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Abstract We conducted an experimental and analytical
study to better understand the mechanisms and dominant
parameters for 7.62 mm APM?2 bullets that perforate 7075-
T651 aluminum armor plates. The 7.62-mm-diameter,
10.7 g, APM2 bullet consists of a brass jacket, lead filler,
and a 5.25 g, ogive-nose, hard steel core. The brass and
lead were stripped from the APM2 bullets by the targets, so
we conducted ballistic experiments with both the APM2
bullets and only the hard steel cores. These projectiles were
fired from a rifle to striking velocities between 600 and
1,100 m/s. Targets were 20 and 40-mm-thick, where the
40-mm-thick targets were made up of layered 20-mm-thick
plates in contact with each other. The measured ballistic-
limit velocities for the APM2 bullets were 1% and 8%
smaller than that for the hard steel cores for the 20 and 40-
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mm-thick targets, respectively. Thus, the brass jacket and
lead filler had a relatively small effect on the perforation
process. Predictions from a cylindrical cavity-expansion
model for the hard steel core projectiles are shown to be in
good agreement with measured ballistic-limit and residual
velocity data. The results of this study complement our
previous paper with 5083-H116 aluminum target plates in
that the ultimate tensile strength of 7075-T651 is about 1.8
times greater than that of 5083-H116. We also present a
scaling law that shows a square root relationship between
ballistic-limit velocity and plate thickness and material
strength.

Keywords Aluminum armor plates - 7.62 mm APM2
bullets - Experimental study - Perforation equations -
Validation

Introduction

For this paper, we study the perforation of 7075-T651
aluminum armor plates with 7.62 mm APM2 bullets. The
results of this study complement our recent paper with
5083-H116 aluminum target plates [1].

We conducted perforation experiments with the full
10.7 g, APM2 bullets and only the 5.25 g, hard steel cores
from the full bullet. Our data shows that the perforation
process is dominated by the hard steel core. Predictions
from our cylindrical cavity-expansion model [1] are in good
agreement with the hard steel core data, so these closed-
form perforation equations are able to show the relevant
problem parameters. Other papers concerned with 7.62
APM2 bullets are discussed in [1].

In the next sections, we describe the targets and
projectiles, present the perforation data, and compare
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measurements with predictions. In addition, we present a
scaling law that shows a square root relationship between
the ballistic-limit velocity and plate thickness and material
strength for both 7075-T651 and 5083-H116 aluminum
targets.

Projectiles
The 7.62 mm APM2 Bullet

Figure 1 shows the dimensions and the parts that make up
the APM2 bullet. The 7.62 mm-diameter, 10.7 g, APM2
bullet consists of a brass jacket, an end cap, lead filler, and
a 5.25 g, ogive-nose, hard steel core. The steel core has
density p,=7,850 kg/m®, hardness R, 63, and ¢ = CRH=
3.0 (caliber-radius-head).

The Hard Steel Core Projectile

As previously mentioned, we will present predictions from
a cylindrical cavity-expansion model for the hard steel core
projectile. Our perforation model [1] is for a rigid, ogive-
nose, rod projectile. Note that the shank of the steel core of
the 7.62 mm APM2 bullet shown in Fig. 1 is truncated
towards the end cap, so we find an equivalent shank length
L [1] that matches the measured mass of the steel core.
Properties for the equivalent hard core projectile include:

Lead cap

‘i Hard steel core
1 1

Brass jacket

End cap

27.4

- -

L 353 -

Fig. 1 Geometry and dimensions of the 7.62 mm APM?2 bullet
(in mm)
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Fig. 2 Compression stress-strain data and power-law fit with
E=71.1 GPa, v=1/3, Y=520 MPa, n=0.060, and p,=2,810 kg/m*

mass m=5.25 g, diameter 2a=6.17 mm, CRH=3.0, nose
length /=10.2 mm, and shank length Z=16.8 mm.

7075-T651 Aluminum Target Plate

For this study, we obtained 20-mm-thick plates. The
supplier provided inspection certification sheets with tensile
data. Data included the ultimate tensile strength o,=
582 MPa, yield strength defined by 0.2% offset o,=
520 MPa, and an elongation at failure of 11%. We also
conducted tensile tests in the rolling direction of the plates
and obtained similar results. Thus, our results are in good
agreement with the inspection sheets.

For input to our cavity-expansion perforation model,
uniaxial compression data [2] were curve-fit with

- { Ee
= Ec\N

Y(5)"
where o is the true stress, € is the true strain, £ is the
Young’s modulus, Y is the yield stress, and 7 is the strain-
hardening exponent. Figure 2 shows this power-law data fit
from equations (la,b) with £=71.1 GPa, Y=520 MPa, and
n=0.060. The value of Y was taken as 0,=520 MPa from
the suppliers inspection sheet.

o<Y

o> Y (1a,b)

The 7.62 mm APM2 Bullet and Hard Steel Core
Experiments

A 7.62-mm-diameter, 63-mm-long, smooth-bore Mauser
gun that used adjusted ammunition fired these projectiles.
The APM2 bullets fit the gun bore, and the 6.17-mm-
diameter cores were encased in a 7.62-mm-diameter, 0.3 g
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plastic sabot. Square target plate configurations with a side
length of 300 mm and thicknesses of 1x20 mm and 2x
20 mm were firmly clamped to a frame by two beams. This
provided a fixed boundary for the horizontal sides of the
targets, while the vertical sides remained free. The in-plane
distance between each impact point and the target boundary
was 100 mm, and a maximum of four shots were allowed in
each target before it was replaced. All layered plates were
in direct contact with each other, so plate spacing was not
considered in this study. Striking and residual velocities
were measured with laser optical devices that were shown
to be accurate to within 1% and 2%. In addition, the overall
perforation process was photographed with a high-speed
video camera operating at 50,000-100,000 frames per
second. Both the experimental procedures and measure-
ments used in these tests are described in more detail in [1].

We conducted a large number of tests with these
projectiles and two different plate thickness configurations.
The ammunition was adjusted so that the projectiles
impacted the targets at striking velocities in a range from
just below to well above the ballistic-limit velocities. The
measured striking velocity Vg and residual velocity V; data
for the tests are given in Table 1. Table 2 presents the
ballistic-limit velocities V}, obtained from the data in
Table 1 together with data for AA5083-H116 from [1].
Figure 3 shows typical, high-speed video images of the
perforation process for a 20-mm-thick plate impacted by the
APM2 bullet. Note that the brass jacket and lead cap are
completely stripped from the hard core by the target.
Figure 4 shows some high-speed video images of the
perforation process for a 20-mm-thick plate impacted by the
hard steel core. Figure 5 shows pictures of some cross-
sections of the target plate configurations. As also discussed
by Gooch et al. [3], Figs. 3 and 4 show considerable back
surface plate spall.

The most important results of our study are shown
in Fig. 6 that display the residual velocity versus
striking velocity curves. Data for the APM2 bullets and
hard cores were curve-fit to the data with the least
squares method and the Lambert-Jonas empirical equa-
tion [4, 5]

V=) )

where p is the empirical constant used to best fit the data
with the least squares method. The measured ballistic-
limit velocities for the APM2 bullets were 1% and 8%
smaller than that for the hard steel cores for the 1x
20 mm and 2x20 mm plate configurations, respectively.
Thus, the brass jacket and lead filler had a relatively
small effect on the perforation process even though the
masses of the APM2 bullet and hard steel core are 10.7 g
and 5.25 g, respectively.

Figure 7 compares our cylindrical cavity-expansion,
model predictions discussed in [1] and data for the hard
steel core projectile. Predictions used the material param-
eters given in Fig. 2 and assume that the layered plates are
monolithic with a single equivalent thickness. Predictions
with C=0 neglect radial target inertia and only include
target strength. Thus, the closed-form, cavity-expansion
equations give a reasonable good first order estimate and
display the dominant problem parameters.

A Scaling Law for the 7.62 mm APM2 Bullet
and Aluminum Armor Plates

Results of this study with 7075-T651 aluminum plates and
our previous paper [1] with 5083-H116 aluminum plates

Table 1 Test data—AA7075-

T651 target plates Test nr. ~ APM2 bullet APM2 bullet—core only ~ APM2 bullet APM2 bullet—core only
20mm targets 20mm targets 2x20mm targets 2x20mm targets
Vs Ve Vs Vs Vs Ve Vs Vs
[m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s]
1 824.6  561.8 715.7 357.1 885.9 0.0 984.1 0.0
2 694.0 3153 670.3 190.6 931.5 0.0 1094.3 465.6
3 661.8  232.6 654.0 140.5 933.8 192.8 1025.9 219.5
4 610.9 0.0 667.0 198.9 929.7 173.6 989.2 183.5
5 616.4 0.0 641.8 76.9 900.5 0.0 1009.2 293.2
6 628.9 51.0 614.0 0.0 898.8 0.0
7 641.0 1513 597.5 0.0 909.2 0.0
8 649.5  204.0 640.5 129.2 920.5 180.8
9 7824  509.4 625.7 0.0
10 8749  650.9 867.8 579.7
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Table 2 Ballistic-limit velocities obtained from data

Projectile type AA5083-H116 target plates [1] AA7075-T651 target plates

1x20mm [m/s] 2x20mm [m/s] 3x20mm [m/s] 1x20mm [m/s] 2x20mm [m/s]
APM2 bullet 492 722 912 628 909
APM2 core only 513 767 1,025 633 984

suggest that the perforation resistance is dominated by plate  cavity from zero initial radius. This quasi-static radial stress
thickness and material strength. Thus, if we neglect the oy is given by
small contribution of radial target inertia, equation (5) in [1]

suggests that

Vi =K[0sh]1/2, (3) V3 V3Y ) 1—x
where K is a constant, 4 is the plate thickness, and oy is the 7= 2(1+v)Y ) (4b)
quasi-static, radial stress required to open a cylindrical V3E
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Fig. 3 High-speed video images showing the perforation process of a Fig. 4 High-speed video images showing the perforation process of a
monolithic 20-mm-thick, 7075-T651 plate impacted by a APM2 bullet monolithic 20-mm-thick, 7075-T651 plate impacted by only the hard
(Vs=629 m/s and V;=51 m/s) core of the APM2 bullet (V;=642 m/s and V,=77 m/s)

SEM
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Test #5 - APM2 (V= 616m/s and V,= Om/s)

Test # 6 - APM2 (V= 629m/s and V,= 51m/s)

Test # 7 - APM2 (Vi=909m/s and V.= Om/s)

Test # 5 - APM2 core (V= 642m/s and V.= 77m/s)

Test #9 - APM2 core (V= 626m/s and V, = 0m/s)

Test # 1 - APM2 core (V= 984m/s and V.= 0m/s)

Test #4 - APM2 (V= 930m/s and V, = 174m/s)

: i o R
————————— e, T ——————

Test # 4 - APM2 core (Vi=989m/s and V, = 184m/s)

Fig. 5 Pictures of cross-sections of monolithic and double-layered target plates perforated by 7.62 mm APM2 bullets (/eff) and sabot-mounted

hard cores only (right)

Figure 8 shows a linear fit to the 5083-H116 and 7075-
T651 data with equation (3). For 5083-H116, 0,=1.12 GPa,
and we have three data points for #=20, 40, and 60 mm.
For 7075-T651, 04=1.85 GPa, and we have two data points
for 4=20 and 40 mm.

Summary and Discussion
In this study, we present results from a large number of

perforation experiments with 7075-T651 target plates struck
by 7.62 mm APM2 bullets. The 7.62-mm-diameter, 10.7 g,

SEM
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Fig. 6 Striking versus residual velocity for (a) monolithic (20-mm)
and (b) double-layered (2x20-mm) target plates impacted by APM2
bullets and hard cores only

APM?2 bullet consists of a brass jacket, lead filler, and a
5.25 g, ogive-nose, hard steel core. The brass and lead were
stripped from the APM2 bullets by the targets, so we
conducted experiments with both the APM2 bullets and
only the hard steel cores. Targets were 20 and 40-mm-thick,
where the 40-mm -thick targets were made up of layered
plates in contact with each other. Residual velocity versus
striking velocity data showed that the brass jacket and lead
filler had a relatively small effect on the perforation
process. We compared the hard steel core, perforation data
with a closed-form, cylindrical cavity-expansion model and
showed reasonable good agreement. In addition, we present
a scaling law that shows a square root relationship between
ballistic-limit velocity and plate thickness and material
strength for both 7075-T651 and 5083-H116 aluminum
targets. Results of this study identify the dominant problem
parameters.
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Fig. 7 Comparison of predicted and measured striking velocity versus
residual velocity for the hard core only of an APM2 bullet (a)
h=20 mm and (b) #=40 mm

1200 :
1000 — L
()

=

B 800 =
=

=600 =
B
2

2 400 -
S
m

200 * 7075-T651 L

[ 5083-H116 (Bgrvik et al. [1])
Linear least squares data fit
0 T T T T
0 2 4 6 8 10

N ey

Fig. 8 Scaling law for 7.62 mm APM2 bullets and aluminum armor plates



Exp Mech (2010) 50:1245-1251

1251

Acknowledgements The financial support of this work from the
Structural Impact Laboratory (SIMLab), Centre for Research-based
Innovation (CRI) at the Norwegian University of Science and
Technology (NTNU), is gratefully acknowledged.

References

1. Borvik T, Forrestal MJ, Warren TL (2009) Perforation of 5083-
H116 aluminum armor plates with ogive-nose rods and 7.62 mm
APM2 bullets. Exp Mech. doi:10.1007/s 11340-009-9262-5

. Forrestal MJ, Luk VK, Rosenberg Z, Brar NS (1992) Penetration of

7075-T651 aluminum targets with ogival-nose rods. Int J Solids
Struct 29:1729-1736

. Gooch WA, Burkins MS, Squillacioti RJ (2007) Ballistic testing of

commercial aluminum alloys and alternative processing techniques
to increase the availability of aluminum armor. Proceedings of the
23rd International Symposium on Ballistics, Spain: 981-988

. Lambert JP, Jonas GH (1976) Towards standardization in terminal

ballistic testing: velocity representation. Ballistic Research Labora-
tories, Report BRL-R-1852, USA

. Zukas JA (1990) High velocity impact dynamics. Wiley, New

York, pp 424427


http://dx.doi.org/10.1007/s 11340-009-9262-5

	Perforation of 7075-T651 Aluminum Armor Plates with 7.62 mm APM2 Bullets
	Abstract
	Introduction
	Projectiles
	The 7.62 mm APM2 Bullet
	The Hard Steel Core Projectile

	7075-T651 Aluminum Target Plate
	The 7.62 mm APM2 Bullet and Hard Steel Core Experiments
	A Scaling Law for the 7.62 mm APM2 Bullet and Aluminum Armor Plates
	Summary and Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


