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Abstract. Process of building and the validation of the nrica models of the B-32
type armour-piercing incendiary (API) projectiledsscribed in this article. Results of
projectile compression tests (static and under Highin rates with the use of the
modified Split Hopkinson Pressure Bar) are shown.tk® basis of this, the values of
the Johnson-Cook (J-C) strength model parametershéo projectile core material
(N12e steel) were determined. This article preseggslts gained from simulations of
the tests, in which the B-32 type projectile wasdeited with the use of determined
values of the J-C strength and failure models patars. The process of the parameters
values verification was described, in which thesdrand strain obtained from samples
in experiments and simulations were compared. Aafthit verification of the
determined parameters values was comparison tald¢péh of penetrationDP) tests
results of the Armox 500T plates fired with the7L2am B-32 type projectile, obtained
experimentally and in simulations. Small differescé< 5%) between stress and
penetration depths obtained in the simulations ianthe tests showed that the J-C
parameter values were determined correctly.
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penetration of steel, API projectile
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1. INTRODUCTION

Numerical simulations are a popular and commonlglia@ tool for the
analysis of complex dynamic physical phenomendgh ktrain rate conditions.

Widely available commercial computer hydro-codeS-Qyna, Autodyn)
can simulate a bodies behaviour in different loadddions, thanks to the use
of different techniques of calculations. These paiots allow observations of
dynamic phenomena (strain or stress changes iméterial in every moment
of simulation etc.), accurate analysis of whichi§icult or impossible during
tests.

The use of numerical methods in initial stages ohaur designing
processes allows us to evaluate the effectivenkeasdeveloped construction,
without the necessity of building and conductingnf tests. It significantly
reduces costs and time needed for the construatinaw types of armours.

To obtain simulation results which are concurreithwest results, reliable
and accurate material models of armour and prégsatust be used to prepare
the simulation. The building of the correct numatienodel for the given
material requires the determination of values ofesal parameters (material
constants) in the materials equations of statength and failure models.

Many of these parameters show dynamic charact=jste. they change
depending on the strain rate. Therefore, in ordatetermine these values it is
necessary to conduct expensive and accurate dir¢egts, both static and
dynamic. The building process of the B-32 type AdPbjectiles (7.62 mm,
12.7 mm, 14.5 mm) numerical models, which are nafdihe same materials,
are described in this article (Fig. 1).

Fig. 1. B-32 type API projectile:
a — steel core, b — tombac plated steel jacket,
¢ — lead can, d — incendiary material

The authors focused on B-32 API projectile coreamak (N12e steel)
which has the biggest influence on its high ratefééctive. Knowledge of this
materials properties is essential because B-32 pypgectiles determines the
protection levels according to the internationafreagnent STANAG 4569
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(7.62 mm projectile — 3 level STANAG, 12.7 mm puje — 3+ level
STANAG, 14.5 mm projectile — 4 level STANAG). Theofection class is
given to armour based on its resistance to thegeqtiles.

In the future projectiles material models built tire basis of material
constants obtained from tests, will be used to migaky calculate new armour
constructions.

2. RESEARCH PROGRAMME

For the purpose of building and validation of the8B type projectiles

numerical models of the following tests were perfed:
1. static uniaxial compression;
2. compression under high strain rates with the uséhefmodified Split

Hopkinson Pressure Bar;

3. DPtests of three coherent Armox 500T plates, firethwhie 12.7 mm type

B-32 projectile.

Stress-strain curves obtained as a result of caoig experimental tests
allow the determination of the N12e steels meclsmiarameter values (elastic
constants) and the J-C model material constantesdlvalues were used to
make simulations of tests. Based on the comparisbobaracter and values of
samples stress and strain, obtained in simulafions the experimental results,
the values of the failure model constants were détermined. Verification of
the numerical models was made by comparisons ddkhevith three coherent
Armox 500T plates, fired with a 12.7 mm type B-3Bjpctile, obtained
experimentally and in simulations.

2.1. Test equipment

Static uniaxial compression tests were carriedoauthe universal material
testing machine Instron 8802 with Fast Track cdrgoftware (Fig. 2a). During
tests, to measure the longitudinal and transvensens strain rosettes and
a bridge were used. The strain measurements wathoettes were carried out
to obtain the value of the longitudinal strain 00® and transverse strain of
0.025. During static compressive tests, to stragasarement the longitudinal
extensometer with the 12.5 mm measuring base & $hmm range was used.
Measured signals were converted by a computer gficial extensometer
software (Fig. 2b).

Compression tests under high strain rates were matiethe use of the
modified Split Hopkinson Pressure Bar stand. ThelerdL TT 500 preamplifier
and the NOR USB-6366 measuring card were used wifgnsignals from
measuring bars. The test stand with its equipngesitown in Figure 3.
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Fig. 2. Static compression
test stand:

a — Instron 8802 material
testing machine,

b — extensometric testing
equipment to strain
measurement

Fig. 3. High strain rates

test stand:

a — system of the Split
Hopkinson Pressure
Bars,

b — computer system of
the testing stand
control

Armox 500T plateDP tests were carried out on the range of the Militar
Institute of Armament Technology in Zielonka. Thrsenox 500T steel plates
of 500x 500x 10 mm dimensions were screwed into a special fré&tenents
of the DP testing stand and the projectile used in the dirare shown in
Figure 4.

d

Fig. 4. The frame to fix the Armox 500T plates @, testing stand (b), DSZK rifle (c),
12.7 mm cartridge with the B-32 type API projectit



Building and Validation of Numerical Models of tBe32 Type... 23

Samples for tests were prepared using projectibess¢ obtained first by
disassembling projectiles into elements. Next,nogrs ofD = 8 mm diameter
were turned from the cores, then cut and grindedadbieve samples of
L =12 mm length to static tests, andLof 8 mm length to high strain rates
tests. The method of preparing samples from thescw shown in Figure 5a.
One sample ot = 12 mm length and two sampleslof 8 mm length were
prepared from each core. The strain rosettes weck snto the ready samples
and the cables were soldered. The set of sampégsagd for tests is shown
in Figure 5b.

a
Fig. 5. Samples for compression tests: a — theeshagd way of samples preparation,
b — the samples with the stuck on strain rosettéagly to tests

3. TESTS

The static compression tests were carried out errtstron 8802 material
testing machine with the controlled force incremetio of 120 kN per minute.
During tests the following parameters were regesterdisplacement of the
testing machine jaws, force, strain of sample with use of extensometer;
longitudinal and transverse strains with the us¢hefstrain rosette. The tests
were concluded upon the destruction of samplesFigure 6 the sample
installed in the testing machine before the tedtsaveral samples after the tests
are shown.

Additional disks of diameters equal to test bard ah10 mm thickness
(Fig. 7) were used in the tests at high strainsralige to the hardness of steel

If»n g g %

Fig. 6. Samples for compression tests:
a — in jaws of the mechanical testing machine gifter tests

ey Fig. 7. Compression test sample
placed between the test bars

o
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After tests the registered data was subject tdvéurprocessing in order to
achieve stress-strain functions, yield stress aildré strain values.

On the basis of signals, received from the tess,lthe strain, stress and
strain rate in the sample were calculated, follgniependence for elastic bars
system:

I t
() = _ZTOJO ep(t)dr

(1)
o(t) = zES”" er(t)
Sor | 2)
Co
() = -2 TsR(t) (3)

where: C, — velocity of elastic wave propagation in the iatihg bar,
L — sample length: — Young modulus$,, — cross-section area of the receiving
bar, S, — cross-section area of the samplgt) — signal in time for reflected
wave,e1(t) — signal in time for wave in the receiving bar.

Calculated valueg(t) andos(t) allowed to draw the stress-strain dependence
curve for the determined strain rate. Results efgiojectile core compression
tests, both static and at high strain rates, ave/slin Table 1.

Table 1. Results of the projectile cores compogstasts: static and at high strain rates

Sample Static compression Dynamic compression

no. Young’s |Poissor Ultimate Failure Maximum | Plastic
modulusE| ratio, strengthR,, |[strain,s [%]| StresSpmaks | Strain,
[GPa] v [GPa] [GPa] o1 [%0]

1 193.4 0.281 4.57 23.2 6.98 5.5

2 190.2 0.272 4.46 16.2 6.74 5.51

3 181.7 0.273 4.76 19.1 6.36 5.55

4 193.0 0.271 4.18 24.0 6.94 5.59

5 190.2 0.257 4.20 17.6 7.09 5.52

Average|  1a97 | 0271 4.434 20.0 6.82 5,54
Deviation 47| 0.009 0.24 3.4 0.8 | 904

Example diagrams of the projectile core comprestgsts, both static and
at high strain rates, are shown in Figure 8.
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After Armox 500TDP tests, deformations of the plates were measured in
the areas of which the projectile impacted theep(&ig. 9).

. L . Fig. 9. The Armox
Stopping of the projectile Perforation of the plate500-|- plate after the
projectile impact:

DP — depth of
penetration/dinge,

h; — height of hill,

d; — diameter of hill,

d, — diameter of dinge,
ds; — diameter of bulge

h:

DP

of the back side of the
plate,h, — height of

bulge of the back side
of the platehs; — height
of the back side of the
plate torn off,

D — diameter of inlet
crater of the perforated
plate,d — diameter of
outlet crater of the
perforated plate

The deformations of the Armox 500T plates measwafidr projectile
impact are shown in Table 2.
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Table 2. Results of measured deformations of threok 500T plates after the
projectile impact

Deformations of the Armox 500T plates

Pla- Depth of |Diamete| Height | Height [Diamete Height of the Dla_mete Diameter

te : . > plate back| of inlet | of outlet
penetrationof dinge| of hill, |of bulge|of bulge, :

no. "np (mm] | d, [mm] |y fmm]| h, [mm] | ds (mm] side torn off| crater, | crater,
2 1 2 3 hs[mm] | D [mm] | d [mm]

1 - - - - 33.3 3.8 18.2 17.0
2 - - 1.1 4.2 38.7 4.2 12.4 -
3 2.2 23.8 - 1.4 23.1 - - -

Fig. 10. The Armox 500T plates after firing:
a — plate 1 front, b — plate 1 back, c — plateoatird — plate 2 back,
e — plate 3 front, f — plate 3 back

4. BUILDING OF NUMERICAL MODELSOF PROJECTILES

The described tests were carried out in order terdene values of the
material parameters of the J-C strength model exquats [1, 2]:

G =[A+BE"] [1 +Cln (eio)] [1 - (7; __T;io)m] @)

where: A — vyield stress at ambient temperatuBe,— hardening constant,
& — effective plastic straim — hardening exponeng — strain rate constant,
¢ — strain rateg,— reference strain rat&,— temperature of the tested material,
To — ambient temperaturd,, — melting temperaturen — thermal softening
parameter.

From the static compression test results the aeestrgss-strain diagrams
were drawn to determine the J-C equation paramedéres. In the first
instance, the\ parameter value was determined from the diagrémes, theB
andn parameters were determined, with the use of thiegicurve method, for
the data describing plastic range of the diagram.

For tests at high strain rates the average statnwas specified and then,
based on the average compression test diagramgataeneteiC of the J-C
equation was determined with the use of the fitticgyve method. The
determined values of the J-C equation parametershawn in Table 3.
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Table 3. Values of the J-C strength model paramébeithe projectile materials

Element Material A B n C m Reference
[MPa] | [MPa]
Projectile corg¢Steel N12e 1580 290% 0.117 0.075 1}17 Own research
Projectile Steel 4340 792 510 0.26 0.014 1,03 [2]
jacket
Projectile can| Lead 24 300 1 0.1 110 [6]
Plate Armox 500T 1470 702 | 0.199 0.00549 0.81 [4]

For determining parameter values, simulations othaaical tests were
performed to determine values of the N12e ste&irlaimodel parameters. As
the material failure model the J-C equation wagptetb

* T—T,
& = [Dy + Dye7 |[1 + DyIné*][1 + Dy ( 0 )] 5)
Tm - TO

where: D;+Ds — failure parameters™ — dimensionless effective strain rate,
o™ — dimensionless coefficient of pressure to strelgion,T — temperature of
the tested materialp, — ambient temperaturg,, — melting temperature.

The cylindrical sample in the static compressionutations was made of
43408 four-nodal tetragonal solid elements of Orb size, and in compression
at high strain rates simulations of 287578 sucmelds. In simulations of the
Armox 500T plates penetration, the 12.7 mm type2Bafojectile was made of
52261 four-nodal tetragonal solid elements of 1 swe, while the armour — of
188538 eight-nodal hexagonal solid elements of tidb size. In order to
reduce the time of calculation only the $60x 10 mm size fragments of the
three Armox 500T plate were modelled. Adopted doieffits of friction
between the materials from which the elements mlkitions were made are
shown in Table 4.

Table 4. Values of coefficient of friction betwetre elements of simulations

Type of contact Static friction coefficient Dynanfitction coefficient
Steel-steel 0.8 0.8
Steel-lead 0.95 0.95

Correctness of the adopted J-C model parametarss/alere evaluated by
a comparison of the strain character, and alsosthess and strain values,
obtained in samples during tests and simulatioigs (). Only the parameters
D,+D; of the J—C failure model having the biggest inflee on the failure strain
value were determined [3]. The J-C failure moda &atatus of instantaneous
failure model, that means that after the elementadge (a part) its stiffness and
strength is removed automatically. The failure escwhen the parameté»
achieves value 1:
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AgP
D= ) —=1 (6)
&f

where:AgP — increment of the effective plastic stradp— failure strain.

Because of lack of necessary data (only compredssis for unnotched
samples were made) the values of the failure mpdedmeterd;+D; have
been obtained arbitrarily. Some initial valueste parameter®,+D; had been
assumed and then these values had been tuned (Bpbletil the smallest
differences between simulations and experimentailteeswere obtained.
Similarly to the static compression tests, in setioh the sample accumulated
stresses of 4 GPa and was damaged after achie@itg strain. Before the
failure, the specific ,barrel” shape of the samplecurred, both during the
simulation and tests.

In the case of the simulation of tests at highirstrates the sample was not
destroyed, and its plastic strain value was ca. 3¥e maximum stress
registered in a sample amounted to 7 GPa, similarige tests.

Table 5. Values of the J—C failure model paransefi@r the simulation elements

Element Material | D, D, Ds D, Ds Reference
Projectile core N12e stegl 0.0836.083| -3.0 0 0 Own researgh
Projectile jacket | 4340steel 0.05 3.44 -2]12 0.0(G261 [2]

Plates Armox 500[10.068| 5.328| -2.554 0 0 [5]

Additional verification of the built numerical madewas the simulation
of the three coherent Armox 500T plates penetratiith the 12.7 mm type
B-32 projectile (Fig. 12).

The depth of penetration obtained in the simulafibR; = 21 mm) was
compared to the depth of penetration obtained éntéist DP, = 22 mm). The
high conformity of results obtained (difference %)5confirms that the J-C
parameter values were determined correctly.

Fig. 11. The N12e steel sample damage map aftedaion:
a — static compression, b — compression at higlinstates
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Fig. 12. Simulation of the three coherent Armox B@lates penetration
with the 12.7 mm type B-32 projectile: a — projksti
b — Armox 500T plates (8 10 mm)

CONCLUSIONS

On the basis of the tests results and the carugec¢a@mputer simulations

the following conclusions have been drawn:

1.

The course of the stress-strain curves for the N&fml samples
significantly depends on the strain rate. In thengression tests at high
strain rates the samples show a doubling in yiglehgth (ca. 7 GPa) in
relation to the static compression tests (ca. 8)G

The characteristics and values of parameters aatainom the tests
conform to the numerical simulations, what tesdifieorrectness of the
adopted values of the Johnson—Cook strength andurdai models
parameters.

The characteristics of the N12e steel samplesréitluring the static
compression tests is very similar to the failuresamples obtained in the
simulations. In both cases, the samples were cduafter achieving an
18% strain, cumulating stress equal to 4 GPa.

The specific ,barrel” shape of the sample before fdlure, was clearly
visible during both the simulations and tests.

The sample was not destroyed and its plastic saaiounted to ca. 5%
during both simulations and tests of compressiohigit strain rates. The
maximum stress in samples, registered during stioak, amounted to
7 GPa, similarly to the tests.

The depth of penetration of the three coherent Ar@0T steel plates,
obtained during simulation®DPs = 21 mm) is very similar to the test
results PP, = 22 mm), and the small difference of < 5% conéyithat the
Johnson—Cook parameter values were adopted cgrrectl
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