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Prediction of Ballistic Limit for Composite Laminates Subjected to High-velocity
Impact Using Static Perforation Test

Won-Young You', In-Gul Kim™*, Seokje Lee’, and Jong-Heon Kim

ABSTRACT

The ballistic limit of Carbon/Epoxy composite laminates with the finite effective area are predicted by using
the quasi-static perforation test and semi-empirical formula. The perforation energy were calculated from
force-displacement curve in quasi-static perforation test. Also, the actual ballistic limit and penetration energy
were obtained through the high-velocity impact test. The quasi-static perforation test and high-velocity impact
test were conducted for the specimens with 3 different effective areas. In the high-velocity impact test, the air
gun impact tester were used, and the ballistic and residual velocity was measured. The required inputs for the
semi-empirical formula were determined by the quasi-static perforation tests and high-velocity impact tests. The
comparison between semi-empirical formula and high-velocity impact test results were conducted and examined.
The ballistic limits predicted by semi-empirical formula were agreed well with high-velocity impact test results.
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D(@) : Specimen with exposed diameter
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Fig. 1 Different exposed diameter of specimens.
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Table 1 Material properties of Ca/Ep [0,] unidirectional prepreg

Property Symbol Unit Value

Young's modulus

along the fiber direction Eu GPa 1291
Young's modulus
along the transverse direction Ez GPa 81
Axial shear modulus G2 GPa 3.6
Axial Poisson's ratio V1o 0.28
Thickness h mm 0.125

Table 2 Material properties of Ca/Ep laminate([45/0/-45/90]2s)

Property Symbol Unit Value
Young's modulus E GPa 48
Poisson's ratio V12 0.35
Failure stress o, MPa 770
Fracture strain & % 1.63
Density P kg/m’ 1580
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Fig. 2 Static perforation test jig(D/d=5).
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Specimen
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oo |© = ®] Air Tank|
Fig. 3 Hemispherical indentor. Fig. 5 Schematic diagram of the pneumatic gun facility.
Table 3 Static perforation test matrix
i 13000 J ] ——25(D/d=3)
Exposed diameter of Indentor 12000 ] Perforation 25(Did=4)
Lay up D/d p . /1
specimen(mm) diameter(mm) 11000 ] | 28(D/d=5)
I 45(D/d=3)
3 19.05 10000 4 i 4S(D/d=4)
2S 4 25.40 6.35 9000 —4S(D/d=5
5 3175 5 80004
3 19.05 g %7
S 6000
3s 4 25.40 6.35 T o]
5 31.75 4000
3 19.05 3000
45 4 25.40 6.35 2000 | -
1000 H j/
5 31.75 o
0 2 4 6 8 1 7
| | Displacement (mm)
§7.5mm |- Fig. 6 Force-displacement curve of each specimen.
n&Z ALY AMEE AJHE FAGY BEAdAA A
g Ay sE% AdY 2719 e AR BAxE
| Aw YHgY BELPT FAT A oln Yt
e | &7 5mm Q) BEAROIN 2B BEo|I ] 50%-100%2] 7]
/////// AFE et Table 30 Fejet 4 27o) dhatel 3
./ Mool w48 St
N
Fig. 4 Schematics of specimen. 4, A3} 9 1z
A2 Table 3o Uepbdl 0] of thsf 33] RHEAES 41 e AHsAHE A
T S, e S S(ecawtic emisson LTS Flo ALY PEAFS FASHEA A5 shE-u9) aers
oro A=) a7 H 25 o . - -
49k _7E01 AR ez 31mm_\%_°1%l ol ~—|J’—<_B& > Fig. 63} 7t} 259} 4521 A= Algo] gt ATE 37 =4
BUY F AHo] shuls@A wsks SukE S5t ST DId} AR~ Hojshgo] Aolrl AL sHols 4
. et 1En BF Ash FH8 FRkL B mwol
34 1&5H M ] E9le W ot Bolml AL Bl sglen, HdjshE
1&FA APAA = Fig. 59 o] 2709 4F 719, Aol =edt wizhA] F7F e 9 mkio] dojuprir) ¢hds)
B, 0 S= ohdE AA, ATt bal), A" AT BE RS 0 sFe] F43] Folsk AL Bl shck e
9 ASFHEALHDAQ system)o® FAElSl Itk ¥E 3 pgo] Hand FolE delsigel Wob g AL el
B/ANA Yok ATEES Q71 gal ool AZE 5 Q] o) AUAE AWS FATHAA WS up
423 YN FEF/E HllD 7S Foel ¥ o o zles weEt Taln H34v) WoldsE o)
T E3/IYaE dol wbEL $4§ 47 AL pEsiFel UM AL Bl 4 i, FUT IS4
635mm= FAAY WEAWT FAT ABL AW BA L Auwe] gEmAe] 24 A9 HojskEol 7 SAA,
+ 1.044golc. Hefsizol G245 WAt AP W wel Aol Ay



Vol. 26 No. 1 2013. 2

ALY BE AYS ol§3 B AFW 1437 AEWASE oS 25

Table 4 Comparison of perforation energy for specimen with different
exposed diameters(high velocity impact tests)

Lay up | D/d | Vi (mis) 5) (n‘q’,fs) %;)e %;;
159 13.20 24.00 12.90
3 12.2

185 17.87 93.04 13.35
167 14.56 26.82 14.18
% 4 184 17.67 86.36 13.78 127
173 15.62 26.51 15.26
182 17.29 61.49 15.32
207 22.37 ah3] -

3 216 24.35 19.44 24.16 227
242 30.57 104.42 | 24.88
223 25.96 34.83 25.33

3 4 229 27.37 35.62 26.71 235
240 30.07 48.49 27.62
231 27.85 27.23 27.47
5 23.9
245 31.33 75.31 28.37
275 39.49 78.53 36.27
3 273 39.02 76.48 35.96 33.3
278 40.38 96.77 35.49
4S 275 39.64 44.48 38.61
4 34.1
270 38.31 43.79 37.31
275 39.54 a3l -
5 297 46.11 94.61 40.73 8
* Vi : impact velocity

Ei : impact energy

Vr : residual velocity

Epe : penetration energy

Eq : quasi-static perforation energy
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Fig. 7 Non-dimensional perforation energy along with D/d using quasi-
static perforation test.

Table 5 Calculated constant using quasi-static perforation test

[45/0/-45/90]2s [45/0/-45/90]3s [45/0/-45/90]as
A 0.2587 0.2449 0.2261
B1 0.0956 0.1097 0.1448
B2 1.5107 1.4401 1.4175
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Table 6 Comparison of dynamic enhancement factor using quasi-static
perforation and high velocity impact energy

Quasi-static | High-velocity
Lay up | Drd Perforation Energy (J) 0
3 12.2 13.13 1.076
2S 4 12.7 13.98 1.101
5 12.8 15.29 1.195
3 22.7 24.52 1.080
3S 4 235 26.55 1.130
5 23.9 27.92 1.168

+ velocity impact test D/d=3| '
© velocity impact test D/c=4
* velocity impact test D/d=5
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---quasi-static Did=4 2oz
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(a) With constant calculated by [45/0/-45/90]2s specimen
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(b) With constant calculated by [45/0/-45/90]ss specimen
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(c) With constant calculated by [45/0/-45/90]4s specimen

Predicted ballistic limit-thickness curve of specimen (quasi-static
perforation empirical formula)
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Table 7 Comparison of ballistic limit emor with different specimen constants

Constant Constant Constant
calculated by calculated by calculated by
Lay up| D/d | [45/0/-45/90],s | [45/0/-45/90]ss | [45/0/-45/90]as
specimen(%) specimen(%) specimen(%)
3 2.05 3.73 2.84
25 4 0.22 2.07 1.69
5 -3.18 -1.24 -1.24
3 1.47 1.67 0.34
35 4 -1.22 -0.79 -1.60
5 -2.67 -2.09 -2.53
3 3.70 2.93 1.26
45 4 2.29 173 0.58
5 -0.22 -0.61 -1.36

Table 8 Comparison with prediction by quasi-static perforation formula
of thin specimen and high velocity impact test of thick

specimen
Predicted Tested Error
D/d ballistic limit ballistic limit %)
(m/s) (m/s)

3 275.11 261.87 4.8

4 282.13 266.82 5.4

5 288.10 279.52 3.0
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Fig. 10 Predicted ballistic limit-thickness curve of specimen(wave

dominated response empirical formula)
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