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 NATO IM Fragment Impact (Fl) testing

* Penetration mechanics considerations

* High hardness armor steels

« Experimental methodology

* Test Results

» Discussion and preliminary hydrocode models
« Summary and conclusions
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a NATO IM FRAGMENT IMPACT TESTING DEvVCOM

=m e
* NATO standard FI test (STANAG 4496) T lﬁ-ﬂﬁm_T’
[1] B “+— 1430mm
— 14.3mm diameter, 18.6g, L/D~1, /’f [ “\
160° conical nosed fragment

1
14.30 mim ]

— Mild steel, Brinell hardness <270 | |
— New requirement: BHN > 190 \ / oo N\
— 253090 m/s impact velocity - o

— Aimpoints: center of largest
presented area of HE or most shock
sensitive location

« Smooth bore 40mm powder gun often
used in the U.S. [2]

— Commercially available, used by
various test facilities

— Powder charge adjusted to obtain
correct velocity

— Replaceable wear section
— Plastic sabot machined to fit

Distribution Statement A: Approved for public release. Distribution is unlimited.
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A NATO IM FRAGMENT IMPACT TESTING (CONT’D) DEvVCOM

[ntmar) Yield Tensile -
stress stress
Steel Treatment MPa  ksi MPa ksi  Elongation, %
1020 Normalized 345 50 440 o4 36
1040 (air cooled) 370 54 595 36 28
1018 1095 505 73 1015 147 9.5
1020 As rolled 330 48 450 65 35
commonly Lo 415 60 620 90 25
used 1095 570 83 965 140 9
(from [3]) Ultimate tensile
strength
HRC HV HB(a) HRA HRB MPa ksi
_ 29 204 279 64.7 (104.5) 031 135
BHN 28 286 271 64.3 (104.0) 910 132
270 27 279 264 63.8 (103.0) 883 128
. (14) 213 203 93.9 676 08
BHN (12) 204 194 92.3 648 04
190 (0 196 187 90.7 621 90

Probably need to use higher carbon content steel (>1040)
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Lo | =

P. = (3p,c.K2¢) Brittle spall strength [4]

P-(pave):  Ductile spall strength [4]

|8Y 1
s =2cit = QCKE, = °f —
€ p €

Grady ductile fragmentation [6]

2/3
(vaw
o\ pexé

Grady brittle fragmentation [6]

z, = (2Pg/py)tre.

Mott fragmentation [12]
N(m) =

(mlfz)
PLUGGING 2M K

o . Mott distribution [12]
x (em) (from [6])
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Hardness vs. toughness, ductility

* Ancillary requirements: cost, structural integrity,
manufacturing considerations, multi-hit, environmental

« Heat treatment (quenching and tempering)

« Cast armor

* Rolled homogeneous armor

 Face hardened armor

* High hardness armor

« Ultra high hardness armor

* Metal laminated composites (Dual Hardness)

* Improved metallurgical processing for cast ingots:
unidirectional casting, electroslag remelting (ESR)

 Dual hardness ESR

Distribution Statement A: Approved for public release. Distribution is unlimited.
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STEEL ARMOR TECHNOLOGY

«—— Cast ——

Rolled
Homogeneous

A D O

®

.
/ \ ®
Std. Cast

t<—Rolled Homogeneous —

ARMOR HARDNESS =

0 ~N O 0 BAw N

1

——

Dual Hardness

Uni-Directionally Cast

ARMOR THICKNESS

7" - 12" (17.78-30.48 cm)
2" - 3" (5.72-8.25 cm)
L" - 1%" (0.64-3.18 cm)
9" - 12" (22.85-30.48 cm)
2" - 4" (5.08-10.15 cm)
1" - %" (0.64-1.27 cm)
lyg" - 1" (0.32-2.54 cm)
3" - 9/8" (0.64-1.59 cm)
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@ EXPERIMENTAL METHODOLOGY
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Table 3: Test Matnx

Test No. | Thickness (in) Watenal Obliquity (deq)
RT21-469 0.125 4340 RC38 0
RT21-470 0.250 4340 RC38 0
RT21-471 0.088 4340 RC38 45
RT21-472 0177 4340 RC38 45
RT21-473 0.125 D2 Tool Steel RCE0 0
RT21-474 0.250 D2 Tool Steel RCE0 0
RT21-475 0.088 D2 Tool Steel RCE0 45
RT21-478 0177 D2 Tool Steel RCE0 45

Distribution Statement A: Approved for public release. Distribution is unlimited.
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RT469, 0.125”, 4340 RC38, 0 DEG OBLIQUITY

Fig. D1. RT21-469: 4340 RC38 Steel 0.125" Thick, 0 Degrees Obliquity
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RT470, 0.250”, 4340 RC38, 0 DEG OBLIQUITY DEvVCOM
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Fig. C2. RT21-470 (0.250", 4340 RC38, 0° Obliquity) high épeeél video frames at -100us, -50us,
Ous, 50us, 100us, 150us, 200us, 300us
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RT470, 0.250”, 4340 RC38, 0 DEG OBLIQUITY
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Fig. D2. RT21-470: 4340 RC38 Steel 0.25" Thick, 0 Degrees Obliquity
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PAN  RT471,0.088”, 4340 RC38, 45 DEG OBLIQUITY DEvVCOM
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Fig. C3. RT21-471 (0.088”, 4340 RC38, 45° Obliquity) hi
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FAN RT471,0.088”, 4340 RC38, 45 DEG OBLIQUITY  [DEvcom
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Fig. D3. RT21-471: 4340 RC38 Steel 0.088" Thick, 45 Degrees Obliquity
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RT472,0.177”, 4340 RC38, 45 DEG OBLIQUITY DEvVCOM
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Fig. C4. RT21-472 (01777, 4340 lRCSS, 45° Obliquity) higﬁ spé'éa: video frames at -120us, Ous,
40us, 80us, 120us, 160us, 240us, 320us
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?§ RT472,0.177”, 4340 RC38, 45 DEG OBLIQUITY
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Fig. D4. RT21-472: 4340 RC38 Steel 0.177" Thick, 45 Degrees Obliquity
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RT473, 0.125”, D2 RC60, 0 DEG OBLIQUITY DEvVCOM
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Fig. C5. RT21-473 (0.125”, D2 Tool Steel, 0° Obliquity) high speed video frames at -80us, Ous,
40us, 80us, 120us, 240us, 320us
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7AN RT473,0.125”, D2 RC60, 0 DEG OBLIQUITY
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Fig. D5. RT21-473: D2 Tool Steel RC60 0.125" Thick, 0 Degrees Obliquity
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RT474, 0.250”, D2 RC60, 0 DEG OBLIQUITY DEvVCOM

ARMAMENTS

Fig. C6. RT21-474 (0.250", D2 Tool Steel, 0° Obliquity) high speed video frames at -80us, Ous,
40us, 80us, 120us, 240us, 320us
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RT474, 0.250”, D2 RC60, 0 DEG OBLIQUITY
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Fig. D6. R121-474: D2 Tool Steel RC60 0.25" Thick, 0 Degrees Obliquity
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7AN RT475,0.088”, D2 RC60, 45 DEG OBLIQUITY DEVCOM
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Fig. C7. RT21-475 (0.088", D2 Tool Steel, 45° Obliquity) high speed video frames at -120us, Ous,
40us, 80us, 120us, 240us, 320us
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RT475, 0.088”, D2 RC60, 45 DEG OBLIQUITY

Fig. D7. RT21-475: D2 Tool Steel RCG0 0.088" Thick, 45 Degrees Obliquity
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7AN RT478,0.088”, D2 RC60, 45 DEG OBLIQUITY DEvVCOM
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Fig. C8. RT21-478 (0.177”, D2 Tool Steel, 45° Obliquity) high speed video frames at -120us, Ous,
40us, 80us, 120us, 160us, 240us, 320us
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RT478, 0.088”, D2 RC60, 45 DEG OBLIQUITY DEvVCOM
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Fig. D8. RT21-478: D2 Tool Steel RCG0 0.1777 Thick, 45 Degrees Obliquity
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* TEST RESULTS - THIN STEEL BARRIERS
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Number of Fragments > Mass M

Number of Fragments > Mass M

RT21-469: 4340 RC38 0.125" Steel, 0 Obliquity (Mass Distribution)

40

36 -

32

28

24

20 r

RT21-473: D2 Tool Steel RC60 0.125", 0 Obliquity (Mass Distribution)

40

36

32

28

24

20

Total Recovered Mass:4.4646g

Largest Recovered Mass:0.95902g

Total Recovered Mass:13.7153g
Largest Recovered Mass:8.3746g
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RT21-471: 4340 RC38 0.088" Steel, 45 deg Obliquity (Mass Distributic

40

36

32
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20 ¢
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Number of Fragments > Mass M

Mass M (g)

Total Recovered Mass:5.4405g
Largest Recovered Mass:1.0018g

10 0

40

Mass M (g)

Total Recovered Mass:13.0311g
Largest Recovered Mass:7.3534g

RT21-475: D2 Tool Steel RC60 0.088", 45 deg Obliquity (Mass Distribution)
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Number of Fragments > Mass M

Mass M (g)

Mass M (g)
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Number of Fragments > Mass M

Number of Fragments > Mass M
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* TEST RESULTS - THICK STEEL BARRIERS DEvVCOM
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RT21-470: 4340 RC38 0.25" Steel, 0 Obliquity (Mass Distribution)
Total Recovered Mass:10.6192g

10 Largest Recovered Mass:1.2934g

36 | 1

32

28

24

20+

Mass M (g)
RT21-474: D2 Tool Steel RC60 0.25", 0 Obliquity (Mass Distribution)
Total Recovered Mass:6.2259g
Largest Recovered Mass:0.78147g
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RT21-472: 4340 RC38 0.177" Steel, 45 deg Obliquity (Mass Distribution)
Total Recovered Mass:10.1657g

40 Largest Recovered Mass:3.4849g
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Number of Fragments > Mass M

Mass M (g)
RT21-478: D2 Tool Steel RC60 0.177", 45 deg Obliquity (Mass Distribution)
Total Recovered Mass:10.5946g

0 Largest Recovered Mass:4.2223g
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Table 4: Test Results
Total | Largest
Test | . | Thick. | Obl | AD | Vsusv | Vsroa| Vemsy | AVisy mi?tj;’)f@ Debris | Frag
No. ' (in) (deg) | (Ib/ft?) | (ft/s) | (ft/s) | (ft/s)* | (ft/s)* (Ib/ft2)* Mass Mass
(9) (9)
469 ég‘;% 0125 | 0 | 5105 | 8198 | 8186 | 6683 | 1515 | 296.8 | 4.465 | 0.959
473 R%'éo 0125 | 0 | 5105 | 8475 | 8383 | 6842 | 1633 | 319.9 | 5.441 | 1.002
4340 6566 | 1817 | 3550
471 | 2200 | 0088 | 45 | 5105 | 8383 | 8482 | goos | 1on | aaoo | 13.715| 8375
D2 7146 | 1343 | 263.1
475 | 0¢ | 0088 | 45 | 5105 | 8489 | 8456 | o0 | 1993 | 2031 43031 | 7.353
470 ég%% 0250 | 0 1021 | 8597 | 8461 | 5874 | 2723 | 2667 | 10.619 | 1.293
474 R?Z%O 0250 | 0 1021 | 8539 | 8400 | 5857 | 2682 | 2803 | 6.226 | 0.782
4340 5314 | 3166 | 310.1
472 | 230 1 0477 | 45 | 1021 | 8480 | 8302 | 200 | 3100 | 01 | 40166 | 3.475
D2 5086 | 2311 | 226.4
478 | 02 | 0477 | 45 | 1021 | 8297 | 8383 | Soo0 | Sevy | aave | 10.595 | 4.222

*For oblique impacts, top number is front of debris cloud at early times, bottom number
is largest debris fragment at late times
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AN TEST RESULTS (CONT'D) [oEveom

« For all presented areal densities considered, hardness:
« mildly improves residual velocity at 0 obliquity
« moderately worsens residual velocity at 45° obliquity
* For the more soft, ductile 4340 RC38 steel
 Obliquity significantly improved residual velocity
« Obliquity significantly worsened residual mass
« For the more hard, brittle D2 RC60 steel
« Obliquity moderately worsened residual velocity
« Obliquity significantly worsened residual mass

Better residual velocity at obliquity requires good ductility
Fragment breakup highly spall dominated!

Distribution Statement A: Approved for public release. Distribution is unlimited.
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DB: obl_320,00165 DEB: obl_320.00334 DB: obl_320.00536 DB: obl_320.00837
Cycle: 186 Time:2.00243 Cycle: 33 | Time:3.00167 Cycle: 536 | Time:d.25237 Cycle: 837 | Time:7.01063
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Fig. 5. ALE3D Models to interrodate target failure behavior: 30 kbar spall stréss énc'j&“no .failljre
strain (top row), 10 kbar target spall stress and 0.5 equivalent plastic strain to failure (bottom row)

Obliquity effect does not appear to be caused by spallation
ahead of fragment penetration
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Presenter Notes
Presentation Notes
Treaty based engagements are NATO Activities or overarching treaties with countries for R&D.
 Project Based engagements are specific and we leverage numerous programs for engagement such as Grants, Project Agreements, Loans, etc.
Competency Based engagements such as in Energetics, or Precision, etc.
Country Based engagements would be where the U.S. President declares that the U.S. will be more involved, such as with India. 
FMS leads to opportunities for sales, or technical services, such as QA monitoring of a contractor for quality, or Inspection criteria, etc. 
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