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Abstract

L Introduection

Fibers are classified as organic (aramids, extended chain polvethylenes, aromatic polyester
fibers, aromatic heterocyelic polymer fibers, etc.) and inorganic (carbon, glass, metals, carbides,
oxides, etc.) and are used in several applications. These applications include but are not limited
to automotive, sports, composites technology, and flexible body armor. The flexible body armor
industry has utilitzed many types of fabrics woven from high performance fibers that show good
resistance against ballistic threats. Some examples of fabrics that show good ballistic resistance
ar¢ Kevlar, Twaron, Technora, PBO and Spectra. The fibers that make up these fabrics are
elastic and have high tensile moduli (Duan et al., 2006).

Well known is the faet that most body armor technologies have sufficient resistance against
ballistic threats but have less resistance against cut and puncture threats. Punclure refers to
intrusion of a material by a pointed ohject such as an ice-pick or awl. The pointed object has a
tendency to “window™ or displace the fibers and yarns of the woven material so that the object
can easily enter through the fabric. Cut/shear oceurs when an instrument with a continuous
cutting edge transversely fractures the yams/fiber bundles causing immediate severance. Mayo
et al. (200%) examined the cul resistance of neat and thermoplastic impregnated Kevlar. Mayo et
al. found that heat pressing thermoplastic films into hydrophobic Kevlar 706 dramatically
increased cut and punciure resistance of the woven fabric. Decker et al. (2007) increased the
puncture resistance of Kevlar and other woven fabrics by impregnating the fabric with shear-
thickening fluid. Erlich et al. (2003} examined the resistance of Zylon to sharp fragments by
means of quasi-static penetration push testing. Anctil et al. used a regime of P1 knives, 51
knives, engineered spikes, and flechettes as characterization tools to examine woven fabric
resistance. These woven fabrics included Kevlar, Twaron, Spectra, Dvneema and Zylon.

When the concern is the cut resistance of varns or fiber bundles, there are notable works.
Shin and Shockey (2003) developed a test for measuring the cut resistance of Zylon yams. Such




the crosshead fixture of a 20 N load cell of an Instron 5500 (Grove City, PA) materials testing
Svsterm.

Figure 1. Scanning electron micrograph which show tip diameter (red eircle) of Celancse blade.

The Celanese blade was used because of low error and data reproducibility. The blade has a tip
radius of 14 ym. The blade culting specd was maintained at 30 mm/min until the Gber was
completely severed. Load vs. displacement curves were generated from the data obtained from
the testing data.

The cut strain to failure was determined by using the Pythagorean theorem +° + 3 = /7~
Fixed points in

05{,‘0 51,




1. Fesults

1. General behavior
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Figure 1. Force as a function of extension for high performance fibers cut at {a) normal incidence

(0-0, (b) 45° longitudinal incidence (0-45) and, (c) 45° transverse incidence (43-0) by Celanese
blade.

Figure la shows gencral behavior of high performance fibers during cul resistance testing at
normal incidence with a Celancse food processing blade. This data is the raw data before
diameter normalization. The raw data is given in Newtons (N} while extension is given in
millimeters {mm). There is a gradual increase in load with extension/displacement for each fiber
curve. The response drops to zero at failure. Without diameter normalization, Technora has
highest cut resistance and Zylon has the lowest cut resistance,
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Figure 4. Force/diameter and diameter as a function of fiber type for all fibers tested for cut
resistance at 0-0, 0-45, and 45-0.

Figure 4 1s a plot of the force/diameter (left v-axis) and diameter (right y-axis) as a
function of fiber type for all of the fibers that were tested for cut resistance. Fibers are listed
with respect to magnitude of cut resistance at 0-0 from lowest to highest cul resistance, At (-0
Vectran, the fiber with the largest diameter, has the lowest cut resistance. The reader must keep
in mind that the diameter is a characterization tool because diameter effects have been discarded
because of normalization. At 0-0 carbon fiber has the highest eut resistance. The two inorganic
fibers are among the highest cut resistance cases. As the testing goes from 0-0 to 0-45 to 435-0,
Vectran, Zylon, Twaron, Kevlar, and carbon fiber cut resistance decreases as the angle changes.
S-glass 15 the only fiber where the 0-45 test is higher than 0-0 and 45-0

B |



Dyneema 247 2404 198 143 146 161 100 120 143 156 1.61
Fylom LT 205 130 L44 137 140 [25 148 Li5 1™ [.67
Vecran 196 180 187 132 175 202 155 1466 L1715 147 1.72
Technora 667 161 127 131 131 13% 158 1M 123 163 1.98
Sglass 406 411 241 375 422 469 152 492 5B 604 438
Carban S8 526 568 729 SER O 5Te A3 457 541 305 525

Table 3. Summary of average force/diameter (N/mm) results of transverse cut resistance
testing,

Fiber =0 05 0-10 130 M0 250 3040 3540 40-0 450 Avoraag
Keviar 297 347201 128 027 101 13 09 052 061 1LA6R
Twarcn 276 Z13 133 124 114 082 025 07 071 077 L2653
Dyoeema 227 09 114 173 073 104 06 081 064 18 172
Exlon 332 2% 2337 165 11 133 O0Bs D6 055 19 L. 0
Vectran 196 293 152 152 138 L1838 063 05 065 056 1.331
Technora 403 273 227 174 1.2 137 125 0™ 09 .7 1.8
Sglass 419 41 361 44 373 509 35 29 213 223 3590
Carbon 508 526 5638 729 S8EE 576 434 452 561 305 57247

3. Inorganic fiber results

At normal incidence Carbon had a higher cut resistance that S-glass. Generally, as the
longitudinal angle of incidence increased, the cut resistance of the S-glass increased while the
carbon fiber decreased only slightly. As the transverse angle of incidence increased, the cut
resistance of the inorganic fibers decreased. S-glass has higher cut resistance than carbon fiber at
0-45. Carbon has higher cut resistances than s-zlass at 0-0 and 45-0. Carbon had higher
standard deviation and more random response to cut resistance testing. Being that no
microscopic techniques were used, it was unclear as if single fibers of carbon were being tested
as opposed to multiple fibers.

6. Microscopy of failed fibers

Scanning electron microscopy was done with a Hitachi $-4700 (Chiyoda, Tokyo, Japan) ficld
emission scanning electron microscope. The accelerating voltage used for the scanning electron
micrographs (SEMs) was 20 KV. The working distance between the detector and the fiber was
between 12 and 20 mm. The fibers, after cut testing, were sputtered with a few nanometers of
platinum by a Hummer XP (Alexandria, VA) sputter machine.




L1

Figure 9. SEMs of (top) Kevlar after 45° longitudinal incidence cut resistance testing (0-435) and
(bottom) Kevlar after cul resistance testing at 45° transverse incidence (45-0),

(a) (b)
Figure 10. Schematic of failure dynamics and cut response of (a) Kevlar and (b) S-glass fibers
afier 457 longitudinal cut testing (0-45).

Figures & shows the SEMs of the damaged areas of the tested fibers and Fiz. 10 shows the
damage progression of the Kevlar and S-glass fibers at 45 longitudinal cut resistance testing.
The blade shears away a layer of the Kevlar shell as it moves down the 45° fiber. The blade then




resistance. With S-glass, the pattern rises instead of decreases. As the

angle increases for S-
glass, the blade has to go through more material. In turn, this creates a

higher cut resistance.

Fevlar Fibrils {Cry=talline Mabesial)

Camnpletely Anverplmus SuE] g
Figure 12. Model used to explain cut resistance of organic and inorzganic {ibers,

Fiber structure and fiber hardness are the material propertics predict cut resistance

Y. Conclusions

Figure XX. Kevlar fabric that has been tested for $2 knife resistance.
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Nexihility, They have also preparcd the STT from solvent exchangs
metlad. In this method colleidal silica was heated o svaporate
water from colloidal sohution and the evaporated amount of water
was replaced with an equivalent amount of ethylene glycel. This
process continued until all the water was replaced with 57% or
GX% of ethylene glycol by volume. The chealagical measurements
of these samples also showed a shear thickening bebaior [24.25),

Recently high-power altrasound irradiation has been exen.
sively used in the dispersion of mancparticles in logquids [36.27]
and it is alzo consrdered as one of the efident techniques to dis-
perse namoparticles into marerials | 35,2790 [ntense wltrasoond
waves raveling in liguids generate growing cavities, When the cav-
iry artaing a critical size it implodes, generaring extreme conditions
af intense beat and tremendows pressure that provede 2n unussal
chemical environment for chemical reactions. The formation,
growth, and implosive collapse of bubbles in & liquid irradiated
with ultrasound are the physical phenomenon respensible for most
ol the sonechemistry. Ultrasound is prodced i liquids by means of
piczoclectric or magnetastricTive materials: materials that expand
of contract when they are placed in elecromagnetic Felds, Expos-
ing such materials to a field alternaring at an ultrasonic frequency
produces ultrasowmd [ B-Ta]

In the present imvestigation, we have used a high intemsiny
ultrasomic irradiation technique for synthesis of STE. PEG & used
a3 suspending liquid plyase becauss of its pon-toxicty, thermal sta-
bility, easy to handle and easily available in bulk duamtities which
miake it useful for bulk production. In this technique we have alsg
used ethaned a5 a solvent becauwse its sonochemical effects have
been well studied [35,36] and also it is used as 3 sobvent in the
impregnation process of STF on Kevlar and aylon fabric for bisdy ar=
mar applatons

2. Experimental work

21, Maoterials

Colloadal gilica and dry powder silica nanoparticles have boen
used for this study. The dry powder silica nanoparticles ane spher-
ical in shape and ~15 nm in size. Thess nanopamicles were pur-
Chased from Manostnsctured and Amorphous Materdals, Inc. Los
Alzmos, M. The 200 pm spherical colloidal silica solution {MP-
1040 4% concentration of silica nanoparticles) was purchased
from Mizsan Chemicals, Japan, PEC-200 and ethyl alcohol were
purchased From Sigma-Aldrich Chemicals, 5. Lowis, M0,

22 Synbhese of sheor efickening fluid

Different 5TF samples were prepared using different wieight
raction of silica naneparticles in FEGlethanal by sonochemical
technigue. Known weight pereentages of FEG and silica nanopart-
cles (dry powder or colloidal silica salumon) woere mixed in an
excess amount of ethanal [40:6) 5TFethanol ratio was used]
(one and half times more Usan 5TF) for colleddal silica selution no
ethanal was wsed, The peaclion miture was irradiated wich high
intensity ultrasonic hom (Ti-born, 20kHz, 100W/on® ac SOE
amiplitwde] far 5 h and the readion temperamure was maintained
using a chiller at 10 *C The solvent {water of ethanal) was laters re-
moved from the reaction mixture via an evaporation process bry
heating at about 100 °C. The concentrations of as-prepared STF
samples (samplbe (Al-sample 1)) are presented in Table 1.

For companson purposes STF sample (1) was synthesized wsing
mechanical mixing metlos.

In thix method a Known weight percenrage of silica poweder and
PEG were mixed for 10 min at room memperature using 3 THINEY
hylarid mixer ARE-250

£33 (haracienzoiion

23.1. Bhealogical measurements

Eheological studies were performed for all as-prepared ST
samiples to investigate the effect of shear rate increase on the vis-
cosaty. These tests were carried aut using a TA Instrument Bheons-
eter-AR200 at room femperature, O 5 and 4050, Al the test were
carried out using a peltier plate and a cone plate of sixe $0 mom aod
£* angles in a steady state flow mode and shear mp rate of 0-
12551

232 Thermal aralysis

Thermogravimetric analyses (TGA) experiments were oon-
ducted ta estimate the weighr ratios of silica and polyerhylene gly-
ool in as-prepared STF samples, TCA samples wene prepared by
adding a few drops of as-prepared 5TF samples (10-20 fag) to a
kenovem wigiglt of aluming crucible. TGA sxperiments wers carmied
ot usng 4 Mettler Toledo TCAJSDTA 857 from room tempeTanice
te S00°C at heating rate of 5 “Cfmin under pitvagen stmosphers,

3.3 Seanning eleciron mcroscopy [FEM)

SEM studies were carried out using 2 JEOL J5M 5800 scanning
clectron microscope, The SEM samples were prepared by uni-
formly spreading the as-prepared STF samples on & double-sided
carban fape and coated with gold/palladium to prevent charge
buildup by the electron absorption

234, Transmission electron microscopy (TEM)

TEM inwestigation of as-received silica nanopowder and colloi-
dal silica nanaparticles were carried out using 4 JOEL-200 micro-
scope. TEM samples were prepared by dispersion of NANOparticles
in ethanol and a drop of sobution was placed on 3 copger prid (car-
ben coated copper grid-200 mesh) then dried in air and wsed for
TEM analysis.

3. Besulis amd discussion

The rhealogical properties of as-prepared 5TF samples wiere
studied to understand shear thickening or shear thinning behavior
rate af room bemperature. Fig, 1A shows the viscosity of STF sam-
ple [A) 25 a Function of the shear rate. STF sample [A] demonstraces
shear thickening behavior in the range of 10-30s shear rate and
the sampde viscosity increases from -2 Pas to ~17 Pa 5. Fig 1B
[sample B], with a lower concentration of silica nanoparticles
{32 wik], shows a shear thickening effect in the range of ~ 25
shear rate and with increase in the viscosity from 2.5 Pa s to & Pa
s before a reversible trend is seen. The chealogical properties of
STF samples (sample (A} and sampde{B}} indicate thar the increase
of the weight fraction of the suspending phase [PEG) in the sample
gives better shear thickening fluid a5 the samples become more
wiscous. Fig, 20 shows the rheological gragh of samiple () where
the silica weight Iraction was decreased to 42 w2 and the weight
fraction of PEG was increased to 58 wiil This Fig. 2C shows a sig-
nificant shear thickening behavior with an increase in the viscasity
from - 10 Pa & to ~270 Pa s between 7 and 20z shear rates, The in-
creased value of wiscosity indicates that the sample exhibits an
incredibly high shear thickening effect, Sample (D] cantains a nel-
atively larger amoount of PEG (60 wok) and shows a shear thicken-
ing behavior. These results are presented in Fiz 20 and the
wiscasity changes fram ~20Pa = at 55 shear rale to 410 Fa 5 ar
L5 shear rate before a reversal trend is seen. Shear mate values
For shear thickening transitions ape lower than the result reported
in similar stisdies [23] These results cleady show thar the sono-
chemical mixing before evaporation significantly improves the
shear thickening effect. The rhesdogical graph of STF sample (E)
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STF sample (1} was prepared using the same weight fractions
[#0 wrk of dry silica nanoparticles and 60wt of PEG) as in case
of sample (D] and sample (H] for comparison purpose, The sample
{1) is prepared using a simple mixing for 10 min instead of ultra-
sanic irradiation. The as-prepared homogensous Auid was charac-
termed for its dheological properties and showm in Fig. 51 These
resules show a shear thickening bebavior at shear rate ranse of
2=T4fs with an increase in the viscosity from ~1 Pa 5 to ~57 Pa 5.



453 TA Hagae ¢f ol f Wrrmnicsy Somckemismy [7 (2000) 47542

solvents and they are pure STF, These TGA results also suggest that
the smaller powder (15 nm) nanoparticles show mone emars in
wripht fraction caloulatons x compared to the larmer (200 nm)
collosdal partacles.

TEM micrographs of as-received gilica nanoparticles and collod-
dal zilica selution are shown in Fig. %2 and b, respectively, The as-
received silica nanoparticles are spherical in shape and the parr-
cleg sizes measured from Fig 9a are ~5-1% nm agglomerancs.
Fig. 9 sherars the TEM image of as-received colloidal silica solution
and the particles are highly spherical in shape and mono dispersed.
Mo agolomenates were observed and the particles size measured
=200 nm.

Tofurther study the dispersion of silica nanoparticles in PEG, the
SEM analyses were carried oul on as-prepared STF samples. Fig. 10
shoveis the 5EM micrographs of STF samples (sample [TV and sample
{H]). Fiz. 10 shows that the silica nanoparticles are well coated with
PEC. Fig. 104 shows larger particle agglomerarions as compared to
Fig. 100 which 15 expected because of the large particles szze differ-
ences in the starming marerials and smaller nanoparticles are know
1o agzlomerates moge than the larger pamticles. These results ane
cansistence with observed shear thickening behavior,

&, Conclusion

Efficient and one-pot sonochemical method has besn developed
to symthesize shear thickening silica dispersions, Unlike previous
repodts, here we have synthesized the shear thickening fluid using
a dry silica nanopovwder or calleidal sifica solution, The orain
adwantage of this synthesis technigue compared 0 previous meth-
ods 5 that our method produces a better shear thickenng rrans-
tion at lewer shear rape and drastically reduced che water
contenl contamination, This sonochemical synthesis technique
can also be used to synthesize larger quantities of $TF samples
for werity of applications including liquid body armoer. The high
temiperature results suggest that these STF: Ioase its shear thicken-
ing behavior ar high temiperatures and mare studies needs o be
carried cat ro understand the temperature offect,

Acknowledgerments

This wark is supported by the United States Army Reseanch Of-
fice (ARD)L The authors would like to thank Dr. Morman Wagner,

Department of Chemical Engineering, University of Delaware, and
Dr. Eric Wetzel, Army Rescarch Laboratory [ARL) for their valuable
suggestions,

Releremces

[9] 1A Barmas, [ Rhesl. 3 (10E)) B,
[2] ). Freundlich. L uliusherper. Trans. Faraday Soc. 21 {1935) 920
|3 L Haffemann, Tran, Soc. Rheol 16 (1972 155.
|4] RL Hilfewunn, | Collkoid ecerf. Sci. 46 (1074) 401,
|5] BL Hafmann, Sl Technd., Palym. Colloids 2 { rass: 570
|6] W Boerima, |, Lawen, M, Soein, | Colloid innent Sei 149 {1992) 10
7] ML Laun H.ML. Laun, B Bung 5. Hess, W, Loose, 00 Hiss, K, Hahn B Hadscke. B
Mingmare, |. Rheal 36 [ 1900 743
[8) LML Zhang |F. Thou. F5. Hui, Colinid Surl, Physioochem. Eng. Aspects 250
[ aaom ) 1,
19] D5 Bander, B, Wapner. |, Rheol, 40 [1996) 294,
110] TH. Plassgg, |F. Brady, G, Beesis, | Flupd Meck 313 (1905] 188,
{11] ). Medswie, | wan Vier B, Ball, Poys. Rev. Lemn 77 [ 1969065 450,
[1Z] RS, Famr, JR. Mricose, BC Ball, Phys. Bev. 55 (13075 7205
[13] |F. Bracly, (. Bossis, Ancam. Rev. Fluid Mech, 20 01988) 111-157.
[14] |ve. Brmeder, M. Woarmer, |, Colloid Inter. S5 172 (1995} 171,
[15] B Maranzoa, M. Wagner, | Chem. Phys 117 (20K} 140291,
[1€] & Bossis, BF, Brady, [. Chem. Flgys, 30 (1989 150606,
[17] LG, Albert. TAPP 34 [1551) 453,
[1%] B Alinge, I Lepootre, TAPM 08 {196%) 57
[13] 512 Chou PhD. thesis. Aze Ardar, M, 196,
[03] e, ¥ermey, |H. de Boer, Rec. Tra. Chim, 57 [ 19539 357,
[2V] £ Amdrega. L Romaenn, & Miha, TAPPT 30 (15337] &7,
|22] 5F. Raghavan 5 ERun, | Collosd Enter, 50, 185 (1957] 57.
|25] %, Lee, & Werzs, W Wiagmer, | Baler. 56, 38 (2003) 2925
[24] & Egres Jr. M. Deciorr, C. Halbach, 5. Lee, | Kirkwned, K. Kickemaod, M, Wapser,
Angy S, Conll [2004),
[25] &. Lewe, E. Wetzel, B Egres |r., M. Wagner, Arar S, Conl, (2002
[26] C. Sorater, MlA Bmam. HF. Schochmann, 5. Tevman, Ulkrasos, Sonociem. 15
(2004 517,
|27 . Toan, B Teing T. Tsung, H Osang |, V. S, Technol.. B 27 [2009) 1566
[26] PLIL Ched, LI Chung. DU Lee, Clhenn Mater, 12 (2000] 2977.
[28] LG Eskin, Ulirasan. Soneckem. § (2000) 319,
|30] E. Skl S e (15300
[31] K Sustick, Mod=m Synrh, Mlethoghs 4 (1955) 1.
[32] P. Boudjouk. [ Chem. B, 65 { 1565) 427,
|55] K Sushck, B Edward, Flasg Mafuge 550 [1587] 55,
|54] K. Sodock, VOH Publisters, Inc., 196E.
135] L Pirvs-tlaqueda, A Daras, L Pevez-Boditgues, Appl. Cly %o, 25 (2005]
245
58] 1. Franco, [A. Cerila. LA Pérer-Magqueds, |1 Peree-Rodripms. C5 Gomes,
Appl, Tlay 5o, 35 (2007] 113
[37] 8 Ma, 5L Cooper, Macromalerules 34 (20017 31294
[32] M. Chei, L. Krieger, | Colloid Iniert S 113 (1966) 101




B} Introduction of Sivrene:

Styrenc is the simplest molecule that contains an unsaturated sroup covalently linked o an
aromatic ring and therefore represents a model candidate to he added with Silane-Gluta armor system
for enhanced bonding. Since initially Spectra provided better knife performance, various weight
percentage of styrene was added to the silane-Giluta system. After several trials, 50 wit% of Shyrens was
found 1o be the optimum concentration. That is - styrene was 30wi%% of the total polymer (silane +
Giluta + Styrene). Any higher concentration above 50 wi%a did not improve knife performanes. Results
from NIJ knife tests are shown in Fig. 2. It is observed that energy for zero layer penetration has
increased from & J-em’/g to 14 J-em™/g — about 133% improvement. Energy levels for 14 layer
penctrations were also higher as seen in Fig. 2 suggesting styrene to be an cffcctive reinforcement for
better knife performance.

Fig. 2: NIJ Knife tests with styrene reinforcement

C) Use aof POSK (polphedral oligomeric silvesquioxane)

POSS is a nanostructured organic-inorganic hybrid polymer with a cubic structure having cight
silicon atoms at the core and linked to 12 oxygen aloms. The advantage of using POSS is that thesc
silicon atoms can be linked to a substituent that can be almost any chemical group known in organic
chemistry. Chemically bonded POSS with thermoset or thermoplastic polvmers either enhances or
reinforces the mechanical and thermal properties of the neat material svstem. POSS is available
commercially (Iybrid Plastics) with a multitude of functional groups. Since POSS is more like a silica
molecule (1-Z nm in size) than a nanoparticle. our intention was to replace Si0s nanoparticles that we
have used so far. Three types of POSS were used in the investigation. The types were identified
according to their functional groups; trisilanol, CAQ299X, and CAO300X. The last two categorics
were carboxylic acid based and had an aromatic ring structure attached to their reactive group. The
procedure 10 use POSS was identical to that of 5i0: since all three categories of POSS were soluble in
ethanol. Results from NLJ knife tests arc shown in Fig. 3. It is observed that knife resistance with
CAQ300X system is around 10 J-cm®/g for zero layer penctration. However this value is lower than 14
J-cm'/g observed earlier with styrene. It is to be noted that we were able lo procure only a small
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Fig. 4: NIJ Knife tests with multiple soaks

Micro-Droplet Tests:

It was clear from the current knife tests as well from spike tests conducted during previous
years that a good amount of impact energy was absorbed by friction between fiber and the surrounding
particle-polymer mixture. This friction arises as the fibers tend 1o dynamically slide during impact.
Micro-droplet tests were conducted to assess the interface shear stress and associated energics. The
most challenging task was to prepare specimens for micro-droplel tests since the matrix viscosity
changed with the addition of silica and Gluta.

A sct up was made with flat plate with two raised ends (parallel to cach other) and the fibers
were held tight for droplet application. A droplet applicator was made by using a regular toothpick
with a fiber taped onto it. The applicator was drageed through the particle-polymer mixture, and
applied to the fiber in one steady stroke. Droplets were then cured in an oven in horizontal position.
The viscosity of silane-silica-Gluta mixture was carefully controlled by drving the mixture after
sonication. Drying time varied depending on the amount of ethanol present in the solution. Droplets
were aroumd 130-200 pm in size as shown in Fig. 5. Afler curing, the droplets were cut off the plate
with a fiber length of about 12.5 mm having droplet in the middle. They were then glued to a capillary
tube at one end and a hook glued to the other end of the tube to hang the sample. Measurements were
then taken for the following: droplet length (7), Gber diameter (d). and the length from the capillary
tube to the tip of the droplet. Measurements were taken through a microscope.

Blicro-dooplet spocimsns wae lakon i University of Delaware and 1esis Were periormed thers.
The test set up consisted of a load cell, two light sources, two cameras (one horizontal and one vertical)
with video monitors, two parallel blades, and a motor controller to move the specimen up and down.
The test set up is shown in Fig. 6. The distance between the blades is moved manually, but viewed by
the vertical camera. The mﬂlﬂnﬂﬁi movement and application of load were controlled by a custom
LabView program. A sample load displacement curve obtained from the tests is shown in Fig 7.
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Fig. 7: Load vs. displacement curve from micro droplet test

Summary:

It has been shown that knife resistance of Kevlar is extremely weak compared to that of
Spectra. Energy absorption by Spectra with regular solution of silane+silica+Gluta is still low but can
be substantially increased by addition of styrene and POSS to the solution. Especially. multple
soaking up to three times was very effective — it enhanced knife resistance from & Jem™fg to 20 J-
em'/g. Micro droplet tests were performed in collaboration with University of Delaware and it was
demonstrated that friction at the fiber/matrix interface was responsible for abzorption of most of the
energy during spike or knife penetration.




