu Ak ‘“‘enuboke” inoenmysamma. Ha npuknadi antominiceux cniagie 0yio
NoKa3auo, wo ouHamiyna meepoicmo 3a Mapmenem HMR,; moxce Oymu suxopucmaua
ona onucy yvozo npoyecy. HMR,; modce Oymu pospaxoeana i3 cnig8ioHowleHHs

HMR; = ——, 0e m — maca KEP, v — wi6uoKicmo neped 3imKHEHHAM 3 MIUEHHIO
4
i V— 00’em xanany nponuxuenus. banicmuumy mexcy Ve  miweni i3 3a0anoio
HMR jnd?l
moewunHoI0 | MOdICHA pO3paxysamu no pisHAnHIo V, =|—————— ona KEP 3 danoi
2m

macorw m i diamempom d.

Knrouosi cnosa: nponuxnennsi, meepoicmo no Mapmeno, meepdicmob 6i0 enubuHu
NPOHUKHEHHS,, OUHAMIYHA MBePOICTb.

IlpumeHeHne TMHAMUYeCKOH TBepaocTH 10 Mapreiio
K npoodJjieMe NPOHUKHOBEHMSI

10. B. MunemMman, B. A I'onuapyk, JI. B. Mopzens

Iponuxnosenue nededopmupyemviv kunemuueckum unoenmopom (KEP) 6 yenom
MOCHO paccmampuems Kak "enyookoe" unoenmuposanue. Ha npumepe anromunueswix
CNAB08 NOKA3AHO, Ymo OuHamuueckas meepoocms no Mapmentro HMR,; moosicem
bbimb  UCnoOL306aHA O0AsL onucamus 3mo2o npoyecca. HMR,  moocem Ovimo

2
paccuumana uz coomnowenus HMR,; = 20e m — macca KEP, v — ckopocmb
neped CMOJKHOBEHUeM ¢ MuuieHvlo u V — o06bem Kanaia npOHUKHOGEHUSL.
Banucmuueckuii npeden Ve muwenu ¢ 3a0annou moawunou | moscHo paccuumamos no

HMR nd’l

> ons KEP ¢ 0annotl maccoii m u ouamempom d.
m

ypashenuio U, =

Knrouesste cnoea: nponuxrosenue, meepoocms no Mapmenio, mgepoocms om 21youHsl
NPOHUKHOBEHUS, OUHAMUYECKASI M8ePOOCHb.
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