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1. Introduction 

Fibers such as aramid and ultra-high molecular 

weight polyethylene (UHMWPE) provide mobility to the 

user with their lightness, they have become preferred mate-

rials with their impact resistance and other mechanical 

properties at high strain rates. With the recent develop-

ments, it has been understood that these materials can be 

strengthened with different additives to improve their 

properties. Different chemicals and other additives can be 

used to improve the thermal, wear resistance, impact re-

sistance of the composites.  

One of the additives that have recently been used 

to improve impact resistance is the shear thickening fluid 

(STF). STF is a non-Newtonian fluid/colloidal dispersion 

that the viscosity of the liquid suddenly increases with rise 

of shear rate [1]. STF’s are also known as dilatant liquid. 

After the shear stress exceeds a critical point, the STF 

shifts to solid phase. The opposite is a shear-thinning fluid, 

in which the viscosity decreases with an increase in the 

stress ratio.  Many researchers have presented approaches 

that will explain the mechanism of shear thickening. Some 

of the most accepted theories in literature are the Order-

Disorder Theory and Hydrocluster Theory [2-7]. STF is 

also used for other applications such as vibration damping 

[8-9]. 

There are several approaches to understand the 

general characteristics and behavior of STF’s. A few fac-

tors affecting the rheological properties of suspensions 

were investigated. Some actors determining the rheological 

properties of STF are the volume fraction [10], interactions 

between the solid and the liquid phase and the shapes and 

sizes of the grains [11, 12]. There are also other factors 

such as temperature of the fluid and hardness of the parti-

cles [13, 14]. Another factor affecting the rheological be-

havior of STF is the particle distribution. Particle disper-

sion and shear rate affect the behavior of colloid suspen-

sions. When the particle size distribution is large (from 

0.1 mm to 1 cm), the interactions between the particles and 

the surrounding fluid can change. For relatively small 

strain rates, the thinnest particles are usually very sensitive 

to Brownian motion effects or colloidal forces, while 

coarse particles experience friction or collision contacts or 

hydrodynamic forces [15].  

Studies on STF-impregnated composite fibers 

have recently become popular in the literature [16-20]. 

Majumdar et al. [21] tested STF-impregnated Kevlar fab-

rics using a drop test examined the damped energy by dif-

ferantiating the sections: the elastic section, the 

slip/fracture section, and the deformation section. 

Multiphase STF-impregnated composite fibers are 

becoming more popular in current studies [22]. Multi-

phase STFs are created by adding another phase such as 

nanotubes, metallic and ceramic particles. Gürgen and 

Kuşhan [23] fabricated multi-phase STF with silica, PEG 

400, and silicon carbide particles with a size of 20 nm and 

as an additional additive. STF has a weight fraction of 15% 

silica, 60% PEG and 25% silicon carbide. Yarn pullout and 

drop tests were performed from different heights. In addi-

tion, microstructure studies and studies have been conduct-

ed to understand the elasticity of the fiber. It was under-

stood that the shear thickening mechanism of single-phase 

STF is better than multi-phase liquid. However, multi-

phase STF’s energy damping is superior to single-phase 

STF.  

This research paper presents the effect of weight 

fraction of silica in the STF on the ballistic performance of 

STF impregnated aramid fibers under low-speed impact 

and ballistic impact scenarios. Silica-polyethylene glycol 

based STF is produced. Silica ratios are determined as 

30%, 40% and 50%. Although a lot of interest has been 

shown for the ballistic performance of the STF-Aramid 

fabrics, there are few research based on standards such as 

NIJ and evaluation of back face signature (BFS) values of 

fabrics. 

 

2. Materials and methods 

 

Kevlar 620 fabric is selected for STF impregna-

tion. Kevlar is suitable for accommodating different addi-

tives. As shown in Figure 1 the fabrics were cut in sizes of 

150 mm x 100 mm for the drop test and 400 mm × 

400 mm for the ballistic test. Silica and polyethylene gly-

col were selected for fabrication of STF. Silica ratios were 

determined as 30%, 40% and 50%. AEROSIL 200 was 

selected as silica particles and PEG 400 as polyethylene 

glycol. Properties of AEROSIL and PEG 400 are presented 

at Tables 1 and 2. 

Table 1 

AEROSIL 200 properties 

Density, g/cm3 2,2 

pH 3,7-4,7 

Particle Size, nm 12 

Surface Area, m2/g 200±25 

Table 2 

PEG 400 properties 

Density, g/cm3 1.128 

pH 5-7 

Viscosity 90.0 cSt at Room Temp. 

Vapor Pressure <0.1 hPa (20 °C) 

 

Due to its non-toxic structure and thermal stabil-

ity, PEG 400 is a convenient agent. The weight fraction of 

silica in the STF was calculated using Eq. (1): 
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where: s is the weight of silica; F is weight of STF. Due to 

its nature STF presents high viscosity under shear, so the 

mixing process should be carried out with other mixers 

such as sonic homogenisers. To ensure uniform distribu-

tion of silica particles in PEG, STF was mixed with etha-

nol. Ethanol also allows STF to be more easily absorbed by 

the Kevlar fabric. Silica and PEG 400 were mixed mechan-

ically for 15 minutes. After that, ethanol was added to the 

suspension and mechanical mixing continued for another 

10 minutes. Table 3 shows the mixing ratios of ratios of 

the prepared STF’s. After the mechanical mixing was 

completed, the STF was sonicated with 50% pulse at a 

temperature of 50ºC using the VibraCell Sonics VCX 750 

sonic homogenizer.  

 

Fig. 1 Aramid fabrics and stitch pattern 

 

The sonic mixing duration is 45 minutes, the time 

when silica agglomeration completely dispersed in the 

30%. Silica is agglomerated on the top of the fluid, and it 

is observed until dispersion. However, with an increase in 

the silica ratio, the time is extended for the agglomeration 

in the mixture to dissipate. For this reason, different dura-

tions have been tried for other liquids and the most ideal 

times for which the agglomeration is distributed have been 

determined. Sonic homogenization is an effective method 

of providing a homogeneous distribution for such fluids 

with high viscosity. 

Table 3 

STF weight fractions and shear homogenization durations 

Sample 

name 
Silica 

ratio 
PEG 

ratio 
Ethanol 

ratio 
Mixing time, 

minutes 
% 30 % 30 %70 % 150 45 
% 40 % 40 % 60 % 200 60 
% 50 %  % 50 % 250 90 

 

To ensure that the liquid is completely distributed 

over the fabrics a brush is used. Fabrics were impregnated 

for 15 minutes. It is compressed with a double roller so 

that excess liquid is removed from the fabric and the liquid 

spreads uniformly through the fabric. Then the fabrics 

were left in the oven for half an hour at a temperature of 

80ºC to evaporate the ethanol. The Kevlar fibers are then 

stitched together for the ballistic and drop test. 

2.1. Low-speed impact tests 

Low-speed impact tests were performed using the 

Instron CEAST 9350 Drop Tower Impact System at the 

Materials Laboratory of the Mechanical Engineering De-

partment of National Defence University depicted in 

Fig. 2. Test specimen is subjected to impact with a striker 

with a hemispherical tip. Since parameters such as the 

mass of the impact force and the height of the fall are 

known in advance, the potential energy of the drop weight 

is calculated before the test. A witness glass fiber plate 

with a thickness of 15 mm [0/90] was placed behind it to 

prevent Kevlar fabrics from slipping. Witness glass plate is 

also useful for observing the performance of fabrics more 

clearly. 

 

Fig. 2 Drop test instrument 

  

As shown in Fig. 3, a pulse tip with an ogive ge-

ometry with a diameter of 16 mm and a length of 50 mm 

was used in weight reduction tests. The impact tip with a 

hardness of 60 Rockwell is made of DIN 1.2550 steel. The 

CRH value defined as the ratio of the radius of curvature of 

the impact tip s to the diameter d of the impact tip s/d is 1.  

 

Fig. 3 Low speed impactor tip 

2.2. Ballistic impact tests 

According to NIJ 0101.06 [24], there are criterias 

such as ambient conditions and the angle of arrival of the 

bullet. The ambient temperature of the shot should be 21°C 

± 2.9°C and the relative humidity should also be 50% ± 
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20%. In addition, there should be a distance 15 ± 1.0 me-

ters between the barrel and the test sample. Chronographs 

for measuring bullet velocity should be 2.5 ± 0.025 m 

away from the support. As another requirement, the angle 

of arrival of the bullet must be less than 5º at the time of 

impact. Shots that hit the test sample when the bullet is 

fired at larger angles from this angle are not considered as 

“fair” hits. 

There are several procedures that must be carried 

out for compliance with the test before the ballistic test. A 

support material made of Roma Plastilina clay is placed on 

the back of the armor sample, which is mentioned in the 

NIJ standards. As a result of this test, known as the P-BFS 

test, the cavity formed on the back of the armor is clearly 

visible along with the clay, so it becomes clear whether the 

armor provides the necessary protection. 

Level II ballistic parameters are selected for shot 

test. Since the samples are not ballistic plates, Level II pa-

rameters are suitable for observing the BFS values. Level 

II body armor is an ideal level for law enforcement agen-

cies. This kind of protection is usually found in soft body 

armored vests, it is usually the lightest, most flexible, and 

easiest to hide. The characteristics of the projectile are giv-

en in Table 4.  

Table 4 

Bullet parameters 

NIJ Level Projectile Projectile speed Weight 

II 9 mm FMJ RN 398±9,1 m/s 8 gr 

 

According to NIJ standards, 6 shots per sample 

are required. The first, second and third shots must meet 

the requirements of the edge-to-edge shooting distance, the 

minimum edge-to-edge shooting distance should not ex-

ceed 76 mm from the edge of the panel. The fourth, fifth 

and sixth shots can be located at any point on the sample 

but must be collected in a circle with a diameter of 

100 mm. Considering these conditions, a shooting pattern 

was created.  

 

3. Results and discussion 

3.1. Rheologic behavior of STF 

Rheological measurements and microstructure 

studies were carried out to understand the general behavior 

of STF’s. For rheological measurements, TA Instruments 

Ares Rheometer with concentric cylinder with a length of 

40 mm, an inner diameter of 32 mm and an outer diameter 

of 34 mm was used.  

After the ethanol in the STF was evaporated, rhe-

ological measurements were conducted at room tempera-

ture. Fig. 4 shows the viscosity-shear rate curve of liquids. 

Liquids were able to show the thickening effect. However, 

no data could be retrieved from the 50% silica because the 

fluid is solidified after ethanol evaporation. Rheologic be-

havior of the fluids shows that there are two regions: shear-

thinning and shear-thickening. The critical shear rate is the 

rate at which the liquid begins to thicken. 

JEOL JCM 6000 PLUS Scanning Electron Micro-

scope (SEM) device was used to study the microstructure 

of the liquid. Fig. 5 shows STF with 40% silica ratio. It is 

observed that STF solidifies and becomes gel-like in the 

high vacuum environment. 

 

Fig. 4 Steady-shear rheology of STF’s at ambient tempera-

ture 

 

 a                                              b 

Fig. 5 a) STF cluster; b) STF cluster  

3.2. Characteristics of STF/Fabric 

3.2.1. Drop test results 

Low-velocity dynamic impact tests were carried 

out for both neat and STF impregnated fabric samples. 

Drop tests were performed with an energy of 300 J and it 

was examined how much energy the structure damped. As 

a result of low-speed impact tests, energy data from the 

force-displacement-time curves were created using the 

program. The specimen is fixed from 4 points on the sam-

ple with a horizontal clamp element consisting of a solid 

steel body. Thus, it is ensured that the force transmitted 

during the impact does not affect the results. 

The damage on the fabrics and the witness plate 

has been examined. The depth and diameter of the punc-

ture in the fabrics were measured, the damped energy and 

force-displacement graphs were created. Images of the 

samples and the witness plates are depicted in Fig. 6. 

Sewing threads of the dry Kevlar specimen were 

mostly ripped, damage was observed on the fibers of the 

primary zone, which directly handled the damage, and the 

secondary zone, which contributed to the damping of the 

impact. Dry Kevlar specimen absorbed 140 J of energy, the 

penetration depth was recorded as 15.90 mm and the dam-

age diameter was recorded as 25.40 mm. 30% STF/Kevlar 

samples showed detachments in the sewing threads. Dam-

age in the primary zone is seen more clearly. % 30 

STF/Kevlar specimen absorbed 221 J of energy, the pene-

tration depth was recorded as 10.30 mm and the damage 

diameter was recorded as 18.31 mm. The structural integri-

ty of the threads in the secondary zone preserved better and 

the damage remains only at the point of impact. The de-

tachments observed on the sewing threads in 40% 

STF/Kevlar samples are very small. The highest energy 

absorbing was recorded as 232 J in the 40% STF/Kevlar. 
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                                                          a                                                                                  b 

 

                                                          c                                                                                  d 

 

                                                          e                                                                                  f 

 

                                                          g                                                                                  h 

Fig. 6 a) Dry Kevlar; b) Dry Kevlar’s witness plate; c) 30% STF/Kevlar; d) 30% STF/Kevlar’s witness pate; e) 40% 

STF/Kevlar; f) 40% STF/Kevlar’s witness plate; g) 50% STF/Kevlar; h) 50% STF/Kevlar’s witness plate 
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sample. The penetration depth was recorded as 8.39 mm 

and the damage diameter was recorded as 14.80 mm. Just 

like with the 40% STF/Kevlar, 50% STF/Kevlar samples 

depicted few detachments on the sewing threads. However, 

the damped energy decreased, obtained as 227 J. The depth 

was recorded as 7.26 mm and the damage diameter as 

11.93 mm.  

The force-time, energy-time and force-

displacement graphs obtained from the 300 J reduction 

tests are shown in Fig. 7. There is an increase in impact 

damping and the time spent by the striking mass on Kevlar 

fabrics was observed with an increase in the silica ratio, as 

well as an increase in the time spent on Kevlar fabrics. It 

has been noted that the “Hertzian threshold” at which the 

damage to the witness samples began is improved. At the 

Hertzian damage threshold point, the formation of matrix 

cracking or delamination in the glass composite occurs. 

Table 5 shows the results of the drop test. With an increase 

in the proportion of silica in liquids impregnated with Kev-

lar fabrics, size of the damage gets smaller. The size of the 

cracks on the upper side of the witness plate placed on the 

back was also measured and the damage was examined. 

 

 

a 

 

b 

 

c 

Fig. 7 a) Absorbed energy-time graph; b) Load-time graph; c) Load-displacement graph 
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Table 5  

300J Drop test results 

 
Dry  

Kevlar 
30% 

STF/Kevlar 
40% 

STF/Kevlar 
50% 

STF/Kevlar 
Kevlar penetra-

tion depth, mm 15,90 10,30 8,39 7,26 

Kevlar penetra-

tion diameter, 

mm 
25,40 18,31 14,80 11,93 

Witness plate 

penetration 

depth, mm 

4,5 3,32 2,63 2,48 

Absorbed ener-

gy, J 
140 221 232 227 

Maximum load, 

N 23238,98 25282,11 27061,18 28631,75 

Time, ms 2,79 4,04 4,20 4,28 
Impact speed, 

m/s 4,50 4,50 4,50 4,50 

3.2.2. Ballistic test results 

The experimental results were compared based on 

the BFS of the fabrics. The trauma values allow evaluating 

and comparing fabrics for ballistic efficiency. The effect of 

different ratios of STF on ballistic performance and com-

pliance with NIJ Level II were discussed based on the col-

lected results.  

Images of fabrics after the ballistic tests are given 

in Fig. 8. All trauma values of dry Kevlar specimen were 

below the 44 mm specified as standard. Bullets stopped at 

15th layer. The sample is partially penetrated, the inlet 

diameter of the bullet on the front side is relatively medi-

um in size, fiber pullout has occurred at the last layer. Fi-

ber damage have been observed on the front face, the fi-

bers can be decoupled with a very small force. For 30% 

STF/Kevlar specimen, desired trauma values were ob-

tained for first 4 shots. However, 5th and 6th the shots had 

a complete penetration.  For 30% STF/Kevlar specimen, it 

is observed that the STF didn’t distributed homogeneously 

to the fabrics and seperation has occured between the lay-

ers after couple of shots, which decreases ballistic perfor-

mance. 

All trauma values were below the 44 mm for 40% 

STF/Kevlar sample. Bullets stopped at 15th layer. The 

sample is partially penetrated, and it has been observed 

that the inlet diameters of the bullets are narrower than all 

the samples. Fiber pullout were observed at bullet penetra-

tion points. On the other hand, it was observed that 2 out of 

6 shots did not leave any kind of damage on the back sur-

face of the sample (Fig. 8, c) which also leads that 40% 

STF/Kevlar specimen is superior to other ones. The sample 

with the highest resistance in terms of damage was 40% 

STF/Kevlar by visual examination. Like 40% STF/Kevlar 

samples, improvement of damage absorbtion for 50% 

STF/Kevlar had recorded. Fiber pullout and breakage were 

observed at 5 shot locations at backface. Increase in ballis-

tic performance was expected as the silica ratio increase. 

 

 

                                                                 a                                                                 b 

 

                                                                 c                                                                  d 

Fig. 8 a) Dry Kevlar samples; b) 30% STF/Kevlar; c) 40% STF/Kevlar; d) 50% STF/Kevlar 

 

Although, trauma values were better than untreat-

ed dry sample, 50% STF did not give the best results. Ta-

ble 6 shows the results of the ballistic test of samples 

against 9 mm threat. The comparison of the trauma values 

and averages in the shots is given in Fig. 9.  

The difference between the highest and lowest 

trauma values in dry Kevlar samples was recorded as 

8.02 mm. 30% STF/Kevlar sample performed 2% better 

than plain fabrics based on obtained trauma values. 50% 

STF/Kevlar fabrics showed 15% better ballistic perfor-

mance than plain fabrics. 40% STF/Kevlar sample showed 

the best ballistic performance among them. It showed 

26.17% superior ballistic performance compared to un-

treated Kevlar samples according to average BFS.  
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Table 6 

Ballistic test results 

 1st shot 

BFS, 

mm 

2nd shot 

BFS, 

mm 

3rd shot 

BFS, mm 

4th shot 

BFS, mm 

5th shot 

BFS, mm 

6th shot 

BFS, mm 

The layer 

where bullet 

stops 

Specimen 

thickness, 

mm 

Specimen 

weight, 

kg 

Average projec-

tile speed,  

m/s 

Dry Kevlar 36,77 36,38 33,74 35,71 41,76 35,02 15 5,75 0,65 387,5 

30% 

STF/Kevlar 

38,58 29,48 44,09 31,17 Penetrated Penetrated - 6,6 1,20 392,8 

40% 

STF/Kevlar 

28,95 29,29 27,27 23,15 24,65 28,64 16 7,7 1,1 395,5 

50% 

STF/Kevlar 

27,66 35,19 29,70 32,49 28,4 32,95 17 9,3 1,05 394,5 

 
Fig. 9 BFS graph 

 

a                                                            b 

 

c                                                            d 

Fig. 10 a) Untreated fabric; b) 30% STF/Kevlar; c) 40% STF/Kevlar; d) 50% STF/Kevlar 

 

The reason why 50% STF/Kevlar performs less 

than 40% sample; it is considered as the increase in clump-

ing in the liquid and the lack of polyethylene glycol, which 

is the holding media that will fill the yarns sufficiently as 
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in other samples. Although it is thought that ballistic be-

havior is improved with the increase in friction between 

the yarns in 50% STF/Kevlar structure, it is understood 

that shear thickening remains relatively weak compared to 

the others. It is believed that 50% silica STF reached satu-

ration. In addition, it is expected that the trauma values 

will be much lower if the middle section of the fabrics 

stitched along with the edges. Due to the difficulty of such 

sewing operations, it is necessary to turn to alternative 

production methods in which the fabrics stick tightly to-

gether. 

3.2.3. STF/Fabric SEM images 

SEM images of fabrics are shown in Fig. 10. Im-

ages are taken with JEOL JCM 6000 PLUS. As can be 

seen in 30% and 40% STF/Kevlar samples, STF has large-

ly covered the fibers, STF/Fiber integrity was also 

achieved by filling between the threads and forming a solid 

structure. However, the SEM image of 50% STF/Kevlar 

sample could not fill the gaps and cover the fibers like in 

other samples. SEM images and obtained ballistic and low 

speed impact tests are consistent with each other. 

 

4. Conclusions 

 

In this study, silica and polyethylene glycol used 

to create STF with different mass fractions, to understand 

the change of the ballistic performance of the fabrics with 

STF. Dry and liquid impregnated samples were subjected 

to low and high-speed impact tests.  

Rheological measurements of the STF conducted 

using SEM. By investigating different silica concentrations 

in STF, it is understood that increasing silica nanoparticles 

in STF until 40 wt% is a substantial mechanism for the 

thickening behaviour. Because of the further increment of 

silica in STF, rheologic behaviour of 50% STF could not 

be observed. This is attributed to the non-uniform disper-

sion and lack of polyethylene glycol in STF. 

Drop tower tests have shown that STF impregna-

tion of fabrics increases impact resistance at low speeds. A 

witness sample was placed behind the aramid fabrics to 

prevent slipping, and the damage to the witness sample 

was examined along with the fabrics. It was observed that 

the damping increased as the silica content in the liquid 

increased. In addition, the findings were reflected in the 

damage seen by the witness plate.To understand the 

change in the behaviour of Kevlar fabrics, they were sub-

jected to impacts at high speeds. After the liquid is pre-

pared, the fabrics are immersed in the liquid, fed with a 

brush to ensure a uniform structure of the order possible 

and passed through double rollers. In high-speed tests, 

shots were fired in accordance with the NIJ 0101.06 stand-

ard. 9 mm ammunition was fired at a speed of 398±9 m/s 

at the NIJ II level at STF/Kevlar samples. 40% STF/Kevlar 

specimen showed the best ballistic performance among 

others. 40% STF/Kevlar fabric gave an average of 27% 

improved trauma results compared to dry Kevlar sample. 

While an improvement in ballistic behaviour is expected 

with an increase in the silica ratio, the performance of the 

50% STF/Kevlar sample was weaker than the 40% 

STF/Kevlar sample, which is thought to be due to the lack 

of polyethylene glycol, that the liquid cannot enter suffi-

ciently between the threads. 

SEM images of dry and impregnated fabrics have 

been studied. Apart from the 50% STF/Kevlar sample, the 

other two liquid/fiber samples distributed better between 

the fabrics and formed a homogeneous structure by wrap-

ping the fibers. The SEM images support the results ob-

tained in the shot test. Low speed test results do agree well 

with the ballistic tests. It is believed that the shear-

thickening materials may exhibit strong impact resistance 

for other fabrics, and they are expected to have potential in 

the soft body armor. 
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M. B. Zeka, A. Aytaç 

INVESTIGATION OF IMPACT PERFORMANCE OF 

STF IMPRAGNATED COMPOSITES 

S u m m a r y 

It is important to achieve high strength, high 

modulus of elasticity, good energy damping for light-

weight armor materials. For this purpose, two or more sim-

ilar or different materials are combined at the macro level. 

In this way, a new structure emerges that we call compo-

site material. A composite is a new structure in which the 

good properties of the components in its structure become 

evident in the material. Research on the production and 

mechanical properties of composites that meet the needs of 

the developing technology continues. Military personnel, 

armored vehicles and many security elements are tested in 

the field with a lot of threats (such as mines, armor pierc-

ing ammunition, explosives etc.). Therefore, the armor 

used by security elements should be strengthened without 

compromising features such as lightness, cost and long-

term use. This study covers the development of Kevlar's 

ballistic properties by impregnating Shear Thickening Flu-

id (STF). STF is composed of silica (AEROSIL 200) and 

polyethylene glycol (PEG 400). STF-impregnated Kevlar 

fibers have been subjected to impact testing at low and 

high speeds. Low-speed tests were carried out with a drop 

tower. High-speed tests were carried out according to NIJ 

0101.06 Level II standards. The mass fraction of silica in 

the STF was determined as the research parameter. The 

change in the behavior of the materials with the change of 

silica ratio was investigated; Although improvements were 

observed in energy dissipation in low-speed impacts, it was 

noted that ballistic behavior improved up to a certain point, 

and then the improvement in behavior decreased. 

Keywords: shear thickening fluid, kevlar, drop test, ballis-

tic performance, aramid. 
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