TECHNICKA UNIVERZITA V LIBERCI
Fakulta textilni [ |

Tkaniny se zvysenou odolnosti proti prorezani

Disertacni prace

Studijni program:  P3106 - Textile Engineering

Studijni obor: 3106V015 - Textile Technics and Materials Engineering
Autor prdce: Muhammad Usman Javaid
Vedouci prdce: Ing. Jana Salacova, Ph.D.

Liberec 2019



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

Knife Stabbing Resistance of Woven Fabrics

Study programme:

Study branch:

Author:
Supervisor:

Dissertation

P3106 - Textile Engineering
3106V015 - Textile Technics and Materials Engineering

Muhammad Usman Javaid
Ing. Jana Salacova, Ph.D.

Liberec 2019



Declaration

| hereby certify | have been informed that my dissertation is fully go-
verned by Act No. 121/2000 Coll., the Copyright Act, in particular Ar-
ticle 60 — School Work.

I acknowledge that the Technical University of Liberec (TUL) does not
infringe my copyrights by using my dissertation for the TULs internal
purposes.

I am aware of my obligation to inform the TUL on having used or gran-
ted license to use the results of my dissertation; in such a case the TUL
may require reimbursement of the costs incurred for creating the re-
sult up to their actual amount.

| have written my dissertation myself using the literature listed below
and consulting it with my thesis supervisor and my tutor.

At the same time, | honestly declare that the texts of the printed versi-
on of my dissertation and of the electronic version uploaded into the
IS STAG are identical.

29.4.2019 Muhammad Usman Javaid



@(e&’i«(l/ﬁn

S dedicate my work lo my M/é and fids, who d’/%’é/fe(/ my absence and remain s /)or/c'/y (l//z(//éa/('e/z/.



Acknowledgment

| thank Allah, The Almighty, The Creator, The Most Beneficent and The Merciful. | thank the
Last Messenger of Allah, Muhammad (SAW), for being what | am and to my parents and
family.

I am highly obliged and thankful to the administration of Technical University of Liberec to
offer us admission in Ph.D. and to provide us with the facilities to live in Czech Republic,
study, and to earn doctorate degree.

I recognise the Technical University of Liberec through Professor Jifi Militky, CSc., he is the
symbol of kindness and knowledge. His support, guidance, and help remained all the way of
my Ph.D. | thank him from my heart and well wish for his life and prosperity.

| am thankful to my supervisor Jana Salacova, Ph.D. and prof. Jakub Wiener, Ph.D. for their
continuous support and guidance. | also thank, Assoc. prof. Dr. Dana Kiemenakova, Assoc.
prof. Rajesh Mishra, Ph.D. and Vijaykumar Narayandas Baheti, Ph.D. for their support. I am
thankful to Blanka Tomkovéa, Ph.D., Veronika Tunakova, Ph.D., Miroslava Pechociakova,
Ph.D., and all the members of the Department of Material Engineering. Especially, 1 am
thankful to Jana Grabmiillerova, Jana Stranska, Jitka Novakova, Marie KaSparova Ph.D.,
Martina Cimburova, Jana Candova, and Peter Tref4s.

I am thankful to all the departments of TUL who helped and supported me to complete my
work. | am much thankful to Mrs. Sarka Rezni¢kova for her support and help in measurements
in the laboratory. | thank Prof. Ing. Lubo$ Hes, DrSc., doc. Ing. Maro§ Tunak, Ph.D., Ing. Vit
Lédl, Ph.D. and Ing. Pavel Psota, Ph.D. and people at CXI, who helped me in the research.

| want to say thanks to prof. Ing. Izabella Krucinska Ph.D., Ing. Jacek Rutkowski Ph.D., and
Ing. Zbigniew Draczynski Ph.D. who supported me to complete the stab testing at the Lodz
University of Technology. | am also very grateful to Ing. Josef Vecernik Ph.D. for his support.

| am very grateful to all my Pakistani colleagues, especially to Mr. Qummer Zia Gilani, Ing.
Adnan Mazari Ph.D., and Dr. Abdul Jabbar for their courage, support, and guidance. | want to
appreciate Dr. Bandu M. Kale, Mr. Abdelhamid and Dr. Moaz El Deeb, Mr. Tao Yang, and
Dr. Juan Huang for their care and regard.

| want to say many thanks to Ing. Hana Musilova and Bohumila Keilova for looking after and
caring for our documentation and academic affairs. Their kind guidance helped a lot, | wish
them prosperity and good will.

I am greatly thankful to the University administration, Jana Drasarova, Ing. Gabriela
Krupincova, Ph.D., and Prof. Dr. Ing. Zdenék Kis (former rector TUL). Their continuous
support for international students made our research degree possible.



TABLE OF CONTENTS

TABLE OF CONTENTS ....cuutiiiitiiitiieittteattaesteeeabeaeasbeeaasbeeaasbeeeasbe e s asbeeaasseeaabeeeanneessneeeanneeeanes VI
LIST OF FIGURES ......coouiiiiiiiiiiiiii ettt e e Xl
LIST OF TABLES.......ooiitiiitiiiiieitie sttt sttt nne e e e se e s e e sme e s nneeabe e s s e e nneeanneenneeanne e XVI
List of Symbols / ADDreviations...........ccccviieiiiii i XVIII
ABSTRACT ...ttt ettt ettt ettt ettt ekttt e s skt oo s ket e 4R bt e e ah ket e e h b et e e h b e e e e R b e e e ah b e e ekt e e e kb e e e nr e e e nreeennes XIX
N 011 0 XXI
MBI et te e ebe e te et e abe e te et e abe e te et e abeeteeaeeabeeteeaeenbeenreanes XXM
CHAPTER L.ttt e e b e e b e e e e e e s e e nane s 1
I 1 01 ¢ oo (3 o] o OSSP PSPPSR 2
(O 7 2 = PSP OTR SRR 4
2. AIMS AN ODJECTIVES ......oiiiiiiiciieiee ettt 5

2.1. To study stab resistance of para-Aramid woven fabrics at various knife

PENETratioN AIFECTIONS ..ottt bbb bbbt 5
2.2. To observe the interaction of knife and yarns of the fabrics...............c..c.......... 6
2.3. To observe the effect of change in friction on the stab resistance of fabrics....6
2.4, To observe the effect of stacking orientation and knife penetration direction 6
CHAPTER 3.tttk bbbt Rt bt e st h bt e he e b e e bt et e b e bt e bt n bt e b e e e aneenne s 8
3. STALE OF ThE ATt b bbb 9
3.1. What IS STADDING?. ..o 9
3.2. Types of Actions During Stabbing:..........cccocvviiiiiie i 10
3.3. Stabbing INSTFUMENTS ......ooiiie e e 10



3.4. Structure and properties of para-Aramids...........ccccevveveiienieeie e 11

3.5. Commercial products of para-Aramids ..........ccccceevveieiieiieeie e 12
3.6. Ballistic Resistance versus Stab Resistance...........ccccooevviiiiniiniiceee, 13
3.7. Surface Modification Technologies Used to Enhance Stab Resistance .......... 14
3.7.1. Hard Particles COating .........ccocuiiiiiiiiee e 14
3.7.2. Shear Thickening FIUIA (STF) .ocvoiveiiieceee e 15
3.7.3. Surface modification by different particles.........c.cccevvvieviviieieve e, 16

3.8. Role of Inter-yarn friction on impact loading...........ccccccevvviveiieiiivc i 16
3.9. Anisotropic behaviour of High Modulus fibres against sharp blades ............ 17
3.10.  Importance of Blade Orientation in Cutting Resistance of Fabric................. 18
3.11.  Effect of plies orientation textile resisting against impacting load ................. 18
3.12.  Various methods of stab teSting .........cccccevvveviiiiiic e, 18
3.12.1. Drop-tower (drop-weight) teStiNG .......ceccveieiiiiececeece e 18
3.12.2. QuASI-StatiC StaD TESTING.......coeiieeieiieie e 19
3.12.3. Biaxial measurement deVICE.........ccuuiiiiieiereireeeee e 20
313, Prediction MOGEIS .........ooiiiiiiiiee e 20
314, Yarn PUll-OUL FOFCE....cuiiiiiicie e 22
CHAPTER 4. bbb bbb e nr s 23
4. Materials and MEethOdS: ..........ccoiiiiiii s 24
4.1. IMIAEETTAIS: ..t 24
4.1.1. FADTIC. .. 24

\l



4.1.2. WVALET GIASS ...ttt e e e e e e e e e e e e e e e aeeenes 25

4.1.3. Titanium dioXide (TIO2) ... coueeririeirirese e 25

4.2. IMIEENOOS ... 26
4.2.1. Surface MOAIFICATIONS .........coiiiiiiiiie e 26
4.2.2. Stab Resistance MeasUrEMENTS ........ccueiveieriririerieieie e 29
4.2.3. Imaging and Topography ANAIYSIS .........ccccevveieiiieiieie e 33
4.2.4. Mechanical CharaCterization.............coeovirereiinesese e 35
4.2.5. Comfort and Friction Characterisation.............ccouereiniineneieneneseseeeees 38
CHAPTER Dottt b et h bbbt b e et b e bt et e b e 41
5. RESUITS aNd DISCUSSIONS: ......cuiiiiiiieieieitesie sttt 42
5.1 Comfort CharaCterization: ..o e 42
5.1.1. AT PErmMEADITILY ...c.veciieece e e 42
5.1.2. Bending RIGIAILY ......ooviiieiiec e 43
5.1.3. Coefficient OF FrICTION ........ccoiiiiiiiiee e 44
5.14. SUIACE ROUGNNESS ...ttt e 45

5.2. Physical Characteristics of FabriCs. ..o 45
5.3. Change in Knife SRArpness ........coooviiieie e 47

5.4. Effect of Different surface modifications on QSKPR and Penetration Energy

49
54.1. Silicon dioxide DepOSItION ..........ccviiiieiieiieecee e 49
5.4.2. Ozone and WG TreAMENT.......c.vviiieieieie et 51
5.4.3. Titanium dioXide TreatmMent...........covviriieieiee e 53



5.5.

5.5.1.

5.5.2.

5.5.8.

5.6.

5.6.1.

5.6.2.

5.7.

5.7.1.

5.7.2.

5.7.3.

5.8.

5.8.1.

5.8.2.

5.9.

5.10.

5.11.

5.12.

5.12.1.

5.12.2.

5.12.3.

Deposition Of the SIO2 LAYET .......ccccviiiiiieieiese e 55

SEM IMAJES: ..iteiteeiit ettt e et sre e te e e re e e 55
FTIR SPECIIOSCOPY .....viveeiieiriiiieiti ettt 55
EDX ANAIYSIS ...ttt 56
Change in surface friCtioN.........cccooeiieiie e 57
The effect of surface friction changes on QSKPR:.........ccccceveiievviieiienee, 57
The Relation of QSKPR with the amount of deposition and friction ............ 59
The effect of KPA 0N QSKPR ......oooiiiiiiieccec ettt 60
Orientation of yarns at different penetration angles...........c.ccococvriiniininennen, 61
Warp and Weft complementary cutting behaviour .............c.ccocvviiiniciennn, 63
Fourier function FIttiNg: .......cccooveiicc e 65
VB0 ANAIYSIS....cviiiiiiieite ettt e et ta e ste e e e e nne s 66
Blunt side Yarn fraCture ..........coveiveie i 67
Sharp Side Yarn fraCtUure.........ccoeoiieie e 70
Cutting Resistance of Individual Yarns..........c.ccoccoiiiiiiiiineeee 71
Yarn PUIl QUL FOFCE ..o s 75
Yarn SHding RESISTANCE .........cccveiviiieieccie et 78
Effect of Layers orientation............ccccoeiieii s 80
Effect Of StaCKiNg........cooviiiiiic e 80
Effect of Stacking Angle and KPA on QSKPR and PE...........c.ccocvvviiinnne 82
Force-Displacement Curves of Different KPAS..........ccccooovvievieeieiiieneeieennn 84



5.12.4. Generalizing single quadrant QSKPR over 360° ..........ccccoevviieiiieresieeseenan, 86

5.12.5. Effect of Thickness on QSKPR...........ccciiiiiii i 87
5.13.  Dynamic Stab ResiStance (DSR) .......cccooiiiiiiiiiiienieeee e 87
CHAPTER Bttt b et b bbbt nn e 89
6. Conclusions, Applications and FUture WOork..........cccccooovieniieniencse e 90
6.1. CONCIUSIONS. ...ttt 90
6.2. N o] o] [To% 1 1 o] o -SSR 92
6.2.1. Knife stab evaluation............cocooiiiiiiiiee e 92
6.2.2. StACKING OFENTALION. ... .ottt 92
6.2.3. Ozone treatment and SiO2 deposition Method .............ccceeeveiininiiiccee, 92

6.3. FULUIE WOTK ..o 92
REFERENCES. .....ceutututtetetesttststeteseestste e e et sese ettt et ettt et s ettt e b e b st e e et b n et bbbt nn bt 93
PUBIICAtIONS @NA CV ... 104



LIST OF FIGURES
Figure 1: (a) Knife Stabbing Action, (b) Various types of knives used for stabbing [41], (c)
Various type of stab threats [16] (d) Example of icepick [13] .......ccccoiriiivinennnn. 10
Figure 2: Polymeric Structure of Twaron® (poly-para-Phenylene-terephthalamide) (PPTA)11
Figure 3: Showing molecular packing of PPTA crystal (a) hydrogen bonding in AB plane and

absence in CD plane, (b) showing separate sheets when viewing along chains [23]

................................................................................................................................ 12
Figure 4: Radial pleated structure of para-Aramids [23] ........cccoeieiiiiieneree e, 12
Figure 5: Fabric requirement of Ballistic versus Stab resistant system [18] .........ccccccevvenenne. 13
Figure 6: Knife edge before (a) and after (b) six penetrations in ceramic coated textiles,

reproduced FromM [52] ....c.ooiiiiiii e 15
Figure 7: Hllustrating the behaviour of different suspensions showing shear thickening and

thinning, reproduced from [63].........cooiiiiiiiiiie e 15

Figure 8: (a) Cut resistance of single fiber para-Aramids measured at different cutting angles
by Mayo & Wetzel [30], (b) Effect of Yarn cutting angle on cutting energy
measured by Shin & ShOCKeY [40] .....cooiiiiiiie e 17

Figure 9: Biaxial Stab testing device, reproduced from reference [78]........c.ccocvvvriiinininnn. 20

Figure 10: Reference image from refence , (a) showing imbalce crimp between warp and weft
yarns, (b) yarn sliding resistance, (c) Free-body diagram for single cross-overand
yarn tension, (d) penetration of bullet into the fabric, and (e) yarn pull-out
resistance and contact angle of each interlacement [70]........ccccociiiiiiniiicnen, 21

Figure 11: Schematic drawings of different methods of yarn pull-out from the fabric,

reproduced from [82], [B3] ....eovereririiiiieie et 22
Figure 12: Microscopic image of (a) Neat, (b) S3 and (C) S4 fabrics..........ccccvvrvnviiiiiniinnn, 24
Figure 13: Summery of methods followed in thisS WOrK ...........ccccooiiiiiinencee, 26



Figure 14:

Steps of surface modifications for different techniques, (a) Methanol Washing
steps for Neat samples, (b) Steps followed for TiO2 Treatment, (c) Steps followed

for SiO; treatment, and (d) Steps followed for Ozone pre-treatment and post-

treatment With WG.........oooiie e 27
Figure: 15 Hlustration of Ozone Medium Set-UP........ccccverreiieiieeieiie e 28
Figure 16: (a) Universal Testing Machine (TESTOMETIC M350-10CT), (b) Cross-head
installed with knife and (c) Geometry of CKB-2 (K1) .....ccccccovviivevviiieiieieeie i 29
Figure 17: lllustration of different Knife Penetration Angles..........cccooevviviiieie s 31
Figure 18: llustration of knife CUttiNg aXiS .......ccccovivieiieii e 31
Figure 19: Camera Set-up for tracking knife penetration .............cccccevveviiiiiiiece e 32
Figure 20: (a) Drop-weight measurement set-up for DSR, (b) Backing / Damping material
arrangement and (c) lllustration of 8 sheets stacking orientation.......................... 33
Figure 21: Description of yarn pull-0Ut SETUP.......cc.eivieiieii e 35
Figure 22: (a) Illustration describing setup for individual yarn cutting resistance measurement
and (b) Free body diagram for resolution of forces at yarn rapture point.............. 36
Figure 23: Yarn sliding resistance measurement Setup [83].......cccvevvvvieviiiieiieieeie e 37
Figure 24: Definition of BR MeaSUIrEMENTS. .........cceiieiierieiie et sre e 39
Figure 25: Fabric Feel Tester (SDL ALIAS) .......ccoveiiiieiice e 39
Figure 26: Definition of surface roughness ..........cccoeiieii e 40
Figure 27: Air permeability of various treated fabrics..........c.cocoovveiiiciccc 42
Figure 28: Bending rigidity of treated and untreated fabrics...........c.ccccvvviviiiieii i, 43
Figure 29: Change in coefficient of friction from Neat to treated fabrics ...........ccccoevvennnnn. 44
Figure 30: Surface roughness in terms of waviness amplitude and wavelength ..................... 45
Figure 31: Cross-sectional images of warp and weft yarns of treated and untreated fabrics. .47

Xl



Figure 32:

Figure 33:

Figure 34:

Figure 35:

Figure 36:

Figure 37:
Figure 38:
Figure 39:
Figure 40:

Figure 41:

Figure 42:

Figure 43:

Figure 44:

Figure 45:

Figure 46:

Surface scan data in graphical format for edge variations of (a) virgin knife (b)
same knife after penetrations (c) 3D surface scanned image, and (d) is showing
cross-sectional view of knife for edge diameter measurement. .............ccccecvvenen. 48
Effect of WG treatment on QSKPR and Energy at peak resistance....................... 50
SEM images of different treated samples showing surface topography of (a) Neat,

(b) S3, (c) S4, (d) 2-hour Ozone treated, (e) Ozone and WG treated and (f)

Titanium dioxide treated T5 fabric samples ..., 51
Effect of Ozone treatment time on Ozonized only and Ozone + WG treated fabrics
................................................................................................................................ 52
Effect WG concentration on QSKPR and Penetration Energy of Ozonized and WG
treAted FADFICS ... o 52
Effect of increasing TiO- concentration on QSKPR and Energy at peak .............. 54
FTIR spectra of untreated and treated samples and silica powder ..............cc......... 55
EDX analysis of (a) Neat, (b) S3 and (c) S4 samples. .......cccccevvviveiieeiiiieieeie 56
QSKPR of different surface modified fabrics...........occovveviiiiiiiie e, 58
Force-displacement curves of Neat and S4 samples at different knife penetration
angles (best of various SAMPIES) ..........cccveviiieiicie e 59
Effect of change of surface friction on QSKPR .........cccccoviiiiiiiciccecece e 60
(a) Hlustration of the path, knife edge travels at different KPA, (b) yarn to yarn
distance and knife travel (t) at 0°, 90°, 22.5° and 67.5° and (c) at 45°.................. 62
SEM images of fibres removed from post-penetrated fabric samples. .................. 63

Comparison of the ultimate tensile strength of warp and weft yarns, removed from
FESPECLIVE TADFIC ..o 64
Comparison of predicted and measured QSKPR of different fabrics as different

KPS e 66

X



Figure 47:

Figure 48:

Figure 49:

Figure 50:

Figure 51:

Figure 52:

Figure 53:

Figure 54:

Figure 55:

Figure 56:

Figure 57:

Figure 58:

Figure 59:

Force-Displacement curve for Neat fabric at 0° KPA, label pointing fracture of
IFFEIENT YAIMNS ..o r e nre e 68
Camera images showing knife penetration for Neat fabric at 0° KPA, different

yarn fractures are labelled, at E, H and K knife penetrates without yarn fracture. 68

Force-Displacement curve for S4 fabric at 0 KPA, showing point of different
YaNS FTACTUIE ...ovvieece et e e nreas 69
Camera images showing knife penetration for S4 at 0° KPA, different yarn
fractures are labelled. ..o 69
(a) Mean Strain % of S4 and N analyzed from image analysis, (b) Travel of knife

edge before each yarn rupture and (c) Illustration of yarn strain before fracture..70
Mean curve for cutting resistance and cutting energy verses vertical and knife edge
displacement FOr NEAt WA ......ccecveiieiiiiiiiese et 72
Mean curve for cutting resistance and cutting energy verses vertical and knife edge
displacement for Neat Weft...........ccoiviiiii i 73
Mean curve for cutting resistance and cutting energy verses vertical and knife edge
displacement FOr SA WarP........c.coviieiieieec e 73
Mean curve for cutting resistance and cutting energy verses vertical and knife edge
displacement FOr SA Weft .........ooov i 74
Average Cut resistance and Cut Energy for different types of individual yarns....74
Force-displacement curve of Yarn Pull-out test............cccoveiiiieicci e 76
Yarn Pull-out resistance against opposing interlacements of yarns for warp and

weft of Neat and S4 FabriCS.... ..o 76
Mean Yarn pull-out resistance per interlacement for warp and weft direction of S4

AN NEAL FADIICS .. 77

XV



Figure 60:

Figure 61:

Figure 62:

Figure 63:

Figure 64:

Figure 65:

Figure 66:

Figure 67:

Figure 68:

Fabric samples installed on Universal Testing Machine, before (a) and after (b)
yarn sliding resistance MeasUrEMENL. .........cccviveivereeieeseere e 78
Fabric Sliding resistance, measured using wire loop pull up, in warp and weft
direction of Neat and S4 fabriCs.........ccooiiiiiiiiee e 79
Stacking of two sheets at different stacking angles, arrows representing warp
direction of respective fabriC ... 80
Change in QSKPR of different fabrics with different Stacking Angles at different
K P A S e r e re e 81
Change in Penetration Energy of fabrics with different Stacking Angles at
AIFFEIENT KPAS ... e 81
Orientation of warps and wefts for different sheets at different SAs..................... 83
Comparison of best curves observed for QSKPR (in blue color) and Penetration

Energy (in green color) at different KPAs for two-layers stacked at 0°,45° and 90°

Effect of change in SA on QSKPR of stack of two sheets, generalized to 360°....86

Comparison of dynamic stab resistance in terms of knife penetration depth for

Neat and S4 samples, (a) 0.74 Jand (D) 1.47 J...coveieieieeee e 88

XV



LIST OF TABLES

Table 1: Para-Aramids Mechanical Properties [5].......cccoereriiiriniiniiieiese e, 11
Table 2: FADIIC PAramELEIS .......coiiiieieeie ettt sttt sttt sreeneesneenneas 24
Table 3: Different concentrations of Sodium silicate SOIUtION ..o, 27
Table 4 Details of different TiO2 SOIULIONS ........coveiiiiiiiieic e, 28
Table 5: Details of Ozonized and SiO2 Deposited SamPIES ..........cooveveieienenininseeee, 29

Table 6: Dynamic stab resistance Samples details (95% confidence interval in parenthesis).32

Table 7: Air permeability of different fabric SAMPIES ..., 43
Table 8: Bending Rigidity of different fabriCs..........ccooviieiiiiiiiiiiecee e 43
Table 9: Coefficient of Friction for different fabrics............ccooviiiiiiiiiii e, 44
Table 10: Parameters of treated and untreated fabriCs..........cccovviiriiiiiciie, 46

Table 11: Measurement of mean edge diameter and roughness of virgin and penetrated knives

................................................................................................................................. 49
Table 12: Coefficients of 1st degree polynomial fit for QSKPR and PE vs WG Conc. and
Q00ANESS OF T ....eeeeieeeie et neenne e 50
Table 13: Coefficients of 1st degree polynomial fit, for QSKPR and PE vs WG Conc. and
goodness of fit, for 120 min Ozone Treatment .........cccocvvvverenieeneere e 51
Table 14: Coefficients of 1st degree polynomial fit for QSKPR and PE vs TiO2 Conc. and
G00ANESS OF T ....eeeeieece et neenne e 53
Table 15 Element AnalysiS DY EDX .......oooiiiiiiiiiiece e 57
Table 16: Coefficient of friction of different fabrics ..........c.ccocviiriiiiine, 57
Table 17: QSKPR vs Fabric Friction fitted model coefficients and goodness of fit ............... 60
Table 18 One-way Analysis of Variance (ANOVA) for QSKPR of Neat fabric at 67.5°....... 61
Table 19: Fitted Coefficient of Fourier FUNCHION..........cccoocoiiiiiiiiiecee e, 66
Table 20: Goodness of fit for different fabriCs ..., 66



Table 21:

Table 22:

Table 23:

Table 24:

Table 25:

Table 26:

Table 27:

Table 28:

Individual Yarn Cutting STatiStiCS ........cccveveiiieiierie e 75
Yarn pull-out coefficients of fitted models...........ccccoeiveiiiiii e, 77
Goodness of fit 2" degree Polynomial fit............ccccvveeveeeiseieeseeeeeeeses e 77
Mean pull-out resistance of each interlacement .............cccccvevvvieii s 78
Yarn sliding resistance for different fabric in warp and weft direction................... 79
Parameters of fitted MOdel...........ccooviiiiiie 79
Goodness of fit for 2" degree polynomial fitted model for slide resistance of

AIFFErent FaDIICS ....o.veiieec e 79
One-way ANOVA for QSKPR for different SA ..o 82

XVII



List of Symbols / Abbreviations

Abbreviations

QSKPR
DSR
WG
KPA
PE

SA
SRA
SRW
BR
LSCM

1%}
o~

Quasi-Static Knife Penetration Resistance
Dynamic Stab Resistance

Water Glass

Knife Penetration Resistance

Penetration Energy

Stacking Angle

Surface Roughness Amplitude

Surface Roughness Wavelength

Bending Rigidity

Laser Scan Confocal Microscope

Knife edge travel during penetration (mm)
Fabric friction

Coefficient of fabric between two yarns
Knife penetration angle (degree)

Yarn to yarn contact angle (degree)

Yarn axis angle with plane of the fabric (degree)
Yarn tensile strength in (CN/tex)
Quasi-static knife penetration resistance (N)
Tension in the yarn (N)

Yarn sliding resistance (N)

Force applied (N)

Radian

Moments of rotation (gf.mm)

Bending Rigidity of fabric (gf.mm/rad)
Bending modulus of yarn

Pick spacing (mm)

Density (kg/m®)

Strained length of yarn (mm)

Coefficient of the Fourier function

Distance / displacement (um)

XVII



ABSTRACT
This research focused on the stabbing response of woven fabrics. Woven fabric

investigated in this work had an equal set of warp and weft Twaron® para-Aramid filament
yarns. In this work, isotropy of single sheet and multiple-sheets stacked together was analyzed
at different orientations of knife stabbing. During knife stabbing a knife penetration angle
(KPA) is formed between the knife cutting axis and warp yarn of the fabric. The study was
conducted at five different cutting angles i.e. 0°, 22.5°, 45°, 67.5°, and 90°. Quasi-static knife
penetration resistance (QSKPR) and dynamic stab resistance (DSR) of the woven fabrics were
studied in this work.

The main objective of this research was to study the behavior of dry woven fabrics
whose surface was modified to change their friction. The selection and application of these
modifications were made in such a way to keep the comfort and flexibility characteristics
minimally affected. We adopted three surface modification techniques; 1) SiO, deposition, 2)
Ozone treatment along with SiO> deposition and 3) TiO> deposition. Furthermore, the effect of
treatment was characterized against surface topology, anti-stabbing behavior, mechanical,
comfort and friction properties of developed fabrics.

This research discovered a new method of SiO» deposition, using Water Glass (WQ) as
a precursor. The deposition of SiO, was investigated and confirmed using Scanning Electron
Microscopy (SEM), Fourier Transfer Infra-Red (FTIR) spectroscopy, and Energy-Dispersive
X-ray (EDX) spectroscopy. The concentration of WG showed the direct relation for an increase
in QSKPR. At 40% solution of WG the QSKPR was observed about 200%.

The QSKPR measured at 67.5° KPA for untreated fabric was found statistically
significantly higher than the mean QSKPR measured for all KPAs. Moreover, the QSKPR
seems to follow a specific pattern for different KPAs, irrespective of fabric treatment.

The coefficient of friction of fabric surface was well improved by the deposition layer
of Si0.. Hence, the yarn pull-out force was increased for treated fabrics as compared to
untreated. It was also observed that, treatment with Ozone before depositing SiO2, reduces the
adverse effect on comfort and flexibility characteristics of fabric.

The quasi-static stabbing was found to be the complementary response to warp and weft
yarns, due to their orthogonal orientation. This response was modelled with the Fourier
function, that fits well to the quasi-static stab of different fabrics. It was also observed that the
behaviour of this response is directly proportional to fabric’s coefficient of friction and

inversely proportional to the gap between yarns.
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The interaction of the knife and the fabric was recorded on CCD camera, during
QSKPR measurements. It was observed that the shape of the knife profile plays a major role.
The blunt edge of the knife finds maximum resistance and causes the major peak in the force-
displacement curve. While after the complete penetration of blunt edge, individual yarns cut
one by one. It is proposed that SiO, deposition increases inter-fiber friction, as a result the
filaments of the yarn behave as single assembly rather as individual filament against the sharp
edge of the knife.

Yarn sliding resistance, individual yarn cutting behaviour and yarn pull out force was
measured for warp and weft directions of treated and untreated fabrics. It was found that the
major response of stabbing resistance depends upon inter yarn friction, while intra-yarn friction
accounts for penetration energy of individual yarn.

QSKPR was measured for two sheets, oriented at three stacking angles (SA). The 45°
SA was found to exhibit better response of QSKPR than 0°and 90° SA. A modified version of
NIJ standard—-0115.00 was followed to verify the dynamic stab resistance at 45° SA. It was found
that 45° SA exhibits isotropic stab resistance in all KPAs. Furthermore, treated fabrics showed

200% higher stab resistance than untreated fabrics.

Keywords: Stab Resistance; Silicon dioxide; Titanium dioxide; Ozone; Aramid; Woven;
Sodium Silicate; Water Glass
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Abstrakt

Tato prace je zamétena konstrukci a hodnoceni vlastnosti vrstvenych textilnich struktur
s zvySenou odolnosti proti pronikani nozl. Kazdéa vrstva je tkand textilie vyrobend z para-
aramidového vlakna Twaron® se stejnou dostavou ve sméru osnovy a utku. Je analyzovana
anizotropie odporu proti pronikani noze jedné i vice vrstev tkaniny. Orientace odporu proti
pronikani je charakterizovana uhlem penetrace noze (KPA) mezi osou fezani nozem a smérem
osnovy tkaniny. Tento thel byl mé€nén v péti smérech fezu, tedy 0°; 22,5°; 45°; 67,5° a 90°.
Byla zkoumana kvazi-staticka odolnost proti pronikani noze (QSKPR) a dynamicka odolnost
proti pronikdni noze (DSR) tkaninou.

Zakladnim cilem této prace je uprava povrchu vldken tak, aby se zménily jejich tieci
vlastnosti. Vybér a aplikaci téchto tprav je tieba provést tak, aby nebyly negativné ovlivnény
vlastnosti charakterizujici komfort. Byly pouzity tii postupy modifikace povrchu vldken, které
byly detailné ovéfovany. Jedna se o depozici oxidu kiemicitého (SiO2) na povrch textilie, dale
vystaveni textilie pisobeni 0zénu spolu s depozici SiO2 a depozici oxidu titanicitého (TiO2) na
povrch textilie. Byly sledovany jednak mechanické vlastnosti upravené tkaniny, dale komfortni
vlastnosti, odolnost proti bodani nozem a zmény povrchu vldken.

Byla vyvinuta nova metoda pro aplikaci SiOz na povrch textilie s pouzitim vodniho skla
(WG) jako prekurzoru. Depozice SiO2 byla analyzovana a potvrzena pomoci skenovaci
elektronové mikroskopie (SEM), infracervené spektroskopie s Fourierovou transformaci
(FTIR) a spektroskopie rentgenového spektra (EDX). Byla nalezena vyznamna souvislost mezi
koncentraci WG a rastem QSKPR. Pti koncentraci 40% WG doslo ke zvySeni QSKPR o vice
nez 200%. Navic se ukazalo, ze pro neupravené tkaniny vykazuje QSKPR specificky pribeh
pro rizna KPA.

Depozice SiO; na tkaninu zvysila koeficient tfeni vlaken v tkaniné. Ukazalo se, Ze u
upraveného vzorku je tfeba vyssi sily k rozestoupeni ptizi v tkaniné neZ u vzorku
neupraveného. Zvyseni koeficientu tfeni vlaken ve tkaniné s deponovanym SiO2 bylo
srovnatelné s tkaninou vystavenou plsobeni ozonu s nanesenym SiO,. Nicméné u tkanin s
nanesenym SiOz byla zji$téna relativné vyss§i ohybova tuhost.

Bylo zjiSténo, Ze kvazi-statické pronikani noZe je siln€ ovlivnéno interakci osnovnich
a utkovych niti, coz bylo popsano modelem na bazi Fourierovy fady. Tento model se dobie
hodi pro hodnoceni kvazi-statického pronikani noze pro rtizné tkaniny. Bylo také ovéfeno, ze
kvazi-statické pronikani noze je pfimo umérné souciniteli tfeni tkaniny a nepfimo aumérné

vzdalenosti mezi nitémi.
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Rozdily v chovani upravené a neupravené tkaniny pii pronikani noze byly analyzovany
pomoci CCD kamery béhem QSKPR méteni. Bylo pozorovano, ze klicovou roli hraje profil
noze. Tupa hrana noze zvySuje odpor a na ktivce tlakové sily zptisobuje vyrazny pik. Naopak
po Uplném proniknuti tupého kraje noze jsou jednotlivé nité prefiznuty jedna za druhou. Lze
konstatovat, ze depozice castic SiO2 zvySuje tfeni mezi vlakny uvnitt piize, a proto se vlakna
v upravené prizi chovaji jako jednolita masa proti ostré hran¢ noze.

Byl méten odpor ptize proti prokluzu, chovani ptize pfi fezéni a sila nutné pro vytazeni
ptize z tkaniny ve sméru osnovy i utku v upravené a neupravené tkaniné. Vyssi odolnost proti
kvazi-statickému pronikani noze vykazuje osnova ve srovnani s Utkem v obou textiliich
(upravené i neupraveng).

QSKPR byla méfena také na dvou vrstvach orientovanych vzajemné pod riznym
Uhlem kladeni (SA) tj. 0°, 45° a 90°. Bylo zjisténo, ze SA 45° vykazuje relativné lep$i odolnost
proti kvazi-statickému pronikani noze do tkaniny. Stejné vrstvy piipad byly vyhodnoceny
pomoci testu podle modifikované normy NIJ-0115.00. Bylo zjisténo, ze 45° SA vykazuje
nejlepsi odolnost proti kvazi-statickému pronikani noze ve vSech KPA. Upravené textilni
struktury vykazuji dvakrat vys$S$i odolnost proti Kkvazi-statickému pronikani noze nez

neupraveneé.

Kli¢ova slova: odpor proti profezani; Oxid kiemicity; Oxid titaniCity; Ozon; Aramidy;

vrstvené textilni struktury; vodni sklo
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CHAPTER 1
INTRODUCTION




1. Introduction

Protective textiles have become an important branch of technical textiles [1]. Textiles
are playing a major role in wearables that assure life safety in various types of critical
applications [2]. The introduction of gunpowder has changed the requirement of a body armour.
The old solutions for body protection using metal and leather, silk or flak jacket armour became
ineffective [3], [4]. Those solutions were no guarantee of life-saving against high-velocity
gunfire or was bulky enough to restrict comfortable use [1]. The soft body light-weight armour

became possible only after the birth of Kevlar® by DuPont™ in 1970s [5], [6].

In search of the best system of protection against ballistic threats, last few decades have
produced considerable research on body protection armour. These armours are lighter than
metallic armour solutions and easier to wear and carry. The solution was found in use of
polymer-fiber composites, with synthetic fibers of high strength and high moduli like
Dyneema®, Twaron®, and Kevlar® and thermoset polymer matrix. These solutions have
better bulk properties and distribute the localized energy of impacting bullet to a larger area

and dissipates its penetrating energy [7].

The latest requirement imposed on body protection armour is protection against sharp
objects. Personal protection, against the attacks of sharp objects like the knife, has become
increasingly important especially for police personnel [8]-[10]. The design of bullet resistant
protection is different from the armour protecting against sharp objects like a knife or spike. In
various condition of body protection against sharp objects and spikes is required. Such kind of
attacks are evident where access to gunpowder and firearms is restricted by territory law, for
example as in European countries or in prison facilities around the world [11], [12]. Generally,
the bullet attacks are for army personals in some critical situation or in the battlefield, were the
attack is expected. In contrast, sharp objects’ attacks are unexpected, and the required period

of protection is incessant and extended [13]. So, wearer’s comfort also becomes a pre-requisite
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of armour design to produce light-weight and comfortable armour [14]-[17]. Also, the diversity
of protection against various types of threats makes it difficult for a single solution to be viable
in different kinds of situations. Generally, bullet resistant armour may not protect against
knives or spikes or vice versa [18].

The characteristics of fiber-polymer composite inherit from the qualities of fiber and
polymer to provide synergy for protection [19], [20]. In this scenario, it becomes important to
study the response of stab resistance at the level of textile itself. This work is an effort in this

direction and it investigates the interaction of knife and fabric.



CHAPTER 2
AIMS AND OBJECTIVES
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2. Aims and Objectives

2.1. To study stab resistance of para-Aramid woven fabrics at various knife

penetration directions

Aramids are the one of the major class of fibres used in fiber-reinforced
composites/laminates for soft and hard body protective systems [5]. And, it is proven that their
longitudinal mechanical properties largely dominate their transverse characteristics. For
example, compression, bending, and flexural properties are far weaker than tensile properties
[21], [22]. The fiber damage results in delamination, cracking and fibrillation [23], [24].
However, it is preferably used in cut resistant and stab resistant application by commercial
body protective products [25], [26]. The impact produced from symmetrical objects, like
bullets in case of a ballistic protection and sharp protruded objects like ice-pick in case of a
stab resistance, is homogenous and generally perpendicular impact resistance is measured and
reported and relative angle change between impacting object and resistance surface is not
focused [15]. However, for the case of the stabbing of the knife the impact can be in various
directions. It can be a fruitful study to observe how a para-Aramid respond when at least

transverse angle of yarn with a knife is changed.

The most frequently followed methods of testing stab resistance performance are a
drop-weight tower and quasi-static penetration of a sharp object into target textile protection
[28]. In both these cases, the reported work, for textile fabric-based protection, a very small
numbers of studies mentioned the measured angle of knife penetration [9] or tried to find out
the effect of change in relative angle between attacking object and protecting surface [5, 16,
18]. However, the effect of blade orientation with respect to a single fibre and the single yarn
was studied, which proved sensitivity of change in force required to cut the fibres or yarns with
a change in cutting angle [30]-[34]. Cutting resistance is itself an intrinsic property of material
but the orientation of fibrous assemblies in textile structure, their geometry and interaction of
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these elements within, can play a major role to improve cutting resistance. If we need to observe
the cutting characteristics of textiles we need to see anisotropy at the material level (polymer
and fibre level) and at textile structure level (yarn and fabric level). Since material level
anisotropy is already highlight, there is a need to observe how woven fabric behave against

change in orientation of knife stab.
2.2. To observe the interaction of knife and yarns of the fabrics

Out of the two methods of stab resistance measurements, the quasi-static method of
loading provides the possibility of controlled perpendicular penetration. The provision of a
pneumatic platform to hold the fabric in position, provides the ability to control the penetration
at the specific orientation of knife blade with respect to the warp of the fabric. The results of
stabbing are reproducible and provide the ability to record the interaction of knife and yarns of
fabric on camera. While, the drop-weight tower is the accepted method of stab testing by NIJ,

only measures if protection fails or not for given energy of penetration.
2.3. To observe the effect of change in friction on the stab resistance of fabrics

The force of friction is the major resistance against yarn movement and absorption of
impact energy when no binding agent holds the yarns of fabric together. To change the friction
between the surface of the yarn of woven fabrics were modified. But to keep the characteristics
of soft body protection, the surface of fabrics was modified with minimal effect on their
comfort properties, like air permeability and bending rigidity. The most economical ways of

changing the surface for increased friction were adopted.
2.4. To observe the effect of stacking orientation and knife penetration direction

The orientation of different sheets in a stack, of multiple-layer laminate, can

superimpose warp and weft of different sheets or can distribute them in different directions. It



would be beneficial to observe if the super-imposing or distributing warp and weft of different

sheets in multiple-sheets helps to improve stab resistance.
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3. State of the Art

3.1. What is Stabbing?

The penetration of a sharp edge object into the attacked body is referred as stabbing;
the penetration direction is perpendicular, and the stabbing tool can be a knife, sharp piece of

glass or a sharp object like an ice pick, [35] the stabbing action is illustrated in Figure 1(a).

These objects have a very diminutive tip with increasing diameter or width of the object
along its length. Consequently, the tip finds the smallest possibility of penetration and makes
the structure of the penetrated objects split apart, upon further penetration. The energy exerted
by attacking objects is divided in: 1) opening the structure and 2) in increasing the depth of
penetration. In case, attacking object has sharp edges present along the length, it triggers
fracture of fibers/yarns.

Along with the profile of the object also important is the energy of the penetrating
object. This energy is related to the momentum carried by the object, so the mass and the
velocity of the impacting object are important characteristics to study stab resistance [17], [36],
[37].

Stabbing involves impacting the sharp object vertically to penetrate through the
attacked body. The knife can have one or both edges sharp to cut through [35]. The knife tip
angle, sharpness, thickness and penetration velocity can affect the damage produced [38], [39].
Different types of cutting involve different modes of failure mechanics, for example, cutting a
fabric with scissors involves tension-shear mode, stabbing a knife across the fabric placed on
a table involves shear-compression mode and slashing a gripped fabric involves tension-shear
mode [40]. Impact loading is influenced by both intrinsic (tensile strength, elastic modulus,
elongation to break) and extrinsic (interfacial friction between fibers and yarns) properties of a

material [19].



Vertical Penetration

\V/

Sharp cutting edge is introduced
along the penetrating length of
knife. Therefore, knife edge and
penetrated surface are
perpendicular.

(@) (d)

Figure 1: (a) Knife Stabbing Action, (b) Various types of knives used for stabbing [41], (c) Various type of stab
threats [16] (d) Example of icepick [13]

3.2. Types of Actions During Stabbing:
Close observation of knife edge and fabric interaction reveals that the knife plays
following actions during fabric stabbing:

I.  Upon impact, the knife pushes the yarns towards its direction of penetration. The
yarns are stressed and start advancing along knife. Displaced yarns observe a force
similar like yarn pull-out.

Il.  Thetip of the blade lands on fabric either between the yarns or over a yarn. It creates
the gap first by displacing the yarns, called yarn slippage, and then by cutting them
called yarn fracture [42]-[44].

1. Once one layer of fabric is penetrated, the knife keeps interacting with next stacking
sheets. The overall response of protecting system is combined response of all
individual stacking sheets of protective textile.

3.3. Stabbing Instruments
The foremost objective of the stabbing is to penetrate the attacked body for maximum

damage. Therefore, the tool used to attack can include from very precisely engineered weapon
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to very rough, handmade, self-improvised objects. Stabbing instruments can be of different

shape, size and technique. Some illustration of these objects can be found in Figure 1(b).
3.4. Structure and properties of para-Aramids

One of the most popular high-performance fibre used for the protective application is
poly(para-phenylene terephthalamide) (PPTA), available with commercial names like Kevlar®
and Twaron® [7]. They are aromatic polyamides known as para-Aramids, that also includes
“amanufactured fiber in which the fiber forming substance is a long chain synthetic polyamide
in which at least 85% of the amide (—CO—NH-) linkages are attached directly to two aromatic
rings” [5], [6]. Para-Aramids are high tenacity, high modulus fibres, they are gel spun from
liquid crystalline solution, with a known structure as shown in Figure 2, and few of their

mechanical properties are given in Table 1.

Figure 2: Polymeric Structure of Twaron® (poly-para-Phenylene-terephthalamide) (PPTA)

Table 1: Para-Aramids Mechanical Properties [5]
Type of Fibber Tenacity Initial modulus  Elongation at break

(mN/tex) (N/tex) (%)
Kevlar® 29 2030 49 3.6
Kevlar® 49 2080 78 2.4
Kevlar® 149 1680 115 13
Twaron® 2100 60 3.6
Twaron® High-Modulus 2100 75 2.5

Para-Aramids were first produced for tire reinforcement [5], [6], [30] they are very
anisotropic fibres in nature and split readily when mechanically fractured [30], [34]. They are
highly crystalline and have long straight chain molecules aligned parallel to the fiber axis. In
transverse direction to the fiber axis, they have Van der Wall’s and hydrogen bonding which

accounts for fibrillization and anisotropy of fibre mechanical character. These fibres show
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plastic deformation on compression that is the reason for their higher cutting strength and,

therefore, is used in high impact protective textiles. [23]

The structure of PPTA crystal lattice is shown in Figure 3. It is observable that
transverse plane, AB, having amide linkage, has a fewer density of covalent bonds than the
plane, CD, having rings. Also, the amide linkage in the plane, AB, has a higher number of
hydrogen bonding and, therefore, are firmer than the layer above and below to this plane (above
and below the paper). That is the reason of anisotropy in a direction perpendicular to the fibre
axis. Although fibre is highly crystalline and oriented at fine structure level, axial pleating of

crystalline sheets exists in radial orientation as shown in Figure 4.

<

______ x

PG

(b} —
Figure 3: Showing molecular packing of PPTA
crystal (a) hydrogen bonding in AB plane and Figure 4: Radial pleated structure of para-Aramids
absence in CD plane, (b) showing separate sheets [23]
when viewing along chains [23]

3.5. Commercial products of para-Aramids
The body protective armour applications are famous for using para-Aramid textiles.
[28], [45], [46]. They provide superior impact and cut resistance properties and are extensively
used in ballistic and stab protestation system both in research and in commercial products.[5]
The famous manufacturer of Dupont™ for Kevlar® and Teijin™ for Twaron® have their

respective ballistic protection system based on para-Aramid fibres. From, Teijin® it involves
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ComForte ™ and AT Flex® for bullet protection vest with anti-trauma and SRM® and
Mircroflex® for stab and spike resistance [25]. And, from Dupont Kevlar® XP™ for Soft
Body Armor protection against bullets and Kevlar® Correctional™ to protecting against stab

[26], [47].

3.6. Ballistic Resistance versus Stab Resistance

A ballistic resistant textile system requires the distribution of impact energy to dissipate
along the stress wave, produced in the textile. A system with higher sound velocity through the
medium, ¢ [m/s], can better resist against ballistics threats, as is evident from Equation 1. To
meet such requirement the fabrics used in these systems required adequate amount of yarn
packing to produce the stress waves at higher speed [18]. Along with these requirements the
ballistics system requires to impregnate the woven fabric in resin system to produce composite
/ laminates, that results harder, inflexible armour. Therefore, comfort and flexibility properties
are severed. This phenomenon limits the length of use of such a protective system, mobility

and performance of wearer is questioned. [48], [49]

1

Here c is the velocity of sound (m/s) in the medium, E the elastic modulus (N/m?),

and p the mass density (kg/m? ). This equation is valid for ideal solid with isotropic elasticity.

| I

=, -

|

Ballistic fabrics enable yarn motions Dense, tightly woven fabrics restrict

and do not prevent punctures yarn motions and prevent
defeat punctures

Figure 5: Fabric requirement of Ballistic versus Stab resistant system [18]
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On the other hand, fabric requirement for anti-stabbing application is higher packing
of yarns to resist against protruded and sharp objects, as illustrated in Figure 5. Therefore, not
suitable for ballistic protection application unless multiple levels of protection are developed
for various kind of threats separately.

It was mentioned by Shin & Shockey that higher sharpness of cutting edge of
penetrating instrument cause cutting of fibres before tensile failure of the fibre [50]. As an
application of impact load is concern, stabbing is a multi-directional phenomenon rather
unidirectional or bidirectional phenomenon, because maintaining same initial modulus in all

the direction is not possible.

3.7. Surface Modification Technologies Used to Enhance Stab Resistance
To increase the impact resistance of para-Aramid fibres against stabbing, their surface
is modified. Following are some famous techniques followed to do so.

3.7.1. Hard Particles Coating

The ceramics are the hardest martials. They are coated on the fabric surface to provide
a layer of very hard surface yet maintaining the flexibility of the fabric. Few of such method
can be found in literature that claim to improve stabbing resistance of protecting textile [51],
[52]. However, depending upon the thickness such coating adds a considerable weight. Most

used ceramics for body protection systems are Alumina, SiC, TiB2 and B4C [53], [54].

Gadow and Niessen [52] employed ceramic oxides and refractory cement by thermal
spraying to increase the stabbing resistance of para-Aramid fabrics. While Gurgen and Kushan
coated SiC particles with shear thickening fluid to enhance the stab resistance [20]. These
particles increase the surface hardness of the textile and reduces the damage caused by the

sharp edge of the impactor by turn it blunt.
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(@) (b)
Figure 6: Knife edge before (a) and after (b) six penetrations in ceramic coated textiles, reproduced from
[52]

3.7.2. Shear Thickening Fluid (STF)

The basic principle of use of Shear Thickening Fluid (STF) is the ability of a non-
Newtonian fluid to increase its viscosity with increasing rate of strain, in high impact resistant
applications [55]-[60]. It is believed that beyond a certain strain rate of shearing, particles of
the suspension group together to form hydro-clusters, those increase the viscosity drastically
[61], [62]. For such STF, a colloidal suspension is required to be made between solid particles
and an inert liquid. The particles can be of various kinds like silica, ceramic, carbonates,

calcium, etc and liquids can be water, Ethylene-glycol, poly-Ethylene glycol etc [42].

Viscosity

Equilibrium Shear thinning Shear thickening
OO 00 O O0L.QO0 00RO QO
$o05008 @g‘gg %
Cb OX®) Q \ @) O \@)
FOOIER 80(0))8&% 3

Shear rate

Figure 7: lllustrating the behaviour of different suspensions showing shear thickening and thinning, reproduced
from [63]

A large number of scientific publication can be found to employee STF technique to

enhance the stab resistance of protective textiles [13], [15], [16], [20], [63]-[67]. It has been

15



established that application of STF increases the friction characteristics, between the fibres in
the yarns, between the yarns in the fabric and at the surface of the fabric [20], [67], [68]. The
major role of STF is in restricting the movement of yarns and increasing the energy absorbing
capacity against spikes and knife attacks. Another, view found in literature is the energy

absorption of STF applied fabrics is due to their increased plastic flow and deformation [69].

3.7.3. Surface modification by different particles

Increasing the inter-yarn friction is an effective way of improving soft-body armour
performance without losing its flexibility characteristics. The surface of fibres is modified to
the smallest level. In this regard application of nanoparticles, nanowires or nanolayers are
major investigated method. These methods increase the performance of armour many times
without much addition to weight.

Hwang et al. [7] developed a method of growing ZnO nanowires on the surface of
aramid fibres and found to achieve highly reduce immobility between yarns surface.
Consequently, they reported about 23 times increase in energy absorption and about 11 times

increase in peak load for yarn pull-out test.

3.8. Role of Inter-yarn friction on impact loading

It has already been established that friction plays a very important role in resistance
against impact loading [7], [70]-[72]. Increasing inter yarn friction can improve the
performance against impacting load without added weight [71], [73]. A study has also
highlighted the importance of yarn to knife and yarn to yarn friction during stab resistance [74].
The cutting force is dependent on the frictional coefficient and the normal force at the point of
cutting during knife penetration [75]. There is another study about the cutting behaviour of
knife/blade when it slides normally through the fabric. The outcome of the study reveals that
there are two types of friction; macroscopic gripping friction and friction at the blade tip due

to cutting of material. As the energy required to break the molecular chains is much smaller,
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most of the energy is dissipated in friction. Normal load produces friction at the edge of the
blade. If the coefficient of friction between the blade tip and cutting point is increased the
cutting resistance is reduced. But generally, the lateral gripping force is higher due to which
the cutting resistance of the material is higher. Elastic modulus, the structure of material and
velocity of the cutting blade significantly affect the friction and the resulting cutting resistance
[31].
3.9. Anisotropic behaviour of High Modulus fibres against sharp blades

Mayo & Wetzel examined the failure stress of various organic and inorganic high
performance single fibres when cut with the sharp blade, while cutting angle was changed from
transverse to longitudinal orientation. They showed that the failure stress of both type of fibres
was decreased by increasing the cutting angle while inorganic fibres exhibited less sensitivity
to change in failure stress with the increase in longitudinal angle, Figure 8(a). It was also
concluded that inorganic fibres fail in isotropic fracture while organic fibres, like para-aramids,
had mixed mode of failure that involved cut failure, longitudinal and transverse tensile failure
and transverse shear failure, owning to their structural anisotropy. [30], [33] Similar, studies
on high performance Zylon® yarn [40] and Zylon®, Spectra® and Kevlar® yarns [32] concluded
the similar results of the drastic decrease in yarn fracture energy as the knife cutting angle shifts

from transverse direction to longitudinal direction, shown in Figure 8(b).
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Figure 8: (a) Cut resistance of single fiber para-Aramids measured at different cutting angles by Mayo &
Wetzel [30], (b) Effect of Yarn cutting angle on cutting energy measured by Shin & Shockey [40]
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3.10. Importance of Blade Orientation in Cutting Resistance of Fabric

Most of the research conducted to measure the stab resistance of woven fabrics does
not mention the knife penetration angle. Either fabric is loaded without mentioning the
knife penetration angle [76], [77] or one angle is selected [9] and comparison of different
angle is not made. However, very few studies mentioned the effect of change in knife
orientation with respect to protective fabric.[27], [29] These studies showed that changing
relative angle between knife penetration direction and surface of textile significantly affect
the resistance of protective textile [78]. However, such study that involves observing the
knife’s transverse orientation with respect of warp and weft of fabric is not yet performed.
This suggests investigating if such anisotropic behaviour of stab resistant in such
orientation of knife and fabric is present.
3.11. Effect of plies orientation textile resisting against impacting load

Importance of orientation of plies in resisting against ballistic impact situation is
already established. The literature established this fact either numerically [79], [80] or/and
experimentally. It has been shown that plies oriented at an angle can absorb up to 20%
higher amount of impact energy than aligned plies. There is an optimum level of plies
orientation that improves this impact resistance [80]. However, the effect of orientation of
plies on stab resistance could be a good area of study. It can verify the benefits of angle
plied achieved in ballistic impact for knife stabbing resistance.
3.12. Various methods of stab testing

3.12.1. Drop-tower (drop-weight) testing

Drop-tower testing is specified by NIJ Standard 0115.00 [81]. It is the globally
accepted standard method of testing anti-stabbing performance of body armour. It is
one of the test methods developed by American National Institute of Justice for

protective armours. The drop-tower test is believed to simulate the stabbing action and
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can reproduce the impact energy, be controlling the mass and height of the impactor.
This standard strictly defines the sharpness of the blade, different energy levels,
characteristics of backing material to simulate body, and shape and material of different
impactors.

Drop-tower is a good method for evaluating the anti-stabbing performance. But
the result only indicates if some protection is safe for specified energy level or not. This
method is not good for studying the mechanism of stabbing and response of protecting
surface. For studying the interaction of impactor and textile a method with controlled
penetration method is required [27].

3.12.2. Quasi-static stab testing

The quasi-static stab testing is frequently adopted method for the measurement
of stabbing response, in the lab. This method gives better control over different aspects
of penetration that includes:

I.  Consistent penetration direction and speed,
Il.  Recording of force-displacement or force-time curve and penetration
energy,
I1l.  Possibility of capturing interaction of knife and fabric on video and
IV. Repeatable results.

The quasi-static stab testing method can be followed using a universal testing
machine [13]. The machine equipped with load cell can record resistance and depth of
stabbing. The impactor can be mounted in the cross-head of the machine.

However, due to the absence of acceleration the impact simulation is not as in
reality [80]. The rate of loading in quasi-static stab testing is of order of 50-500 mm/min
while rate of dynamic stab can go up to 9.2 m/s [78]. Therefore, the quasi-static stab

resistance measured will always be higher than stab resistance measured with drop-
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tower method. Furthermore, no standard has been established for quasi-static stabbing
method, therefore, the reported results in literature are not directly comparable.

3.12.3. Biaxial measurement device

The biaxial method is used to load the specimen in biaxial tension while
impactor penetrates. In this method the tension in specimen and resistance measure by
impactor both can be recorded. In quasi-static stab testing the penetration resistance is
measure by impacting instrument. Biaxial testing method can be superior to quasi-static
testing as it can provide better understanding of specimen response while it is being

impacted. A biaxial testing setup is shown in Figure 9.

X

T Blade Holder

Loadcells

Lead screws

g)

Figure 9: Biaxial Stab testing device, reproduced from reference [78]
3.13. Prediction Models
Sadegh and Cavallaro, presented a model of ballistic penetration into the fabric sheet
with the constraint of undemageable yarns. The fabric was suppose to have higher crimp of
warp than weft yarns. The model predicts the work done (W) required for bullet of diameter
(D) to penetrate into the fabric when impacting force of bullet (F), yarn to yarn sliding

resistance (R), and yarn pull-out resistance (T) is known. [70]
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If there are n number of yarns (cross-over points, Figure 10 e) and have u coefficient
of friction between them, according to this model the sliding resistance of yarns in x and y

directions can be given by:

r n+1 b

(O
R, = 2nusin (7> 2 z Tix = (Tix + Tonanx) | + nUF;
L (=1 -

2
r n+1 y
_(By
R, = 2nusin (;) 2 Ty - (le + T(n+1)y) + nukF;
L i=1 -
3
And, yarns’ pull-out resistance can be given as:
F;
T1 + (6}2 — e'une
T + ()
4
So, work done required by bullet to penetrate the fabric is:
W = (RDy + RyDy) + 2n (Tyxly + TiyA,)
5

Figure 10: Illustration from refrence [70], (a) showing crimp imbalce between warp and weft yarns, (b) yarn
sliding resistance, (c) Free-body diagram for single cross-overand yarn tension, (d) penetration of bullet into
the fabric, and () yarn pull-out resistance and contact angle of each interlacement
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3.14. Yarn Pull-out Force
Yarn pull-out can be a good method of measurement of inter-yarn friction with in the
fabric. There are three techniques used to measure this method. [82]
1. Bottom Clamped [83], Figure 11(a)
2. Side Clamped, Figure 11(b)

3. Dynamic Pull-out, Figure 11(c)&(d)

Gripping yarns Load
Constant rate \
100 mm/min. I
l 3km
:’I:ilmsh ’/
Qut-of-fabric E S
yarn X
Back clay
(@) (b)
Q
(©) (d)
Figure 11: Schematic drawings of different methods of yarn pull-out from the fabric, reproduced from [82],

[83]
If bending modulus of yarn (b), yarn axis angle with plane of the fabric (¢) and yarn

pick spacing (p) are know the force applied on each yarn (Fy,y;10v¢) €an be found using relation

as found in [84], Equation 6:

8bsing

E, =
pullout 2
p
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CHAPTER 4
MATERIALS AND METHODS

23



4. Materials and Methods:

4.1. Materials:
4.1.1. Fabric
Woven fabric investigated in this research was composed of high modulus
multifilament Twaron® 2200 yarns, with linear density of 1620 dtex (1000 filaments,
5.86 TPM). The weave of the fabric was 1/1 plain and a balanced construction, with
equal yarn linear density and equal set of warp and weft was used. The style of the
fabric was KK220P and it was sourced in loom state from G. Angeloni srl Italy. The

greige fabric was having an areal density of 220 g/m?. [85]

Table 2: Fabric Parameters
Warp / Weft Wea Warp Sett  Weft Sett  Areal Density Thickness

ID
Yarn ve (ends/cm)  (picks/cm) (g/m?) (mm)
Off-Loom  Twaron ® U1 6.45 6.34 220 0.28
2200 (1000 f) Plai
Neat 1620 dtex ain 6.41 6.40 218 0.32

The detailed specifications of Neat fabric are given in Table 2. The optical

micrographs of treated and untreated fabrics are shown in Figure 12.

(@) (b) (©)

Figure 12: Microscopic image of (a) Neat, (b) S3 and (c) S4 fabrics
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4.1.2. Water Glass

Sodium Silicate aqueous solution (36-40% concentration) is a low-cost product,
available in market, known as Water Glass, is used as source of SiOz. It contains
Sodium Oxide (Nazz) and Silicon dioxide (Silica, SiO>). It is an industrial product and
is used in various industries like detergent, paper pulp bleaching, municipal and waste
water treatment, concrete, abrasive and adhesive [86].

The water glass (VODNI SKLO Vizuveg of KITTFORT, CAS: 1344-09-8) is
used as a precursor of SiO in the current study. It has been reported to be a silica source
[87]. It is alkaline in nature and precipitates into SiO> when reacted with weak acid, like

acetic acid. A generalize reaction of SiO> deposition can be given as:

+

NaSiyO;, ——» SiOz2 + Na*

(1)

4.1.3. Titanium dioxide (TiO»)

Titanium dioxide used in this work is (AEROXID® TiO2 P25 by EVONIK
INDUSTRIES) a hydrophilic fumed powder. It has high purity (TiO2> 99.50%) and
high specific surface area of 35-65 m?/g. It consists of primary aggregate of partials
with an approximate partial size approximate 21 nm and density 4 g/cm®. Anatase to

Rutile weight ratio of 80/20 [88], [89].
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4.2. Methods

The summery of methods followed in this work is shown as tree diagram in Figure 13.

Mechanical and Surface and

Surface

Anti-stabbing

o Physical Testing Frictional Comfort
Treatments Characterizing Testing Characterization
Quasi-static
|| Neat Fabric L Knife Fabric Linear Tensile || Air
Penetration density Testing permeability
. ] Resistance | R
Yy Yy N Y
. Dynamic . Fabric
310, — Stab 4 F.abrlc — Yarn Pull-out — Bending
Treatment - Thickness -
—_— —
- Single Yarn
| | Ozone +Si0, Bloos . | : | | Surface
Treatment Weight Gain Cgttmg Roughness
) Resistance
L —— o S  —
|| TiO, || Yarn packing | | YarnSliding L Fabric
Treatment density Resistance Friction
~ @/ ~ @ J -/ -/
Video
— Analysis of
QSKPR

Figure 13: Summery of methods followed in this work

4.2.1. Surface Modifications

4.2.1.1.  Neat Samples Preparation

Before any chemical application the surface of raw samples was made clear
from process add-ons that may have been applied on the fabric surface. For this
purpose, different trials were made and finally Methanol washing was chosen as
sufficiently effective method. So, 99.99% Methanol, (CH3OH) (P-Lab Czech
Republic), washing was conducted for 3 min in a vibrating bath (at 150 rpm), with
a bath ratio 1:50. Afterwards, samples were rinsed and dried. The fabric samples
in this state are called “Neat” samples and used as “untreated” fabric for

comparison with surface modified samples. Neat samples are denoted with “N” in

this work. The process of methanol washing is illustrated in Figure 14(a).

26



1d

(b) » TiO, Solution Padding Drying
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Figure 14: Steps of surface modifications for different techniques, (a) Methanol Washing steps for Neat
samples, (b) Steps followed for TiO, Treatment, (c) Steps followed for SiO; treatment, and (d) Steps followed for
Ozone pre-treatment and post-treatment with WG

4.2.1.2.  Surface Modification by SiO;

WG, used in this work, was 40% aqueous solution of Sodium Silicate. It was
diluted to different concentrations to produce S1, S2, S3 and S4 samples, details
can be found in Table 3. Each of these sample was immersed in Sodium silicate
solution. And was padded at squeezing pressure of 1 bar at linear speed of 1 m/min,
to gain a wet pick up of 50£10%. The samples were then immersed in 5 g/l Acetic
acid for 15 min, a bath ratio of 1:20 was maintained enough to dip the samples well
in the solution. To facilitate the reaction and deposition of SiO; the container was
continuously shaken at 150 rpm. After that it was rinsed and hot-air oven dried. An

illustration can be found in Figure 14(c).

Table 3: Different concentrations of Sodium silicate solution

Sample Identification S1 S2 S3 S4

Water Glass Conc. 4% 8% 20% 40%
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4.2.1.3.  Surface Modification by Titanium dioxide

Aqueous solution of hydrophilic TiO, was prepared with the help of
sonification. The concentration of TiO> was increased from 0.01 g/l to 0.5 g/l in
five different solutions as identified in Table 4. Each sample was dipped in
respective solution of TiO> with a liquor ration of 1:25. Roller padding was
followed with nipping pressure of 1 bar, followed by hot-air oven drying at 100°C
for 10 min, the process is illustrated in Figure 14(b).

Table 4 Details of different TiO, Solutions
Sample Identification Tl T2 T3 T4 T5

TiO, Concentration (g/l) 001 005 01 025 05

4.2.1.4.  Ozone Application

Ozone medium was prepared from distilled water in which weighted fabric
samples were immersed. The oxygen was concentrated by Krober O2 (Krdber
Medizintechnik GmbH, Germany) at 3.0 I/min flow rate. The Ozone gas was
generated by Ozone Generator TRIOTECH GO 5LAB-K (Czech Republic), and
its concentration was monitored by LONGLIFE TECHNOLOGY LF-2000. At the
end of the stream flow Ozone gas was destroyed. The set-up of application of the

Ozone medium is illustrated in Figure: 15.

ATMOSPHERE

= D/

Oxygen Ozone Aqueous Concentration Ozone
Concentrator Generator Ozone Media Meter Destroyer

Figure: 15 lllustration of Ozone Medium Set-up
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Neat fabric samples were exposed to the Ozone in the aqueous medium, for
60 and 120 min. To check the combined effect of Ozone and WG, 120 min ozone
treated samples were, also, deposited with SiO> (following the same procedure as
described in 4.2.1.2 for Neat samples). The details of exposure time of these

samples are given in Table 5 and treatment steps are shown in Figure 14(d).

Table 5: Details of Ozonized and SiO, Deposited Samples
Sample Identification 17 2Z 27253 2754

Ozone Medium Exposure (min) 60 120 120 120

Water Glass Concentration - - 20% 40%

4.2.2. Stab Resistance Measurements

4.2.2.1. Details of Knife and Measurement Procedure of Quasi-Static Knife
Penetration Resistance (QSKPR)
The testing procedure, for the measurement of quasi-static knife penetration
resistance, was in accordance to recently reported method followed by various

researchers. [28], [75], [90], [91].

(@) (b) (©
Figure 16: (a) Universal Testing Machine (TESTOMETIC M350-10CT), (b) Cross-head installed
with knife and (c) Geometry of CKB-2 (K1)
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Universal testing machine TESTOMETIC M350-10CT, shown in Figure
16(a), was used to penetrate the fabric samples quasi-statically at constant rate of
penetration of 8.33 mm/s. The fabric held in a pneumatically operated platform at
7.5 bar with inner diameter of circular opening of 45.55 mm. Samples were pre-
tensioned at 1 N force. Samples size of each fabric sample was 100 mm x 100 mm
+5 mm. The knife was held in cross-head with 1000 N load cell and was vertically
penetrated the fabric for 42 mm. Its response in terms of force-displacement curve
was recorded and force at peak resistance was noted.

The knife material, shape and sharpness directly effects the response of the
fabric. [11], [32], [40], [52], [78] Owing to this important factor the knife used in
this procedure, was wood crafting stainless steel knife, namely CKB-2 of OLFA
Japan. To obtain consistent shape and sharpness for different measurements,
commercially available knives were utilised.

The shape of knife can be observed, as K1, in Figure 16(c). It is visible that
one edge of knife is sharp and other side is blunt. The first 6 mm of the tip of knife
profile has inclination on both direction with 50° angles while after this tip the blunt
side is parallel to the length of knife. While sharp edge has 15° inclination for a
maximum vertical length of 52 mm. Maximum width of knife is 20.8 mm and
thickness of 1.2 mm. One important observation must be noted here that width of
the knife (that causes cut in the fabric) increases rapidly for first 6 mm due to both-
sided inclinations, however, after that knife profile width increases in single-side
corresponding to 20° angle of inclination. To keep the knife to knife sharpness
variation, on average, one knife was used for a set of 18-24 samples, with equal

probability of selection among different KPAs.
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Figure 17: Illustration of different Knife Penetration Angles
The QSKPR was tested for five different Knife Penetration Angles (KPA= «
=0°,22.5° 45°, 67.5°, and 90°), as illustrated in Figure 17. KPA here refers to the
angle made between axis of warp yarn length and blade cutting axis, while blade
penetrates the fabric vertically downwards, as illustrated in Figure 18. For each
KPA at least 10 samples were tested for single sheet stack and 6 samples for

multiple sheet stack, and mean results were computed.

1

Figure 18: Illustration of knife cutting axis

4.2.2.2.  Video Analysis Setup

The interaction of knife and fabric samples during QSKPR measurement was
recorded on video using SONY HDR-SR12E camera at 25.0 fps. A setup was
developed to reflect rare side of fabric penetration to focus at camera lens, as shown

in Figure 19.
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Figure 19: Camera Set-up for tracking knife penetration

Each frame of recorded video was separated into an image file using
MATLAB program. These images were analysed to observe the interaction of knife
with each yarn fractured. By using image analysis software, Digimizer, knife edge
displacement and strain of each yarn was measured before rupture. Then

comparison of Neat and S4 fabrics was conducted.
4.2.2.3.  Dynamic Stab Resistance (DSR) Measurement Procedure:

DSR was performed following the modified version of NIJ Standard—
0115.00 [81]. The drop-weight tower testing equipment was used, as shown in
Figure 20(a), and damping material layers shown in Figure 20(b). K1 knife was
used to penetrate for DSR, consistent with QSKPR measurements. The effect of
change in knife penetration angle on stabbing resistance was observed, while
density of the samples was kept similar. Change in penetration depth for two

potential energies, of dropping knives 0.74 J and 1.47 J, was compared.

Table 6: Dynamic stab resistance Samples details (95% confidence interval in parenthesis)

Fabric _ Areal Mass Thickness Fabric Density p
Sheets  Stacking Angle
ID (g/m?) (mm) [kg/m?]
N 8 45° 1765 2.60 (£0.02) 678.85
S4 8 45° 1812 2.73 (x0.04) 663.74
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The drop-weight measurement equipment was available with laser distance
measurement device with high accuracy. The knife was dropped under gravity from
two fixed heights of 10 cm and 20 cm. The data was recorded by a custom written
program in National Instrument Software that acquires the data from load cell,
distance measurement sensor and accelerometer and presents data for acceleration,

drop distance, resistance force with sampling rate of 50 ps.
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Figure 20: (a) Drop-weight measurement set-up for DSR, (b) Backing / Damping material
arrangement and (c) lllustration of 8 sheets stacking orientation

DSR of different samples were compared for KPA of 0°, 45° and 90°. Eight
sheets of single layer fabric sample were placed one over another at 45° stacking
angle and were sewed, illustrated in Figure 20(c). The details are available in Table

6.

4.2.3. Imaging and Topography Analysis

4.2.3.1. Fourier Transformation Infra-Red (FTIR) spectroscopy
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To verify the chemistry of the deposited layer, the treated samples were
analysed for Fourier Transform Infra-Red (FTIR) spectroscopy. A Thermo Fisher

FTIR spectrometer, model Nicolet iN10, was used in this work.
4.2.3.2.  Scanning Electron Microscopy (SEM)

Fabric samples were also scanned for their surface topological differences
using Scanning Electron Microscope (SEM) VEGA TESCAN TS5130 at 20 KV for
2000X magnification. Fibres removed from post-penetrated fabric samples in quasi-
static knife penetration resistance testing were also scanned to observe the plastic

deformation mode.
4.2.3.3.  Energy-Dispersive X-ray (EDX) Spectroscopy

To observe the atomic composition of deposited layer, EDX was performed at
20 KV. The atomic composition of treated and untreated surfaces was determined.
The peaks of the detected elements were obtained, and percentage composition was

computed.
4.2.3.4.  Optical Microscopy

Optical microscopy was conducted to observe the surface changes and
structural parameters. For the structural measurement image analysis was performed.
To obtain the fabric cross-sectional images, fabric samples were immersed in epoxy
resin, cured, dissected and polished. Afterwards, microscopic images were taken

under different lighting conditions.
4.2.3.5.  Laser Scanning Confocal Microscopy (LSCM)

To observe the microscopic changes at knife cutting edge, it was 3D scan
using LSCM. Laser scanning helped generates three-dimensional surface map.

Scanned data was analysed for roughness at tip of knife edge and change in its
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sharpness after stabbing.

4.2.4. Mechanical Characterization

4.24.1. Tensile Testing

The tensile strength of warp and weft yarns removed from different fabric
samples was recorded. Measurements were made following the ASTM D2256
standard; on Universal Testing Machine TIRATEST. Samples gauge length was
20 cm with loading speed of 100 mm/min. 20 samples were tested for each selected

set of yarns.
4.2.4.2. Yarn Pull Out

To observe the interaction of individual yarn with interlacing yarns yarn pull
out test was carried out. The method followed is in accordance with already

available in literature [36]. The details are described as follows:

12 cm

Pulled out Yarn

: 1001'114 '

Frayed Yarns

Cut in the Fabric

13 cm

Gripped Fabric

Figure 21: Description of yarn pull-out setup
A rectangular sample of size 12 x 13 cm? was taken. Fabric was unravelled
1 cm from three sides, skipping the side that is to be gripped, as shown in Figure
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21. A cut of 2 cm was made, as shown by red dashed line, at distance of 2 cm from
edge, to make the pulling yarn’s one end free. The cut was made exactly at the
centre, which makes sliding end of pulling yarn free. The pulling yarn was gripped
in tensile machine’s jaw from frayed side of sample. Force-displacement curve was
plotted for complete pull-out of yarn. At least 10 samples for each fabric direction,
warp and weft, was measured. The average resistance offered by each

interlacement was also computed.

4.2.4.3. Individual Yarn Cutting Resistance

« .
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Figure 22: (a) lllustration describing setup for individual yarn cutting resistance measurement and (b) Free
body diagram for resolution of forces at yarn rapture point

To find out cutting resistance of single yarn, warp and weft yarns were
removed from Neat and S4 fabrics. A custom-made yarn holder was used to present
the yarn to universal testing machine. One end of each yarn was tied with the fixed
support and other was hanged through a free pully with a constant load. The yarn
with constant tension, 2.18 N, was introduced in front of the sharp edge of knife.
The knife was fitted to cross-head of the universal testing machine through a 50 N

load cell that was operated at 8.33 mm/s. The force and displacement were noted
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for each individual yarn for its complete cutting. In this way yarn cutting resistance
for known yarn tension was recorded. The setup is shown in Figure 22(a) and free-
body diagram in Figure 22(b). The details of testing results can be found in section
0. The objective was to observe the force and energy required to cut individual
yarns, at constant yarn tension.
4.2.4.4.  Yarn Sliding Resistance

The penetration of knife into the fabric cause formation of a slit that is made
by cutting the yarns coming in way of the knife edge. If there is no fracturing of
the yarns by knife, the knife penetration would only displace the yarns. It is the
sharp edge of the knife that cut through the yarns before displacing the yarn to a
considerable distance. Through video analysis it was observed that extent of each
yarn sliding before cutting by knife is between 1 to 2 mm (Figure 51(b)) before it
is fractured. So, an experiment was designed to see the resistance offered by

different fabrics when yarns in the fabric are displaced without fracturing.

Cross-head pulling direction

10 cm

E 5 cm < Pulled steel wire loop.

Steel wire looped through fabric
center, gripped in upper jaw.

10 cm

Steel wire looped through fabric
center, gripped in lower jaw.

o Fabric gripped in lower jaw.

N
[ { J

Figure 23: Yarn sliding resistance measurement setup [83]

In this devised method, a very fine (0.1 mm) thickness steel wire was used to
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hold the lower part of the fabric while a loop, of the same wire, was passed through
the fabric to be fixed in the upper jaw of universal testing machine. The bottom 1
cm of fabric sample was fixed in lower jaw along with the fixed wire. The sample
size was 10 x 11 cm. The setup devised is illustrated in Figure 23. Each fabric
sample was displaced to maximum 10 mm distance and force-displacement
response was recorded. The cross-head was operated at constant speed of 100
mm/min, with a load cell of 100 N. The results of yarn sliding resistance can be

found in section 4.2.4.4.

4.2.5. Comfort and Friction Characterisation

4.25.1.  Air Permeability

Air permeability of different samples were measured using air permeability tester

(FX-3300) following the standard method 1S09237.
4.25.2.  Surface Feel and Comfort Properties

Effect on comfort and fabric touch characteristics was analysed using M293
Fabric Touch Tester of SDL Atlas (Figure 25). Fabric bending rigidity, thickness,
surface friction, and surface roughness were measured. Measurements was made

at face and back of the samples and average was recorded.
4.25.3. Bending Rigidity

To define softness features of a fabric its bending characteristics are
described. A curve of bending moment (gf.mm) versus bending angle (radians) is
shown in Figure 24. With the help of this figure bending rigidity was defined as the
average moment needed to bend one radian of the fabric during middle 60% of

bending process. So, bending rigidity is defined as in Equation 7: [92]
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Figure 24: Definition of BR Measurements Figure 25: Fabric Feel Tester (SDL Atlas)

4254, Fabric Friction

To analyse the change in surface friction the Fabric Touch Tester of SDL
Atlas was used. Six measurements of each type of fabric were made at face and
back and average was recorded. The average kinetic friction force was measured

using Equation 8: [92]

Average Kinetic Friction = ug = £ = N(bl_c)

fcb Fdx

4.25.5.  Surface Roughness

The surface roughness data is received as wave format so to define surface

roughness amplitude and wavelength of the wave form is measure and defined as

below.
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Figure 26: Definition of surface roughness
Average peak height and average peak trough was computed and from these
values average distance between peak and trough values were computed, for every
three waves, and named as surface roughness amplitude (SRA). Average moving
distance between every three waves is called surface roughness wavelength (SRW)
[92].

_ 1w 1
SRA = H,- H, =— §=1Hkx_;2§=1H0x

X!

1
SRW = G ZJGC=1|ka_ Xoxl
10

Here Hy, and H,, are the measured peak and trough value, respectively, (in
mm) of the roughness wave when sample has moved a distance x. While, x' is the
maximum distance moved during the measurement. X, and X, are the distances
(in mm) moved when the peak and trough values are found. G is the total counts of

groups of three successive intersections.
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CHAPTER S5
RESULTS & DISCUSSIONS
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5. Results and Discussions:

All the results mentioned in this work represents the mean values of the

corresponding measurements. The error bars in figures and values in parenthesis

represent the 95 % confidence interval (CI), unless specifically mentioned otherwise.

5.1. Comfort Characterization:

5.1.1. Air permeability

Air permeability of various fabrics was measured using the procedure mentioned

in section 4.2.5.1. The results are shown in Figure 27 and Table 7. The error bars are

showing 95% confidence interval. The higher air flow through ozone treated samples

in comparison to Neat fabric indicates that Ozone treatment makes structure more open.

While air permeability of SiO> deposited fabric reduces significantly. Therefore, it can

be inferred that increasing amount of deposited SiO- fills the fabric pours and fabric

become less permeable to air.
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Figure 27: Air permeability of various treated fabrics
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Table 7: Air permeability of different fabric samples

Air Permeability (L/m?/s) at 100 Pa

2Z Neat 27254 S3

S4

37.80 (3.41) 36.39 (2.43) 28.72(2.27) 17.19(158) 15.73 (1.72)

5.1.2. Bending Rigidity

The bending rigidity was measured using Fabric Touch Tester as described in

section 4.2.5.3. The bending rigidity of various fabrics were measured at face and back

of each fabric, in warp and weft directions. The mean bending rigidity, along warp and

weft direction, of various fabrics is shown in Figure 28 and Table 8. The error bars are

showing 95% confidence interval. It is apparent that SiO- treatment made fabrics more

rigid, while ozonized fabric, even after treatment with SiO, is found to be most flexible

of all treated and untreated fabrics.
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Figure 28: Bending rigidity of treated and untreated fabrics

Table 8: Bending Rigidity of different fabrics

Fabric Bending Rigidity (gf.mm/rad)

Direction

Neat S3 sS4 2754
Warp 1281.39 (77.74)  1335.75(8.24)  1389.71 (8.40)  1247.67 (8.40)
Weft 1247.17 (99.68)  1184.71 (4.33) 125597 (10.21)  1139.15 (9.31)
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5.1.3. Coefficient of Friction

The coefficient to friction of various fabrics were measured using Fabric Feel
Tester as described in section 4.2.5.4, the average measured values in warp and weft
direction can be found in Figure 29 and Table 9. The error bars are showing 95%
confidence interval. It is evident that the application of SiO2 has increased the
coefficient of friction. The order of increase in friction from least to highest friction is
like: Neat — S3 — 2ZS4 — S4. Here S4 and 2ZS4 fabrics are showing significantly

higher coefficient of friction in comparison to the Neat fabric.
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Figure 29: Change in coefficient of friction from Neat to treated fabrics

Table 9: Coefficient of Friction for different fabrics

Fabric Coefficient of Friction
Neat S3 S4 27254
Warp  0.239(0.018)  0.270 (0.021)  0.309 (0.020) 0.303 (0.018)
Weft 0.251 (0.015)  0.259 (0.015)  0.294 (0.022) 0.292 (0.023)

Direction
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5.1.4. Surface Roughness

The surface roughness was measured using Fabric Feel Tester as described in
section 4.2.5.5 and results are shown in Figure 30. The error bars are showing 95%
confidence interval. From the results it can safely be said that there is not much change
in roughness of the fabric samples before and after treatment, however, weft of Neat

and S3 shows some variability in the wavelength of waviness.
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Figure 30: Surface roughness in terms of waviness amplitude and wavelength

5.2. Physical Characteristics of Fabrics
The changes in physical characteristics of fabrics were noted for treated and
untreated fabric samples. The areal mass, fabric thickness, warp/weft linear density,
yarn packing density, and fabric density (mass/volume) of these fabrics can be found

in Table 10.
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Table 10: Parameters of treated and untreated fabrics

Yarn Packing Density

Warp / Weft Set Areal Mass  Fabric Thickness Fabric Density, p
Fabric Warp Weft
[Ends/cm] [Picks/cm] [%6] [%6] [9/m?] [mm] [ka/m®]
Neat 6.41 (0.02) 6.40 (0.02) 93.35(0.16) 65.15 (0.66) 218 (7.09) 0.32 (0.04) 681.25 (80.84)
S3 6.44 (0.12) 6.29 (0.18) 60.75 (0.21) 58.28 (0.85) 225 (15.4) 0.29 (0.02) 775.86 (92.71)
S4 6.47 (0.2) 6.45 (0.18) 95.47 (0.99) 78.35(0.71) 2345 (12.81) 0.27 (0.08) 868.51 (112.81)
2754 6.49 (0.05) 6.45 (0.15) 91.45 (1.32) 83.03 (1.15) 227 (18.3) 0.31 (0.016) 732.26 (96.32)

All data showing mean values and parenthesis are showing 95% confidence interval.
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The packing densities of yarns were computed using relation shown in Equation
11). The confocal laser microscope was employed to take the cross-sectional images of
fabric cured in epoxy resin. The Digimizer software was used for image analysis, to
measure the cross-sectional areas of fibres and yarns. These cross-sections of treated
and untreated fabrics are shown in Figure 31.

Yarn Packing Density

Fiber cross sectional area X Numbers of fibers 100
= X
Yarn cross sectional area
11

(d) S3 Weft

(g) 2054 Warp (h) 2084 Weft

Figure 31: Cross-sectional images of warp and weft yarns of treated and untreated fabrics.

From the Table 10 and Figure 31, it is evident that warp yarns are more flat,
compact, and less pores than corresponding weft yarns for all the fabrics. Application
of WG and padding process has made the S4 fabric most compact in both warp and
weft directions, achieving highest fabric density. While shape of weft yarns and their
packing densities are contributing to fabric thickness.

5.3. Change in knife sharpness

The knives penetrated in single fabric sheet were scanned on LSCM. Change in

tip diameter of the virgin and penetrated knives were examined. The data obtained from

surface scan of knives was analysed for observing change in tip diameter, each knife
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was scanned at its tip for vertical length of 630 um. Edge diameter for each 5 um of
vertical length was averaged, for 6 samples each 100 um apart. Then mean of all
measurements is reported as edge diameter, found in Table 11. For the measurement of
edge roughness of the knives the variation of definite thickness of the knives is shown
in Figure 32. The variation in heights measured as CV% is computed and can be found

in Table 11.
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Figure 32: Surface scan data in graphical format for edge variations of (a) virgin knife (b) same knife after
penetrations (c) 3D surface scanned image, and (d) is showing cross-sectional view of knife for edge
diameter measurement.

48



Table 11: Measurement of mean edge diameter and roughness of virgin and penetrated knives

Blade Type Edge Diameter (um)
Virgin 1.35(0.88)
Penetrated 2.05 (0.043)

It is observed that the edge diameter of penetrated knives was increased showing
increase in its bluntness.
5.4. Effect of Different surface modifications on QSKPR and Penetration Energy

5.4.1. Silicon dioxide Deposition

Neat fabric was treated with WG in four different concentration (4%, 8%, 20%
and 40%) using padding rollers followed by acid treatment to deposit SiO> layer as
described in section 4.2.1.2. Each fabric was tested for QSKPR in three different KPA
(0°, 45° and 90°) and their mean QSKPR and penetration energy at peak resistance was
computed.

It was founded that, on increasing the concentration of WG directly proportional
increase was observed in QSKPR and penetration energy (PE) at peak resistance, as
shown in Figure 33. The coefficient of the first order polynomial model fitted to the

data (Equation 12), along with goodness of fit, can be found in Table 12.

f(x) = pix + p;
12

For statistical treatment and calculations, the least squares criterion was used.
This criterion is based on the assumption of errors normality, independence and

constant variance.
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QSKPR and Energy at peak resistance
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Figure 33: Effect of WG treatment on QSKPR and Energy at peak resistance

Table 12: Coefficients of 1st degree polynomial fit for QSKPR and PE vs WG Conc. and goodness of fit

Coefficients of Model
(upper & lower bound of 95% P1 P2
Cl)
QSKPR 0.233 (0.221, 0.246) 10.47 (10.19, 10.75)
PE 0.666 (0.456, 0.876) 32.75 (27.95, 37.54)
Goodness of fit SSE R-square Adjusted R-sq. | RMSE
QSKPR 0.0131 0.9997 0.9995 0.0810
PE 3.745 0.9893 0.984 1.368

It is judged that on increasing the concentration of WG results higher amount of
SiO2 deposition, as is evident from weight gain of up to 8% for S4, as in given in Table
10 and also can be seen in SEM images in Figure 34(b) & (c). The deposition of SiO;
makes yarn stiffer and increase the fabric’s coefficient of surface friction. Also, the air
permeability results showed the pours are filled with deposited layer which reduced the
air permeability significantly for SiO> deposited fabrics. Also, fabric density (mass per
unit volume) increased due to the higher compactness of the fabric. All these parameters

are adding to increase the QSKPR and PE at peak resistance.
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Figure 34: SEM images of different treated samples showing surface topography of (a) Neat, (b) S3, (c) S4, (d)
2-hour Ozone treated, (e) Ozone and WG treated and (f) Titanium dioxide treated fabric samples

5.4.2. Ozone and WG Treatment

It is believed that Ozone treatment can affect the para-Aramid [93]. Therefore,

Neat samples were exposed to aqueous ozone medium for 60 and 120 minutes. The

Ozon treatment setup and procedure is described in section 14.2.1.4. The results of these

treatments as comparison of fabric treated with Ozone only and with Ozone and WG

are shown in Figure 35 and effect of WG concentration on 2ZS4 fabric is shown in

Figure 36 and their coefficient of first order polynomial fit (Equation 12) and goodness

of fit in Table 13.

Table 13: Coefficients of 1st degree polynomial fit, for QSKPR and PE vs WG Conc. and goodness of fit, for

120 min Ozone Treatment

Coefficients of Model

(upper & lower bound of 95% P1 P2
Cl)
QSKPR 0.2489 (-0.4823,0.9802) | 12.68 (-6.205, 31.56)
PE 2.139 (-0.05399, 4.333) | 39.55 (-17.08, 96.18)
Goodness of fit SSE R-square Adjusted R-sq. | RMSE
QSKPR 2.65 0.9493 0.8985 1.628
PE 23.84 0.9935 0.9871 4.882
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QSKPR and Energy at peak resistance
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Figure 35: Effect of Ozone treatment time on Ozonized only and Ozone + WG treated fabrics
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Figure 36: Effect WG concentration on QSKPR and Penetration Energy of Ozonized and WG treated fabrics
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Ozone treated samples did not showed any physical changes at the fibre surface,
as is observable in SEM images shown in Figure 34(d), unchanged flat surface is
resembling the Neat fibres as seen in Figure 34(a). The ozone treatment improved the
comfort and mechanical properties, as discussed in section 5.1.2, but its stab resistance
performance was not significantly improved, as shown in Figure 35. However,
ozonized samples were also treated with WG and fabric with both treatments showed
proportional increase in QSKPR and penetration energy as WG concentration was
increased, as shown in Figure 36. Although, only WG treated fabrics had better QSKPR
but ozonized and SiO- deposited samples had comparable QSKPR, as found in Figure
40, with better comfort properties. It can be observed that 2ZS4 has comparatively less
air permeability and lesser bending rigidity, as shown in Figure 27 and Figure 28

respectively.

5.4.3. Titanium dioxide Treatment

TiO2 was applied to the neat fabric by pad-dry technique, in five different
concentrations from 0.01 g/l to 0.5 g/l. Treated fabric samples were investigated for
their mean QSKPR, that was examined for three different KPA i.e. 0°, 45° and 90°.
Mean QSKPR and Energy at peak resistance for treated samples is compared in Figure
37. It is evident that increasing the concentration of TiO2 on fabric surface is not

improved QSKPR or Energy at peak resistance.

Table 14: Coefficients of 1st degree polynomial fit for QSKPR and PE vs TiO2 Conc. and goodness of fit

Coefficients of Model
(upper & lower bound of 95% P1 P2
Cl)
QSKPR 2.441 (-1.608, 6.491) 10.12 (9.084, 11.15)
PE -4.148 (-39.48, 31.19) 35.16 (26.14, 44.17)
Goodness of fit SSE R-Sq. Adj. R-Sq. RMSE
QSKPR 0.7746 0.551 0.4013 | 0.5081
PE 58.98 0.04445 -0.2741 4.434
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QSKPR and Energy at peak resistance
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Figure 37: Effect of increasing TiO, concentration on QSKPR and Energy at peak

It was supposed to improve QSKPR by producing an interface with fibbers’
surface and enhance the surface friction of the fabric. To investigate the reason of
ineffectiveness of TiO, treatment, surface topology was observed under SEM, as shown
in Figure 34(f). It was verified from the SEM images that the interface between TiO>
particles and filaments’ surface was absent. The particles were placed on the surface of
the fibres without adhesion with the surface. It was assumed that increasing the density
of these particles, by increasing concentration of TiO2 was not resisting the knife
penetration rather these particles was causing the mobility of the penetrating knife.
Consequently, it is observable that on increasing the concentration of TiO2 the QSKPR

is not improving and PE had a negative slope.

To improve the interface of TiO, with para-Aramid fibres it was necessary to

introduce chemical binders that would result in loss of comfort and flexibility
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characteristics. Therefore, would be against the goal of this work. This research work
investigated other methods of surface modifications further.

5.5. Deposition of the SiO2 Layer

The deposition of SiO layer was verified by following surface analysis techniques.
5.5.1. SEM images:

The physical presence of the deposited layer was observed in SEM images as
shown in Figure 34(a), (b) and (c), for Neat, S3 and S4. Fabric surface topologies, of
these fabrics, are confirming the physical presence of the deposited layer. For S3 and
S4 samples, the deposited layer is apparent not only on the fibres surface but also in the
gaps between fibres. Additionally, S4 sample shows the irregular edges of the deposited

layer. In contrast, the untreated Neat sample has the smooth and clear surface.

5.5.2. FTIR Spectroscopy
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Figure 38: FTIR spectra of untreated and treated samples and silica powder

The FTIR spectra of treated and untreated samples are shown in Figure 38. The
peak between 1000 to 1100 cm™, for silica powder curve, is due to the characteristic
stretch vibration of Si-O [94]. The differences, in the curves of the untreated and the
treated samples indicate the changes occurred after SiO2 layer deposition. This change
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is noticeable in curve of treated fabric where silica powder peak overlaps Neat fabric at

1070 cm?, as shown in the Figure 38.

5.5.3. EDX Analysis

The atomic composition of treated and untreated surfaces was determined by EDX

analysis. The peaks of the detected elements can be found in Figure 39 and the

percentage of different atoms partaking is given in the Table 15. The presence of Na

and Si atoms were found only on treated samples while the comparative occurrence of

Si and O atoms were found to be maximum on S4 samples and concentration of Na has

reduced on S4 samples as compared to S3.

2100 . 2100 - .
. Element  Atomic% _ Element  Atomic%
é 1800 fo 84.68 Z 1800 C 88.65
2 (0] 15.36 g (e] 14.96
“ 1500 <1500
g 2 Na 0.66
£ 1200 S 1200 Si 0.73
3 3
& 900 C & 900 i
% ﬂ 5 |/
5 600 ‘ | 5 600 | f
5 \ £ )
=] =1
3 300 \)l 0 Z 300 H Na
| .
0 | LA NIVAW, Si
0 I 2 3 4 5 0 1 2 3 4 5
(a) keV (b) keV
2100
_ Element Atomic%
Z 1800 C 77.96
.
= 5
g 1200 Si 3.01
2
8 900
3 ‘ c
5600 | 1
e | O
=
2 300 ||| Na
LA Si
O L — A
0 1 2 3 4 5
kev

Figure 39: EDX analysis of (a) Neat, (b) S3 and (c) S4 samples.

The evidences obtained from SEM, FTIR and EDX analysis confirm the deposition

of SiO2 on the surface of treated samples, that can be summarised as:

1. The physical presence of the deposited layer is observable in SEM images,
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2. The presence of Si-O stretch vibration peaks in FTIR spectroscopy curves and

3. The presence of Si, O and Na atoms as evident by EDX.

Table 15 Element Analysis by EDX

Atomic (%)
Fabrics
(0) Na Si
N 84.64 15.36 - -
S3 83.65 14.96 0.66 0.73
S4 77.96 18.77 0.26 3.01

5.6. Change in surface friction

The coefficient of surface friction of different samples was also analysed, and the

results are given in Table 16. The values in parenthesis show the Student’s t-Distribution

at 95% confidence interval. The coefficient of friction is found to be increased in order of

S4>27S4>S3>N. It may indicate that the deposition of SiO. causes the surface to become

irregular and coarser and hence resulting in the higher coefficient of friction for fabric

surface. Furthermore, a greater amount of deposition of SiO, on treated samples resulted

in a greater increase in frictional coefficient (as evident from Table 16).

Table 16: Coefficient of friction of different fabrics

Fabrics Type

Neat S3 S4 2754

Mean Coefficient of Friction, pg

0.24(0.02) 0.26(0.02) 0.31(0.02) 0.30(0.01)

5.6.1. The effect of surface friction changes on QSKPR:

The comparison of QSKPR force of treated and untreated samples at different

penetration angles is expressed in Figure 40. The error bars represent the Student’s t-

Distribution at 95% confidence interval. The mean values of each fabric tested at all

selected angles are represented with the horizontal line.
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QSKPR of Different Surface Modified Twaron Fabrics
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Figure 40: QSKPR of different surface modified fabrics

The bar chart establishes the statistically significant increase in penetration resistance,
in the order of S4>2ZS4>S3>N. There is more than two-fold increase in mean penetration
resistance from 11.88 N for Neat fabric to 25.55 N for S4 fabric. The reason of this
behaviour may be due increase in frictional coefficients of treated samples which resulted
in the higher knife penetration resistance. The key observations of the Neat fabric failure
against the knife penetration were yarn to yarn sliding, lack of fibres gripping and partial
yarn cutting. This may be reasoned to the open-structure of fabric, lack of fibre binding
forces and lack of warp-weft friction. However, the behaviour of S4 sample was changed,
where failure occurred due to the individual yarn cutting in one or fewer steps without yarn
slippage. It may be associated with the increase in friction and knife load distribution to
the neighbouring yarns. Comparison of force-displacement curves of Neat and S4 samples

indicate this behaviour, as presented in Figure 41.
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Close observation of the force-displacement curves discloses two facts:

1. Total numbers of peaks have reduced, for full penetration of 42 mm.

2. Peaks for S4 sample were relatively higher than Neat fabric, which can be
related to more yarns responding simultaneously i.e. more load distribution
from single yarn to neighbouring yarns because of reduced yarn slippage.

These phenomena are evident in cases when the knife does not cut the warp or weft
normally i.e. in cases of penetration angles of 22.5°, 45°, and 67.5°. For other cases, at the
penetration angles 0° and 90°, the number of peaks for S2 and Neat samples are same.

Sparse density of yarns causes individual yarn presentation to the knife sharp edge.
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Figure 41: Force-displacement curves of Neat and S4 samples at different knife penetration angles (best of

various samples)

5.6.2. The Relation of QSKPR with the amount of deposition and friction

Another analysis made from Figure 40 is that the QSKPR increases linearly with the
increase in amount of SiO2 deposition on the fabric surface. This is true for all the
penetration angles. In the similar manner, it is also found that the QSKPR is related to
fabric surface friction. To investigate the relation, mean surface frictions were plotted

against mean QSKPR for Neat, S3 and S4 samples, as shown in the Figure 42. The vertical
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and horizontal error bars are showing 95% confidence interval of QSKPR and fabric
friction, respectively. It is clear there is a strong dependence of variable Rg; (QSKPR) on
the independent variable pg (coefficient of surface friction). So, for the given amount of

SiO deposited in this study, it can be stated that:

Ry = f(.us) 13

1st degree polynomial linear model fitted, is shown in Equation 12 and the coefficients

of the model and goodness of fit of this model are shown in Table 17.
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Figure 42: Effect of change of surface friction on QSKPR
Table 17: QSKPR vs Fabric Friction fitted model coefficients and goodness of fit
Coefficients of Model p1 P2
(95% confidence lower &
upper bounds) 188.1 (142.9, 233.4) -32.84 (-45.46, -20.22)
) SSE R-Sq. Adj. R-Sq. RMSE
Goodness of fit
0.724 0.9938 0.9907 0.6017

5.7. The effect of KPA on QSKPR

The effect of the penetration angle on QSKPR is presented in Figure 40. The Neat
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fabric shows the increase QSKPR with the increase in penetration angle from 0° to 90°,
with the highest resistance at 67.5° penetration angle. The similar behaviour is observed
for the surface modified fabrics.

However, it should be noted that the higher penetration resistance at the 67.5°
penetration angle is not statistically significantly different, for any fabric type. Only for
Neat fabric, the penetration resistance for this angle is statistically significantly different
from the means all Neat samples (as seen horizontal blue line in Figure 40). This analysis
was performed for t-distribution test at 95% confidence level and given in Table 18.
Moreover, all fabrics show comparatively higher penetration resistance at 67.5° KPA as is

evident in Figure 40 except 2Z54.

Table 18 One-way Analysis of Variance (ANOVA) for QSKPR of Neat fabric at 67.5°

Angle  Neat fabrics mean resistance ~ Mean resistance at 67.5° P

67.5° 11.88 14.1 (12.25, 15.95) 0.017

5.7.1. Orientation of yarns at different penetration angles

The differences between the penetration resistance forces at different penetration
angles can be linked to the orientation and availability of yarns to the knife edge. In Figure
43(a), the knife edge travelling at different penetration angles are shown with dotted lines.
There can be three possibilities with respect to the knife travel (tr) for each consecutive
yarn cutting:

1. At penetration angles 0° and 90°, one direction yarns, either wefts or warps are cut,
and knife travels a distance equal to one pick spacing, denoted here with ‘p’, as
shown in Figure 43(b) as to and teo. This distance is the smallest of three cases but
as compared to knife travel, the warp and weft density is sparse, and the knife edge
does not face consistent resistance from fabric. This is the reason that the QSKPR

drops to zero after each yarn cutting, before the next yarn starts resistance against
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Figure 43:

knife, as evident in Figure 41(a) and Figure 41(b).

For 45° penetration angle as seen in Figure 43(c), the knife engages warp and weft
in orthogonal pairs. The distance travelled is V2p for each next pair. This is the
maximum distance for all three cases. Also, yarn to yarn slippage is highest among
all cases. That is the reason, QSKPR force-displacement curves shows higher
numbers of peaks, and relatively least resistance is observed at 45°. And in the case
of higher yarn to yarn friction, as in S4, the number of smaller peaks has reduced,

as evident in Figure 41(e).

22.5° 0°
450 \
SRk ;
oy ] ] | (@
67.5° | Y N[
S N I Weft
. IS SR
o T ER
LIPS Jo
(a) s | [ 1%‘ (b)

(&) Hlustration of the path, knife edge travels at different KPA, (b) yarn to yarn distance and knife
travel (t) at 0°, 90°, 22.5° and 67.5° and (c) at 45°

In the case of 22.5° and 67.5° penetration angles the knife edge travels a distance

of = =, as clear in Figure 43(b), that is nearly equal to one pick spacing, 1.083p.

NEreG;

And both warp and weft yarns offer the resistance simultaneously, although more
resistance is offered by yarn that is cut near to its transverse direction. The knife
travelling finds less gaps and relatively more steady fabric response is exhibited as
is evident from QSKPR force-displacement curves, apparent by fewer peaks and

less bumps as shown in Figure 41(c) and Figure 41(d).

The dominated higher resistance at 67.5° as compared to 22.5° and at 90° than 0°
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angles may be linked to the higher mechanical strength of warp yarns.
The distance knife should travel for each penetration angle is negatively relating the

QSKPR, that can be expressed as:
1
Ry =f (E)

5.7.2. Warp and Weft complementary cutting behaviour

14

There seems to be the complementary response of warp and weft when penetration
angle changes. This is also supported by the post-penetration fibre damage analysis,
removed from damaged Neat fabric samples (Figure 44). It was observed that transverse
knife penetration caused maximum load sharing as evident from plastic deformation at 0°
and 90° penetration angles, as given in Figure 44(a) and Figure 44(b). Since warp yarns
are also showing cracking, fibrillation and fibre rupture along the length, which may be
attributed to higher stress at break of warp yarns than weft yarns. This finding is supported
by the fact that the tensile strength exhibited by warp yarns, of any fabric, is higher from
their respective weft yarns. The ultimate tensile strength of yarns removed from different
fabrics is shown in Figure 45. The an-isotropic cutting behaviour of textile fibres and yarns
is already recorders [30], [32], and it is known that woven fabric show anisotropy for their

mechanical characteristics, when examined at off-axis from warp or weft directions.[95]

(a) (b)

Figure 44: SEM images of fibres removed from post-penetrated fabric samples.

63



120 1~

100 4

80

60

40 4

Ultimate Tensile Strength [cN/tex]

20 A

Warp
Neat

Tensile Strength of different yarns

Weft
Neat

Warp

S4 S4 2784 2754 2Z

Warp Weft

Weft Warp

Weft
27

Figure 45: Comparison of the ultimate tensile strength of warp and weft yarns, removed from respective fabric

For all the other cases the tip of damaged warp and weft yarns is in accordance with

the angle at which knife cut the respective warp or weft yarn. The fibre that is cut at an

angle closer to the transverse direction, shows higher plastic deformation, cracking and

fibrillation. When the cutting angle decreases to lower penetration angles, a clear sharp

edge is observed at the tip of the damaged fibre and plastic deformation mechanisms also

diminish.

The orthogonal orientation of warp and weft makes the QSKPR complementary to

90° i.e. the sum of cut angles of warp and weft fibre is 90°. So, the fibres cutting at the

smaller angle contribute less resistance than cutting at the higher angle. When yarns with

the higher tensile strength are cut at higher angle, more QSKPR is exhibited [35]. This

angle dependence of QSKPR can be expressed as:

Rst(warp) = f(o-warpSina)

Rst(weft) = f(o-weftSinﬁ)

15

16
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Considering orthogonal orientation of warp and wett:
Za 1L 2P
= sinfi = cosa

Therefore, the Equation 16 becomes:
Rst(weft) = f(O'WthCOSO()

17
For fabric response, combining equation 15 and 17:
Ry = Rst(warp) + Rst(weft)
Rt = f ((Gwarp Sin(@)) + (Gwese cos(2)))
18

Here, Ry, is QSKPR measured in N, 6,4, and o, are the warp and weft ultimate

tensile strength in measured in cN/tex and « is the knife penetration angle in degrees.

5.7.3. Fourier function fitting:

Fourier function, Equation 19, was fitted to the mean QSKPR at different KPAs of
treated and untreated fabrics. Figure 46 shows the fitting results. The fitted equation
coefficients are shown in Table 19 and variance and goodness of fit, for different fabrics,
in Table 20.

f(a) = ¢y + ¢y cos(a.w) + ¢, sin(a.w)
19

a here is the KPA and w is the period, which can be up to 2m, for this measurement

w = m/2. Itis assumed that /2 period can be generalized to complete 2.
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Figure 46: Comparison of predicted and measured QSKPR of different fabrics as different KPAs.

Table 19: Fitted Coefficient of Fourier Function

Coefficients Neat S3 S4 2754
Co 11.96 16.75 25.18 23.29
cq -1.04 1.30 -1.51 -1.02
c, -1.39 -1.63 0.26 2.26
w 0.06 0.07 0.05 0.11

Table 20: Goodness of fit for different fabrics

Fabric SSE RMSE R-Square Adj.R-Sq. DFE No. of Coefficients

Neat 0.656  0.811 0.917 0.667 1 4
S3 1.243 1.115 0.893 0.570 1 4
S4 3.309 1.820 0.636 -0.457 1 4

27254  0.022 0.148 0.999 0.994 1 4

It is observable that nearly all fabric data fit well and explainable by Fourier function.
However, it can be seen that the QSKPR response of S4 fabric have become distinctively
homogenous which does not provide enough amplitude for complete fitting the function.

5.8. Video Analysis
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To understand the interaction of knife and fabric the video of knife penetration, during
quasi-static stab testing, was captured on CCD camera. The method and setup followed
can be found in section 4.2.2.2. For comparison Neat and S4 fabric samples are analysed
at 0° KPA.

The force-displacement curves are shown for Neat fabric in Figure 47 and for S4 fabric
in Figure 49. These curves are labelled at different points mentioning fracture of certain
yarns as numbered in Figure 48 for Neat fabric and in Figure 49 for S4 fabric.

The knife penetration can be viewed in two parts, first yarn is fracturing on blunt side

and second sharp side of the knife. The yarn fracture on both sides are discussed below.

5.8.1. Blunt side yarn fracture

In both cases, of Neat and S4, as the knife starts to penetrate, the yarns
interacting with blunt side of the knife are pushed aside, resulting a force like yarn pull
out unless they are fractured. It is observable for yarn number 4 in Figure 48(B)-(D)
and for yarn number 3 in Figure 50(B)-(D). After completion of first 6mm of knife
penetration the blunt side get parallel to the length of knife, so further pressure from
blunt side ends and only sharp side causes the pressure and yarn fracture. This initial
fracture of yarn on blunt side is the major cause of higher peak in force-displacement

curve.
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Sample # 159 Neat Fabric QSKPR Curve
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Qusi-static Knife Penetrate Resistance
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Figure 47: Force-Displacement curve for Neat fabric at 0° KPA, label pointing fracture of different yarns

Figure 48: Camera images showing knife penetration for Neat fabric at 0° KPA, different yarn fractures are
labelled, at E, H and K knife penetrates without yarn fracture.
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Sample # 240 S4 Fabric QSKPR Curve
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Figure 49: Force-Displacement curve for S4 fabric at 0 KPA, showing point of different yarns fracture
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Figure 50: Camera |mages showing knife penetration for S4 at 0° KPA, different yarn fractures are labelled.
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5.8.2. Sharp side varn fracture

In Figure 47 and Figure 49 every peak is labelled with corresponding sub-figure
and yarn number found in Figure 48 and Figure 50, respectively for Neat and S4
fabrics. Each peak is produced exactly before fracture of corresponding yarn. It can be
seen that the fabric resistance falls to zero due to the gaps between yarns, for Neat fabric
as mentioned at E, H and K in Figure 47 and Figure 48. While, for S4 fabric knife does
not find a gap enough that resistance falls to zero. Moreover, the force-displacement
curve’s contours for Neat fabric are depicting inconsistent resistance from each

individual yarn cutting, i.e. partial cutting of yarn which is also evident in recorded

videos.
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Figure 51: (a) Mean Strain % of S4 and N analyzed from image analysis, (b) Travel of knife edge before each
yarn rupture and (c) Illustration of yarn strain before fracture
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On the contrary the S4 yarn fracturing curves making clear peaks, as seen in
Figure 49 at label C, D, E, F and G, that indicates the strong resistance offered by S4
individual yarns and complete yarn cut in one step without any partial cutting. This
behaviour shows the intra-fibre cohesion that make filaments of the yarn behave as

single assembly.

20

(2L, — )100

Strain % = ]

21

Here [ is the length before straining, one half of the strained length is denoted with [,
is calculated from Equation 20. 21, is the total length after straining and the percentage

strain was measured using Equation 21.

The other reason of higher peak of S4 than Neat is the stiffer yarn behaviour of S4
yarns. The image analysis performed for the image-frames extracted from recorded video,
as shown in Figure 51(c), proves this finding. Mean strain measured (by Equation 20 and
21) at rupture of S4 yarns was found to be lower than Neat yarns, as shown in Figure 51(a).
Furthermore, the absorption of energy is higher for preceding yarns than following yarns,

in case of S4 as shown for yarn number 5 and 6 in Figure 51(b).

5.9. Cutting Resistance of Individual Yarns

To examine how yarns behaviour against knife blade when no interlacement is there
like in the fabric. The warp and weft yarns were removed from the treated and untreated
fabrics. Their resistance against same (K1) knife edge was recorded as was used to
penetrate the fabric. The details of device and procedure are already discussed in section

4.2.43.

71



The mean cutting resistance and energy versus knife vertical displacement and knife

edge displacement was recorded for 10 yarns. The results are shown for Neat warp and

weft in Figure 52 and Figure 53, and S4 warp and weft in Figure 54 and Figure 55

respectively. The shaded area in figures is indicating 95% confidence interval of mean

resistance. Few things are noteworthy here:

1. Near about all yarn are completely fractured for same knife displacement,

similar cut resistance and cut energy.

Both Neat (warp and weft) yarns and few S4 weft show partial fracture, Neat
yarn around midway of complete fracture displacement at around 5 mJ cut
energy and S4 weft later than midway at around 12 mJ.

S4 warp does not show partial fracture but cut in one go. And fracture of

complete yarn completes earlier than Neat yarns, for both S4 warp and weft.
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Figure 52: Mean curve for cutting resistance and cutting energy verses vertical and knife edge displacement for

Neat warp
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Average Cruve of Resistance and Energy of Single Yarn Cutting
Neat Weft
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Figure 53: Mean curve for cutting resistance and cutting energy verses vertical and knife edge displacement for
Neat weft
Average Curve of Resistance and Energy of Single Yarn Cutting
S4 (Warp)
Horizontal Knife Edge Displacement [mm]
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
3.5 ...-I.-.-I-..-I....I....I....I....I....I....I....I....I....I....I....I.‘:\..I..--I..-.I.n- 25
3.0
- 20
Zz.s . —
: z
§ 50 15 @
.4 5]
B 0
e~ i
= i =
S 1.0 P O
== N N 1
0.5 1y +0.050x + 0.263!
[ i RZ0965 ] v
0.0 e 5 o ) B Y' S EE— 0 %
0 5 10 15 20 25 30 35 40 45 50 r
Vertical Knife Displacement [mm] g
Average Curve ——Work Done - - -Linear Fitting E
Figure 54: Mean curve for cutting resistance and cutting energy verses vertical and knife edge displacement for
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Figure 56: Average Cut resistance and Cut Energy for different types of individual yarns
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These results are summarized in Table 21 and graphically represented in Figure 56.

Table 21: Individual Yarn Cutting Statistics

Mean Values at Peak Resistance for:
Fabrics Cgtting Yarn Cutting Knife Edge  Knife Length
Resistance Energy Displacement  Displacement
[N] [mJ] [mm] [mm]
Neat Warp  2.48 (0.13) 17.75 16.78 46.1
Neat Weft  2.58 (0.19) 18.83 16.31 44.8
S4 Warp 2.54 (0.17) 18.94 14.70 40.4
S4Weft  2.46 (0.23) 17.17 14.89 40.9

From these results it can be inferred that S4 yarns have developed enough inter-fibre
cohesion that they persist partial yarn fracture to larger extent, than Neat yarns, but once
cutting starts complete yarn cuts in one step. While Neat yarn individual filament resist
against separately and yarns fracture by parts, showing absence of inter-fibre cohesive
force.

5.10. Yarn pull out force

The force required to pull out yarn from the fabric can give an estimate of friction due
to yarn to yarn sliding. Yarn pull out force was measured for warp and weft of Neat and
S4 fabrics following the procedure as described in section 4.2.4.2.

Each yarn was pulled out for a total of 40 interlacement. For each interlacement yarn
get lose and tight as free end passes over different interlacements, this is evident from pull
out data shown in Figure 57. The peaks, from yarn pull out (force-displacement) data, were
plotted and these peak points were fitted with linear regression, 2" order polynomial as
found in Equation 22. Table 22 and Table 23 show the coefficient of fitted model, goodness
of fit and analysis of variance. Mean pull-out resistance was computed for every peak in
measurement curve by dividing the interlacements contributing to the resistance. Then

mean for every fabric direction was computed and shown in Table 24 and as found in
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Figure 59.
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Figure 58: Yarn Pull-out resistance against opposing interlacements of yarns for warp and weft of Neat and S4
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f(x) = p1x* + pox + p3

22
Table 22: Yarn pull-out coefficients of fitted models
.| Pull-out Equation Coefficients
Fabric | .” "
direction Py P2 Ps3
Neat Weft 0.000197 (0.000042) 0.0135 (0.0019) | 0.0115 (0.01837)
Warp 0.000128 (0.000016) 0.0147 (0.0007) | -0.0055 (0.00723)
sS4 Weft 0.000332 (0.000029) 0.0157 (0.0013) | 0.0429 (0.01279)
Warp 0.000436 (0.000035) 0.0114 (0.0016) | 0.0638 (0.01561)
Table 23: Goodness of fit 2" degree polynomial fit
Fabric P_ull-c_)ut SSE R-Square Degree of Adj. R-sq. | RMSE # Coef.
direction freedom
Neat Weft 6.55E-04 0.999189 14 0.999073 | 0.006838 3
Warp 1.01E-04 0.99985 14 0.999829 | 0.002691 3
s4 Weft 3.17E-04 0.99979 14 0.99976 | 0.004758 3
Warp 4.73E-04 0.999694 14 0.999651 | 0.00581 3

S4 warp and weft show significantly higher mean resistance than Neat warp and weft.

Weft of both fabrics shows slightly higher resistance than respective warp, which may be

related to higher crimp of weft than warp.
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Figure 59: Mean Yarn pull-out resistance per interlacement for warp and weft direction of S4 and Neat fabrics
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Table 24: Mean pull-out resistance of each interlacement

Pull-out Force per interlacement, [N]
Warp Weft
Neat  0.0172 (0.0008) 0.0185 (0.0009)
S4 0.0248 (0.0013) 0.0255 (0.0011)

Fabric

5.11. Yarn Sliding Resistance

In the video analysis it was observed that on average each yarn is displaced from 1-2
mm before it was cut by sharp edge of the knife, sliding over opposing yarns. Once this
sliding resistance is known we can observe how it is contributing to the stab resistance of
the fabric.

We can measure the resistance offered by the yarns of the fabric when they slide over
opposite yarns. To measure this sliding resistance a setup was designed using a thin wire
as photographed in Figure 60 and the procedure explanation is given in section 4.2.4.4.

The results are shown in Figure 61, for warp and weft yarns of Neat and S4 fabrics.

Figure 60: Fabric samples installed on Universal Testing Machine, before (a) and after (b) yarn sliding
resistance measurement.

The sliding resistance for 10 mm was recorded for warp and weft of Neat and S4
fabrics, for 10 samples each. The interpolated mean values were plotted. The data was
fitted with second degree polynomial (as in Equation 22) and mean resistance at 1 and 2

mm is shown in Table 25. The coefficient of fitted model, analysis of variance and
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goodness of fitted data are shown in Table 26 and Table 27.

Table 25: Yarn sliding resistance for different fabric in warp and weft direction

Fabric sliding resistance (N)

Fabric Direction Warp Weft
Sliding Distance 1mm 2 mm 1 mm 2 mm
Neat 0.51 0.89 0.39 0.71
S4 2.17 4.58 1.68 3.48
Yarn Sliding Resistance of Neat and S4 Fabrics
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Figure 61: Fabric Sliding resistance, measured using wire loop pull up, in warp and weft direction of Neat and

S4 fabrics
Table 26: Parameters of fitted model
i Equation Parameters
Fabric
P1 P2 P3

Neat Warp 0.623 (0.0048) 0.225 (0.0498) 1.12 (0.108)
Neat Weft 0.562 (0.0073) -0.374 (0.075) 1.439 (0.163)

S4 Warp 0.038 (0.00075) 0.231 (0.0078) 0.207 (0.0168)

S4 Weft 0.033 (0.00051) 0.211 (0.0053) 0.131 (0.0114)

Table 27: Goodness of fit for 2" degree polynomial fitted model for slide resistance of different fabrics

Fabric SEE R-Sq. df Adj.R-Sq. RMSE # Coef.
Neat Warp 37.678 0.999 332 0.999 0.337 3
Neat Weft 85.633 0.999 332 0.999 0.508 3
S4 Warp 0.914 0.999 332 0.999 0.052 3
S4 Weft 0.421 0.999 332 0.999 0.036 3
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5.12. Effect of Layers orientation

The minimum requirement of penetration energy defined by stab resistance standard
(NIJ Standard—0115.00) cannot be fulfilled by single layer of Neat fabric. Also, stab
resistant textile must have sufficient thickness to resist against stab. Therefore, multiple-
sheet textile was required. Since orientation of fabric with respect to knife changes for
each stack when more than one sheet is stacked at different stacking angle (SA). Therefore,
stacking angle was studied for two-layered textile. Stacking angle is the angle between
warp direction of two consecutive layers.

Three different SA 0°, 90° and 45° were analysed for Neat fabric samples. The
orientation of different stacking angles is shown in Figure 62. Each of this orientation was

tested for QSKPR in five KPAs i.e. 0°, 22.5°, 45°, 67.5° and 90°.

W0 W90 WIS

0° Stacking Angle 907 Stacking Angle 457 Stacking Angle

Figure 62: Stacking of two sheets at different stacking angles, arrows representing warp direction of respective
fabric

5.12.1. Effect of Stacking

The QSKPR of different combinations of stacks is shown in Figure 63 and
penetration energy in Figure 64. The mean QSKPR and mean Penetration Energy are
represented by horizontal lines in each case. A comparison with Figure 40 discloses the
fact that mean QSKPR of two sheets stack has arisen from 7 to 10 times than mean

QSKPR of single sheet. This evident the synergic effect of multi-sheet stack.

80



160 -

140 A

120 A

QSKPR [N]

=)
<
I

40 A

[ 0° SA Mean, 91.78 | [45° SA Mean, 117.46] [90° SA Mean, 79.19

0° SA 45° SA 90° SA
Stacking Angle [Degree]

m()° 22 5° 45° mm67.5° mm9(0° =e=0° SA Mean ——=45° SA Mean —==90° SA Mean
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Figure 64: Change in Penetration Energy of fabrics with different Stacking Angles at different KPAs
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5.12.2. Effect of Stacking Angle and KPA on QSKPR and PE

It is clear from these figures (Figure 63 and Figure 64) that change in SAs and
KPAs is causing variation in QSKPR of different stacks. The error bars representing
95% confidence limits of each KPA examined. For definite understanding one-way
analysis of variance (ANOVA) was performed to find significant difference of
penetration angle within each set of samples (Figure 63 and Figure 64), as shown in
Table 28. In all the cases F-statistics is higher than critical F value establishing
statistically significantly different mean QSKPR for each KPA examined, within each
stack orientation. That confirms the change of QSKPR with varying KPA for two-

sheets stack.

Table 28: One-way ANOVA for QSKPR for different SA

SA  Source of Variation SS df MS F P-value  F-critical

Between Groups 748.31 4 187.08 5.50 0.003 2.76
0°  Within Groups 849.73 25 33.99

Total 1598.05 29

Between Groups 644.35 4 161.09 3.05 0.035 2.76
45°  Within Groups 1318.75 25 52.75

Total 1963.10 29

Between Groups 68261.87 4 17065.47 125.53 3.641E-16 2.76
90° Within Groups 3398.72 25 135.95

Total 71660.59 29

The mean QSKPR of different stacks is in increasing order from 90° < 0° < 45°,
To explain this order, we must consider the orientation of warp and weft yarns in
different sheets of a stack. The warp and weft of two sheets are found to be aligned as
illustrated in Figure 65. In earlier discussion, we have seen that the QSKPR of fabric
is a complementary response (section 5.7.2) and warp dominates in load bearing. This
trend has been magnified when warps of both sheets are aligned, as in case of SA of 0°,

shown in Figure 65(a). If we compare the single sheet QSKPR of Neat fabric (Figure
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40) and two-sheets stack results (Figure 63, 0° SA) a resemblance can be found for
response at different KPAs.

In case of SA of 90° the warp of two sheets aligned perpendicular to each other,
as shown in Figure 65(c) and that may be the reason of loss of QSKPR at 0° and 90°
KPAs, at this SA. That is, when knife is penetrating parallel, to warps of one of the
sheets, the stabbing resistance achieved is like as achieved by single sheet QSKPR.
Also, when knife is not penetrating parallel to the warp direction of any sheet the

strength exhibited is comparable to QSKPR shown at SA 0° or 45°.

(a) (b)
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0° SA 45° SA 90° SA

<> Top Warp <> Top Weft <> Bottom Warp <> Bottom Weft

Figure 65: Orientation of warps and wefts for different sheets at different SAs

For the case of 45° SA mean QSKPR is found to be maximum in comparison
to other SAs. Similar reason, as discussed earlier, is found to be present in this case
also. The knife gets parallel to the yarns of one direction at 0°, 45° or 90° KPA, present
in any one of the sheets.

KPA is measured from the top sheet that come first in contact with knife. At 45°
KPA warp or weft of the bottom sheet is parallel to knife. In the case of warp, the
QSKPR may reduce and in case of weft it may not reduce to that extent. That is the
reason of much variation of PE at 45° KPA for 45° SA. Similarly, at 0° KPA warp of
the top sheet and at 90° KPA weft of the top sheet is parallel to penetrating knife i.e.

QSKPR and PE is achieved as is evident from the Figure 63 and Figure 64. For the
83



other two KPAs (i.e. 22.5° and 67.5°), we observe maximum PE and comparable
QSKPR because no yarn is parallel to knife and cutting energy is distributed among all
the yarns of both sheets leading to the best PE and one of the best QSKPR of all the
results observed.

From all these discussion, it can be safe to infer that more the number of yarns
resisting in multiple directions, for various sheets of stack, higher will be the

distribution of stabbing energy and more resistance is offered by the textile.

5.12.3. Force-Displacement Curves of Different KPAs

Force-displacement curve of double sheet stack orientated at 0°, 45° and 90°
SA are shown in Figure 66. Each column in this figure from top to bottom is showing,
0°, 90°, 22.5°,67.5° and 45° KPAs best sample’s curve, a, d, g, j and m, for SA 0°, b,
e, h, k and n for SA 45° and c, f, i, | and o for SA 90° respectively. One noticeable
observation is that these curves are very different from the curve we observed in Figure
41, for single layer fabric. The single higher peak is now converted in jolting and
mounting towards higher resistance (N) as penetration continuous. Therefore, the peak
for each sample is obtained at deeper penetration in contrast to single layer where top
peak was obtained at the start within 6 mm of vertical penetration. From these peaks it
is observable that yarns from two sheets continuously remain in contact with knife and
continuous resistance and knife edge does not find empty space like single layer where
peak can fall to zero resistance (N). The other noticeable finding is for 45° SA uniform

response visible for KPAs.
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Figure 66: Comparison of best curves observed for QSKPR (in blue color) and Penetration Energy (in green
color) at different KPAs for two-layers stacked at 0°,45° and 90° SA
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5.12.4. Generalizing single guadrant QSKPR over 360°

Assuming similar response in all four quadrants, as in measured quadrant, and
generalizing the results of QSKPR in all four quadrants, over complete 360°, results the
Figure 67. A better understanding be seen of isotropic response of stabbing for different
stacking orientations. The synergic output of different stacking orientations is
observable. It is evident that 45° SA seems to be more resistant and isotropic than other
SAs. This establishes the fact that at smaller stacking angle, as they distribute the yarn

in multiple directions, can produces more homogenous stab resistance.

Effect of Change in Stacking Orientation (SA) of Layers
QSKPR at various KPA Generalized to 360°
0°SA ——45°SA ——90° SA
00
337.5° 140 225°
120
315° 100 45°
80
29250 g0 67.5°
40
20
270° 0 90°
247.5° 112.5°
225° 135°
202.5° 157.5°
180°

Figure 67: Effect of change in SA on QSKPR of stack of two sheets, generalized to 360°
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5.12.5. Effect of Thickness on QSKPR

Adding more numbers of layers increases the surface area in contact with knife.
Also, adding more number of layers will cause the increase of time-period of contact
for which knife acceleration could be resisted and hence increases friction to produce
immobility to the moving knife. The other benefit of having more numbers of layers is
total number of yarns resisting against knife are multiplied and chances of distribution
of penetration energy in multiple direction increases. However, adding more layers
increases the mass and inertia of resisting textile that negatively affect the stab
resistance, therefore, for certain material optimum design is required.

5.13. Dynamic Stab Resistance (DSR)

The best result of QSKPR« in double sheet stack< was found for 45° SA. So, 45°
SA was chosen for dynamic stab testing. Warp of each next sheet was turned 45° from
warp of next sheet, for 8 sheets stack. The drop-tower was used to drop knife, under
gravity, on to the fabric samples, mounted on backing material. The procedure is
described in section 4.2.2.3. The sample being tested was tapped with backing material
platform and it was rotated to allow knife drop in five different direction (KPAS) so that
knife cutting axis make 0°, 22.5°, 45°, 67.5° or 90° with warp of the top most sheet.

The penetration depth was recorded by the machine and was also confirmed
from cut produced in the paper sheets placed in backing material. The mean of
penetration depth recorded for all KPAs is presented in Figure 68. Two penetration
energies were examined.

From these results treated fabric, S4, has comparatively higher stab resistance
than untreated fabric for both examined energies. Increasing the drop energy increases

the depth of penetration in Neat fabric while S4 samples remain unchanged.
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Figure 68: Comparison of dynamic stab resistance in terms of knife penetration depth for Neat and S4 samples, (a) 0.74 J
and (b) 1.47 J

The other observation is for both the fabrics showing no effect of KPA for both
penetrated energies. This may be attributed to the SA which cause distribution of impact
energy in multiple directions and hence similar response in all penetration directions
was achieved. This finding supports the fact that to achieve isotropic response, from
multi-sheet stab resistance textile, the stacking angle should be small enough such that,

it distributes the penetration energy in multiple directions.

88



CHAPTER 6
CONCLUSIONS, APPLICATIONS,
AND FUTURE WORK
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6. Conclusions, Applications and Future Work

6.1.Conclusions

This research investigated the quasi-static knife penetration resistance (QSKPR) and
dynamic stab resistance (DSR) of single and stack of multiple sheets of woven fabric. The
interaction of fabric and knife was studied when penetration was performed in different
directions. The angle made between warp direction of the fabric and the knife cutting axis was
called knife penetration angle (KPA). The KPA was change at five different angles i.e. 0°,
22.5°, 45° 67.5°, and 90°. For multiple sheet stack, Stacking Angle (SA) is the angle made
between warp of each consecutive sheet. For double sheet stack three SA (0°, 45°, and 90°)
were investigated and best SA (45°) was investigated for DSR of eight sheets stack. To
investigate the effect of change in friction, the surface of fabric was modified with SiO2, TiO>
and Ozone with SiO,. The effect of KPA and SA was investigated on QSKPR and DSR.
Treated and untreated fabrics was investigated for their comfort, mechanical and physical
change on their surface.

A new approach to deposit SiO using water glass (WG) as precursor was discovered.
Light acidic medium used helped to deposit SiO2 on the surface of fibres. SiO2 deposition was
confirmed using Scanning Electron Microscope (SEM), Fourier Transform Infra-red (FTIR)
Spectroscopy and Energy-Dispersive X-ray (EDX) Spectroscopy. The deposited layer adds
weight up to 8%, fills the pores, increases inter-fibre, inter-yarn and surface friction of the
fabric. Increase in the fabric friction was found to be directly proportional to the concentration
of WG. Ozone application improves the tensile strength and reduces the bending rigidity.
Before depositing SiO layer, pre-treatment with Ozone for 120 minutes achieves the similar
frictional characteristics, with better comfort. tensile strength and flexibility properties.
Presence of TiO2 on fabric surface was observed under SEM. TiO; particle deposited on fibre

surface from its aqueous solution require binding agent to fix with fibres surface. Without
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binding agent, increasing concentration of aqueous solution of TiO2 from 0.01 g/l to 0.5 ¢/l
does not improve the stabbing performance of para-Aramid fabrics.

It was found that increasing amount of deposited SiO; increases the QSKPR and DSR.
With 40% WG solution increase in QSKPR and DSR was found to increase about 200% for
all KPAs. The response of fabric against QSKPR changed from partial yarn cutting to
individual yarn cutting in fewer steps and load was distributed to larger area due to increase in
inter-yarn friction and intra-yarn cohesion. The distance that cutting knife travelled for cutting
consecutive yarns was changed with the change in knife penetration angle that inversely
affected the QSKPR. The increase in friction of treated fabrics distributed the knife stabbing
load to neighbouring yarns. This distribution was complementary between warp and weft yarns
depending on knife penetration angle. The change in penetration angle changed the distribution
of stabbing load among the warp and weft yarns. The higher QSKPR was resulted when the
load was carried by both warp and weft yarns, at a penetration angle (67.5°) that actuated to
induce more stresses in the yarns with higher tensile strength and yarn to yarn friction.

The model was developed from Fourier function for QSKPR (Rst) response of each
fabric for various KPAs. The model fits well for all untreated and treated fabrics responses
except for S4, which showed least variations in QSKPR for different KPAs. Video analysis
unveiled that yarn present on blunt side of knife are fractured in yarn pull out while sharp edge
of knife displaces the yarn first, sliding over other yarns, and then fracture it in parts. SiO2
treated fabric exhibited presence of intra-yarn cohesion to persist partial yarn fracture to a larger
extent than untreated yarn, that showed absence of such cohesive force. The yarns of SiO>
treated fabric required significantly lower strain than untreated fabric, showing higher modulus
of rigidity. Yarn to yarn friction was found to be higher in treated fabrics than untreated fabrics

that required more pull out force or higher resistance of yarn sliding.
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Stacked setup of multiple sheets produced higher response of QSKPR and DSR due to
more contact area of fabrics interacting with knife and more time available to resist against the
knife. Stacking also provided ability of resisting textile to distribute penetrating energy in
multiple directions. Sheets stack at 45° SA was found to well distribute penetration energy and

exhibit higher QSKPR and DSR and, also, improved isotropy of stab resistance.

6.2.Applications

The essence of this project can be applied to any impact resistance application for

resisting against high energy sharp edged objects.

6.2.1. Knife stab evaluation

For knife stab testing, it is suggested that at least three cutting angles with small
difference (of less than 45°) be examined for homogeneity of stabbing response, either from
warp or weft of the woven fabric.

6.2.2. Stacking orientation

For the multiple-sheets stacks required for anti-stabbing systems, each sheet in the stack
must be rotated to orient yarn of different sheets at different angle i.e. 45° SA.

6.2.3. Ozone treatment and SiO2 deposition method

The benefit of this research can be obtained by employing the method developed in this
research to deposit SiO. from WG. Ozone pre-treatment before SiO, deposition on the fabric,
can enhance the tensile strength of the yarns without losing much air permeability and bending
rigidity characteristics as compared to untreated fabrics.

6.3.Future Work

In future, SAs in more directions can be verified to optimize for best knife stabbing

response. Upon, such knowledge a stab resistance solution may be developed.
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