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Introduction
Objectives

First order approximations for critical velocities of plate perforation

l

Non-dimensionalization — independent of relative length scales

l

Rapid deployment of target systems
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Introduction
Ballistic perforation experiments

Record . Calculate Derive
: Record exit e Relate V,, to :
impact : ballistic limit equations for
: veloci arameters
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velocity V, V., V,,
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_ 2 Usually need a priori
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/'.\ P B o | what happened here
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- Introduction

Cylindrical cavity expansion model for AP rounds

projectile nose shape factor
target thickness

. . * Requires coefficient K for each caliber
cavity expansion strength

« AP perforation modeled using Forrestal 1400 .
: . @ 7.62-mm APM2
cavity expansion (Ryan et al., 2018) B 12.7-mm APM2|
1200 H¢y 14.5-mm BS41
---Fit (Cx)
7 1000 |
bl \/pp(L FhLy Vo s T w00,
’ E 600}
Vy, target ballistic limit Ductile Hole Growth wor g
[o projectile density 200!
L projectile shank length NE | |
I i 0 ) 10 15
L, projectile nose length S (GPa -
kl
-
aS
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Image from Chinella et al. (1998)



- Introduction

Cunniff parameter for soft armor targets

« Woven textiles, composites impacted by 3
various projectile geometries and masses . o
2.5 O
Vbl AdAp O'fo ol e
i/_ﬁ:f m ’ Q:2p.co c .’
? %1.5- 9
S-% @ Kevlar 129
) @ Kevlar 29
A, target areal density [ o Korlor KA
A, projectile presented area 0.5 § :gfélgn
O, & fiber failure stress, strain : _'__ggg;ggion
Co fiber axial wavespeed 0 0z o014 05 os 1
. AqA,/m
V0N Cunniff parameter i/

* Predictive capability for several
polymer fibers that fail in tension
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Image from Chinella et al. (1998)



- Introduction

Deriving dimensionless parameters for AP rounds

« Derivation already includes non-
1400 : : : dimensional params. (Guo, 2021) e e
:I'Qﬁi'mm igig W 12.7-mm APM2 ®
---Fit (Cz) f 5
1000 + /
Vbl = -Jo.T 2t
\/pp (L + len) ° )
= 800t s
g8 131.5
= 600} my my <
—=pL+kD, p-T=—=4 _
1 A, A 1
400 + .
0.5
200 + ":,'",.‘ | ptVbzl B f <AdAp) 5}
0l : : Os mp 0k ~ - ~ L=
0 5 10 15 0 0.2 0.4 0.6 0.8 1
Vo T [GPa - mm]'/? AdA,/my
Empirical coefficient K for each caliber (Inertia effects in full CCE model can be Data collapses along a linear curve
non-dimensionalized too) independent of caliber
V2 AqA AgA 2 (Agh 2
ptbl:Zdp1+<deON>+—<deoN>]
O my, m, 3\ my
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Introduction
Shear-plugging model for FSP rounds

- Modified Recht-Ipson shear plugging
model (Guo & Forrestal, 2019)

el O

Vi, target ballistic limit

Plugging

Pp projectile density

P target density

L projectile length

T target thickness

g, target compressive strength

Image from Chinella et al. (1998)

Vi/ op/ o0

@2139-T8
B 6055-T651
61 A6061-T651

06061-T651 (Experimental) ‘
5 ---Model T

0 0.5 1 15 2 25
T/L
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Il ntroduction

Deriving dimensionless parameters for FSPs

@ 12.7-tum FSP

- Can express in the similar functional form | 20-mm FSP
as cavity expansion equation Hor
(compressive strength g, in LHS term)

Jo A

F I | ‘
g 23.70mm

sof R .
&

.' _.'.':'_--;-_-'-'_- ) .:
PV 4 <£> (Pp) (AdAp> [1 +AdAp] i 'ﬁ
% V30 \o)\m, my | i
Plugging
| f
PtV =f Aglp % . 0.2 0.4 0.6 0.8 1
Op mp AgAy/my
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I Homologous scaling

Ballistic perforation of a “black box” target

* Phenomenological
* similarity leads to the

same curve shape

« Cavity expansion or
shear plugging

* Projectile - "
deformation -

« Spallation

 Discing

« Delamination

Some “black box”
target plate
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- Homologous scaling

Characteristic target strength

3 — = 12 - [ 17
@ 12.7-mm ADMS o ® 2T 57
2,50 LS DS 8 10[=Fit (C2?) - 'I
2t e Ductile Hole Growth Plugging 8t = l
B For each failure phenomenon, thereis | = ¢ / B
1] some associated characteristic strength A
0.5 9l r
, peVpr <AdAp> e
(R . : o : — f ol_m o . . .
0 0.2 0.4 0.6 0.8 1 O-C m 0 0.2 0.4 0.6 0.8 1
AgAp/my, p AdAp/my
5 L 5
PV ; Ag4, O, characteristic failure strength A ; Agh,
Og mp Op mp
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- Homologous scaling

Relationship between strength parameters

3 —— =% ) . 12 : —
B 12.7-mm APM? o Cavity expansion strength and ® 12T FSP
= 14.5-mm BS41 . )
2500 (0 e compressive strength strongly 10}t (Co) 0 _I
®
| o correlated (Guo, 2021) . M |
-->:-1.5 ”;3 6 / B
< 2.5 : . . — &
[ Material data;
Lt ---Fit (Cz) 4}
2t g,"" 1
0.5 rg: =5 2T r ; !
1.5} A . -* .
0 ’ . = ¢ = e olL_m. B . . .
0 0.2 0.4 0.6 0.8 1 % z%" 0 0.2 0.4 0.6 0.8 1
AdA,/my, =
1Ap/m, r B m% AqA,/my,

o m, 05 & ] o m,

oy = 2.75 X 0
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Homologous scaling
Collapsed data for aluminum plates

* Locli construction for both faillure modes

« Cones/conical-nosed rods impacting
stacked Al alloy plates (Borvik et al.)

« Small spheres impacting thin Al plates

@ AL AP

O All FSP
A All Cone
¢ All Sphere

| |---CCE Fit
--Shear Plugging Fit
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- Homologous scaling

Collapsed data for ductile metal plates

* Weldox steel data for conical rods

Al a ol S
D TEOALIY ®
« Wrought, cast, vacuum arc remelted (VAR) 2.5 |{pSteel _ e
Ti-6Al-4V i o
ol Q
» Failure modes for APM2 impact similar for ﬁ;l 5
a-B3 and 3-processed plates (Gooch, 2009) =
1t
Problems arise when we apply same 0
scaling to FSP impact of Ti-64 plate | _
OO' oiz 0:4 0:6 0:8 1
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I Homologous scaling

FSP ballistic performance on processed Ti-64 plates

* Failure mode highly influenced by processing

(Gooch, 2009) Yo
- B-processed: adiabatic shear banding R Wirought, (Below bascline)
_ : : 8 H-MIL-DTL-46077G Baseline
* a-f processed: shearing, spalling,  Model
delamination etc. (multi-mode, multi-axial) S »
6 /
S | ;
>0 No bet i v
0 beta processing >
s O Lﬂ_r_[_ﬂ_. U S
£ & n | | ‘.‘ PN
S 100 ' 51
3 Beta processed /,.»" %-
2-150 | | ! /AN
> 200 - ——{— () S -‘ - - -
0 0.2 0.4 0.6 0.8 1

S= straight rolled C= cross rolled

51 C1 C2C3 C4 C5 52 S3 5S4 S5 S6
Plate Number

Il 12.7-mm AP [l 20-mm FSP IDAHO NATIONAL LABORATORY
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I Homologous scaling

Phenomenological similarity

Some “black box”

'

Cavity expansion or
shear plugging
Projectile
deformation
Spallation

Discing
Delamination

ptVbZl _

target plate
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I Homologous scaling

Known projectile, “black box” target response

* ptVbZl _

Front failure mode
Regr fgllure mode o
Projectile damage -

Fracture & '
fragmentation

Interface interaction

y

O © )

ﬁ

Some “black box”
target plate

Ceramic-faced
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- Homologous scaling

Bicomponent systems
AD85/A16061 Boron carbide/Al6061

0.6 : 0.25 . .
O 6 E?g;—mm mnlcai 4 :(;.g;—mm mnlcai
' : ' || 11-4-sum conica A1 conica
giggg;i%gggi "' 02 7:;16;—111[1; conicai. ADS5 only! ‘. 1 0.2 f---llz’}:(c:z“) : F
; -Fit (C'z?) :
05| D1 At o] f . . Data from Wilkins
> 30.15 YR
<] TiBr2/A16061 g sl 5 | e ; ) i
0.4} ADS5/GFRP 3 o | | |= ot ¥ 4 different calibers
. P AD85 /Miscellaneous A =02 ) & 01 @ ]
5 % AD85 only ‘ ‘. . 5 f | .
2 03[ i (e F* % rontal ceramics
&Q Fit (Cz”) 01 H ] 0.05
e ! ; . .
S oo iy ) T + 10 backing materials
' 0 0.1 0.2 0.3 0 0.05 0.1 0.15 0.2 0.25
AgA,fmy, AgA,fmy, - -
o — —  Various fractions
' 0.45 : 0.5 :
AD85/GFRP ; @ ADS5/AI6061-TG H M M
7 A 0.4 _:ADSS only i ] B ADS5/AI2024-T4 A * M O n O I |th | C Ce ram | C
[0 S - +* | L--Fit (Cx®) i # AD85/AI7079-T6 %
’ ; : 0.35} = ] 0.4 Aigggﬁ;-l_ﬁ VCA ]
0 0.1 0.2 0.3 R g W00 VE 1
03l .' | 4 ADSS/Lockal]qoie EF
AsAy/m, =] el j
& = S| L) E iggej/sim-mo o)
2 A A =02} oy 1 = 1w (é‘;l‘l)y %
PV d,01p S 2 €02 v
— f 15} 5 ]
— -' ‘4"
Oc mp 0-1p " 0.1
0.05} o * ] K *
L *
(1] % ) 1] *
— 0 0.1 0.2 0.3 0 0.1 0.2 0.3
O-C - O-HEL AgA,/my, AgA, fm,

pr(hy + hy) = p1hy + pahy AD85/Fiberglass AD85/Misc.

IDAHO NATIONAL LABORATORY




Homologous scaling
Bicomponent systems

AD85/A16061

Boron carbide/Al6061

Data from Mayseless (1987)
Different boundary conditions

0.6 : -
@ ADR5/A16061
0 AD99/A16061 o
0.5} B4C/A16061 e
WV SiC/Al6061 > @
< TiBr2/Al6061 g—
0.4}{A AD85/GFRP : @
P> AD85/Miscellaneous : A
% ADS85 only
0.3 H—-Fit (Ca?)
0.2
0.1
LA
0f--smmmmeer * . .
0 0.1 0.2 0.3

Oc = OHEL
pr(hy + hy) = p1hy + pyhy

0.6 - 0.25 - -
0 6.35-mm conical M 6.35-mm conical|
@ 7.62-mm conical ; @ 7.62-mm conical
0.5/ 4 11.4-mm conical ‘@ | A1l.4-mm conical
% 7.62-mm conical, AD85 only ] 0.2 H---Fit (Cz?)
---Fit (Cz%) ;
: @
0.4+ o .
3 , 20.15
=03 k4 = *
< 4 —“
& & 0.1 ;
0.2 ) [ 4]
(J
.‘
0.1 g 0.05
e 2
(1) * 0 T
0 0.1 0.2 0.3 0 0.05 0.1 0.15 0.2 0.25
AgA,/m, AqAy/my,
- - 0.5 - -
W ADS5/GFRP / @ AD85/AIG061-T6 A i
4 1% ADS5 only : W AD85/A12024-T4 i
--Fit (Cz®) ra - & ADB5/AIT079-T6
i 0.4HAADS5/Ti-120 VCA Y
g% = vigS?/Mg-lh K
03 7 - AD85/Lockalloy m
by [>ADS5/TRIP steel
2095 L] 20310 ADs5/Ti/GFRP
& m B & |[DADS5/Be/Ti120 o)
2T .2 [] '&3 * ADS85H ogﬂy ‘o
& gt = < 0.2[0Fit (C2)
0.15 g= Y
-
0.1 " 0.1 p
0.05 > A
_m* *
1] SR - ] * ]
0 0.1 0.2 0.3 0 0.1 0.2 0.3
AgA,/my, AqAyfmy,

1.5 -
@ ADS5/AI6061
W AD85/Kevlar ;
O AD85/A12024-0 v/
A AD85/SAE 1020 .
v ADS5/SAE 4130
1l % AD85 only A
---Fit (Cz") 2
bL
=
=
S
0.5}
0}—— oo aejﬂe * n
0 0.1 0.2 0.3
Ay Ap/ my,

ADS85/Fiberglass

AD85/Misc.
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Further discussion
Analytical models

Why not use existing analytical models?
0.6 :
@ ADS5/A16061 :
. . . O AD99/A16061 o
- Many material/mechanical properties 0.5 | @ BAC/Al6061 L)
_ ¥ SiC/Al6061 > @
« Not always available < TiBr2/A16061 @
_ 0.4}|A AD85/GFRP ®
* Not always easily measured _ || »>AD85/Miscellaneous A
b * ADS5 only :
a= 0.3 H--Fit (Cz")
= _
- Order of magnitude of effects don’t always 0
scale with the effort to experimentally |
determine them 0.1}
R
| SOSS * | |
0 0.1 0.2 0.3
AdAp/mp
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Further discussion
Machine learning methods

Why not machine learning?

 “Brute force” algorithms can perform well
sometimes

« Buckingham Pi/sparse regression algos.

- E.g. SLAW, PyDimension, BuckiNet
require strictly independent parameters

* Need a priori knowledge of relations
* Problematic for strength terms

@ AD35/A16061
00 AD99/A16061 . -
0.5 {4 B4C/Al6061 . ,’. |
v SiC/A16061 -
< TiBr2/Al6061 o
0.4HA AD85/GFRP
P> AD85/Miscellaneous
* ADS85 only
0.3 H---Fit (Cz)

0 0.1 0.2 0.3
AgA, /my,
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Final words
Contributions & Future work

Target
2 resistive
ptVhi —f Ay strength
o mp Ri
: - Comp. Cavit
* Rapid systems deployment via first-order Strengpth expans?/on
predictions Ocomp Yield

- Few parameters strength

* Reduce high-dimensional data

- Future directions Hugoniot Shear
: et Strength t
« Other failure modes Limit o

* Possible link to microstructural models
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