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Abstract

The friction between twisted yarns during the process of manufacturing textile reinforcements has been considered an
important issue that can strongly influence the mechanical properties of the preform, which deteriorate the mechanical
characteristics of fiber-reinforced composites if the friction is excessive. Based on Hertzian contact theory, a novel analyti-
cal model has been developed in this research to describe the friction behavior between the twisted yarns in orthogonal and
non-orthogonal contact. The realistic contact area was modeled under micro/meso scales taking into account the contact
angle between the yarns and the orientation of the fibers influenced by the twist. The efficacy of the developed model was
confirmed by the experimental approach. Through the developed model, the yarn/yarn friction behaviors were characterized
under different conditions considering the weaving process, such as orthogonal and non-orthogonal contact, same/differ-
ent twist level, and same/different twist direction, which is essential for optimizing the textile preform forming process and
enhancing the mechanical properties of the composites.
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Nomenclature E Equivalent Young’s modulus of fiber (Pa)
Fy Friction force (N) E Young’s modulus of fiber (Pa)
COF  Coefficient of friction v Poisson’s ratio of fiber
A, am  Realistic contact area of yarn (m?) R’ Major relative radius of curvature of the contact
A, iver Realistic contact area of fiber (m?) surface
F, Normal load in 7 (N) R” Minor relative radius of curvature of the contact
F, Tangential load of yarn (N) surface
a Angle between fiber axes (°) T Shear strength (Pa)
p Angle between yarn axes (°) H Displacement under the action of F'
Y Twist angle of yarn (°) Iy Normal load of fiber (N)
0 Angle between z (‘z’) and normal (ﬁ) directions (°) n Number of contact fibers in width of upper yarn
Iy Radius of fiber (m) m Number of contact fibers in width of lower yarn
R Radius of yarn (m) T, Twist of yarn (zpm)
R" Equivalent radius of fiber (m) h; Distance between the fibers (m)
b Half-width of the contact (m)
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1 Introduction

Fiber-reinforced composites are widely used in the aero-
space, automotive, ballistics, and protective clothing field
because of their high specific strength, high specific modu-
lus, and strong designability [1-3]. The mechanical proper-
ties of textile reinforcements, as a significant component, has
a decisive effect on the mechanical properties of final com-
posite products [4, 5]. The mechanical behavior of textile
reinforcements depends strongly on the yarn-level factors,
which are guided by fiber-level interactions [6—8]. Thus, the
research on the mechanical properties of fiber and yarn is
quite meaningful to develop fiber-reinforced composites [9,
10]. In addition, the damage between yarns will be aggra-
vated during the weaving process, particularly the damage

between warp and weft yarns, binder and weft yarns during
three-dimensional (3D) orthogonal weaving, whose differ-
ence is contact mode, and which generally can be classified
according to various contact angles between yarns in the
plane coordinate system, namely the orthogonal and non-
orthogonal. The typical damage behaviors are illustrated
in Fig. 1, which appear mainly in the weaving and beating
phases. The contact angle between the weft and warp shows
a normal distribution, that is, the yarns of the central part
are in orthogonal contact otherwise non-orthogonal contact.
Approximately 5-30% of the mechanical strength is lost dur-
ing weaving as a result of friction, compression, and bending
[11-13], with friction accounting for as much as 9-12% of
the total loss [14, 15]. Therefore, it is necessary to focus on
the research on the friction characteristics of fiber or yarn
during the weaving process for composite forming [16—18].

Fig. 1 Example of the yarns’ :
damage formed during 3D Weft s Beatlng up
orthogonal weaving process
[36] s
Binder yarn
/
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Research on friction of fibers or yarns started in the
middle of the twentieth century, with several research
teams in the textile field proposing different methods of
measurement [19, 20]. At present, the commonly used
research methods for fiber or yarn friction include the
pull-out method [21, 22], the capstan method [23, 24],
the yarn twist method [25, 26], the rotation reciprocat-
ing friction method [27-29], and the linear reciprocating
friction method [20, 27, 30]. These methods are character-
ized by a wide range of applications and high accuracy. In
addition, to accommodate friction behavior under special
working conditions, Tourlonias et al. [29] focused on the
friction interactions that occur between yarns and designed
a kinematic experiment to simulate the weaving movement
of yarns. The results obtained show that the coefficient of
friction (COF) decreases with the increase in normal load
but is not influenced by the oscillation frequency. Ismail
et al. [31] worked on the question of fiber-on-fiber dynamic
friction, including an experimental set-up and analytical
method, to investigate the friction behavior between single
fibers under the influence of a pre-tension, which reveals
that elastic deformation of the contact prevails over the
‘wrapping effect,” generating the contact area over which
the interfacial shear takes place. The work mentioned is
based on the principle of rubbing one fiber against another
fiber in a linear motion to measure [32, 33]. Nevertheless,
to the best of the author's knowledge, the effect of twist on
friction behavior under dissimilar pre-tension and normal
loads has not yet been discussed systematically for detail
parameters at the microscale, such as the width of contact,
realistic contact area, and number of contact fibers, even
though they have been proposed in some classic research
[17, 23, 34, 35].

Concerning detail parameters during the friction process,
the only few research reported were published for twistless
yarns, such as M55JB, T1100 and T300 from Toray [36,
37], and HT'S40 from Toho Tenax [27, 38]. Wu et al. [36]
established the experimental device and calculated the true
number of contact fibers and real contact area based on the
Hertzian contact model. The results show that the friction
force F versus normal load N,,, curves followed power law
descriptions, F is proportional to N%73 for the investigated
carbon tow. Tourlonias et al. [37] studied the influence of the
contact angle between two fibers and two tows to understand
the evolution obtained by using the adhesion theory of fric-
tion from a basic analytical model. The friction behavior is
very high when the fibers are parallel, which is due to the
large total contact area at 0° and the increase in the adhesion
between fibers at the interface of the tows. The real mechani-
cal response of twisted yarns is distinctively dissimilar to
twistless yarns, generating the special characteristics during
the friction process that are still unclear and need to be real-
ized to achieve a more accurate analytical model.

As mentioned in the literature, research on the friction
behavior of yarns needs to disregard the effects of wear,
which essentially consists of two concepts in tribology.
Hence, ultra-high-molecular-weight polyethylene (UHM-
WPE) yarns are used to investigate friction behavior without
the interference of wear factors due to their excellent wear
resistance [39, 40]. Current research aims to investigate the
friction behavior of non-parallel conditions between twisted
yarns under the influence of a normal load. It is based on
classical Hertzian contact theory and adhesion friction the-
ory, a novel approach and analytical methodology for inves-
tigating the frictional characteristics of yarns with identi-
cal or different twist angles regardless of dissimilar contact
angles and twists. Implementing this model also starts with
the analysis of fiber—fiber contact, and then utilizes the Hert-
zian contact theory to describe and calculate the relative
parameters during the friction process. To calculate further
simply and accurately, more correlated parameters are intro-
duced into this model. Then, the accuracy of this model is
validated according to the experimental analysis. Finally,
the friction behavior of yarns with the same and different
twists is predicted using the model for non-parallel condi-
tions. The friction analysis model we have developed, which
takes the twist response into account, could be a bridge link-
ing practical and theoretical analysis, which is essential for
optimizing the textile preform forming process and enhanc-
ing the mechanical properties of the composites. Moreover,
this study presents a novel approach and analytical meth-
odology for investigating the frictional characteristics of
yarns with identical or different twist angles. The proposed
method not only offers valuable insights into understanding
the underlying mechanisms but also establishes a solid basis
for future exploration and simulation analysis of intricate
coupling systems.

2 Micro-meso Modeling of the Friction
Between Non-orthogonal Twisted Yarns

The state of the contact pair is vital for the determination of
the friction force of yarn according to the widely accepted
adhesion theory of friction [23], which can be explained as
Eq. (1):

Ff = Ar/yum X7, (1)
where A, is the realistic contact area of yarn and 7 is the
specific shear strength.

The implementation of a model describing the variation
of the realistic contact area should thus specify the crucial
parameters for each status of contact pair during yarn fric-
tion. In this way, the Hertzian contact theory was usually
utilized to develop the current model as shown in Fig. 2,
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Fig.2 Schematic diagrams

of non-orthogonal contact of
twisted yarns: a three-dimen-
sional diagram, b top viewpoint
diagram. (S means the direction
from upper left to lower right; Z
means the direction from upper
right to lower left)

s e L O e e

Viewpoint for
upper yarn

Top viewpoint

Viewpoint for
lower yarn

(a)

— - — Yarn axis
— Visible fibers
Invisible fibers

as it can be used to express the friction behavior of yarns
with different twist levels, linear density and twist direc-
tion (the orientation of fibers in relation to the yarn axis:
S or Z), under different contact angles of yarns.

It is assumed that the arrangement of fiber within yarn
is incommensurate, that is, the migration of internal fiber
does not take place in a static state, especially after the
contact interaction. The relationship between the realis-

tic contact area of fiber (A,,4,,) and yarn (A,,,,,) can be
described in Eq. (2):
Ar/yarn = (m X I’l) XAr/ﬁber’ (2)

where n and m are the numbers of contact fibers in the
widths of yarns, which will be shown in Fig. 2. The A, .,
with a dissimilar contact angle between two fibers has been

@ Springer

calculated under the assumption that the fibers are cylindri-
cal [33, 37].

3fNR* 2/3
Ay = n<F> , )

where fy is the normal load of fiber, R” is the equivalent
radius, and E” is the equivalent Young’s modulus expressed
as

1 -2

1—?
1 2’ 4)

1
- = +
E* E E,

where E; and E, are Young’s modulus of two materials
rubbing against each other, and v, and v, are the Poisson’s
ratio of two materials rubbing against each other. Young’s
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modulus and Poisson’s ratio of fiber are used in this analyti-
cal model and are difficult to obtain. Therefore, the values
used are averaged from some earlier research [41, 42].

The fibers show an irregular arrangement due to pre-
tension and normal loading. The equivalent radius R" can
be expressed as the following equation:

R* = R'R"):, )

where R' and R" are the major and minor relative radii of
curvature on the contact surface, respectively, which can be
then possibly obtained by solving Eq. (6) [43].

1 1 1 1

R R o T

1
50 6
1 1 1 N 1 +2COS(2a) : ©
R R r;1 rfg Tr1Tro

where I and Iy are the radiuses of contact fibers, and « is
the contact angle between the axes of fibers.

The equivalent radius R” that depends on the angle between
the yarn axes (f) has been discussed in [37], however, the fib-
ers are not normally parallel to the axis of twisted yarn. To
precisely describe the friction behavior between the twisted
yarns, the contact angle between the fiber axes (@), the contact

angle between the yarn axes (f5), the twist level and the twist
direction of the yarns are taken into account in this research.
Regarding the complexity of the twist, a micro—meso scale
analysis needs to be performed.

2.1 Fiber Scale Modeling

The parameters of the fiber scale model, with the contact
angle between the two fiber axes and the number of contact
fibers as the main parameters, need to be obtained to clarify
the parameters of the yarn scale model. The contact angle
between the two fiber axes is dissimilar from f between the
axes of the two yarns and the twist angle of yarn y, whose
relationships are shown in Fig. 3. At the same time, with dif-
ferent twist directions, «a is different and indeed this results
in the difference in the realistic contact areas. Therefore, it is
important to calculate a by f and y. In this way, y should be
transformed into a plane coordinate system, however, a needs
to be expressed based on the different twist directions by the
following equations:

{—ﬂ+y1+y2 S—-SorZ-Z
a= ™
ﬁ+7/1—7/2 S—ZorZzZ-S
Yarn axis
——— Visible fibers
Invisible fibers z

< =

Fig.3 A diagram of angles analysis during the contact phase of twisted yarns: a S-S or Z-Z, b S—Z or Z-S
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y = arctan 2zRT,, 8)

where R and T, are the radius and twist level of yarn, S—S
or Z-Z indicates two S (or Z) yarns in contact, S—Z or Z—-S
indicates S and Z yarns (or Z and S yarns) in contact.

Then the number of contact fibers n or m (c.f. Fig. 2) of
each cross-section of yarn during the friction phase can be
expressed as

2nry+ ) by =2b, ©)

where rr is the radius of fiber, A, is the distance between
two neighboring fibers (see Fig. 4), which can be obtained
using the Euclidean distance formula. The half-width of the
contact b is vital to calculate n or m under the F,, as shown
in Fig. 4a, which was described by [44] as shown in Eq. (10).

b 8(R*)*F - cos 1 i (10)
r E, E )

where E; and E, are longitudinal and transverse moduli of
the yarn. v, is the Poisson’s ratio of yarn. Based on the
assumption of incommensurate structure, the range of n can

Fig.4 An enlargement of
arrangement to conduct the rela-
tion: a a deformation descrip-
tion under the normal load F,
and b a schema of fiber arrange-

in Fig. 2a)

Before contact

S

h;=0
Homogeneous
distribution
n= nmax
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be given according to the range of /#;, When the distance
h; equals 0, the close homogenous arrangement of fibers
is achieved (see Fig. 4b), leading to the number of contact
fibers being the maximum at this time, marked as n,,,,. By
contrast, when /; equals 2rf, the number of fibers in contact
is the minimum, marked as n shown in Fig. 4b.

b h;=0
Ty
2b = Y h;—2ry
n=- 2, 0<h; <2r (11)
1(b
- —=+1 h; =2
L2<rf+> i =<y

Nevertheless, the situation of the minimum number of fib-
ers cannot be achieved due to the incommensurate arrange-
ment of fiber. When #, is located in the range (0, 2r/), the
dissimilar %, is made a summation to calculate n. Since n has
a small difference in each section, 7 is represented by the
mean value. Similarly, it is possible to work out the number
of contact fibers m in the width of another yarn. Therefore,

After contact

(a)
Labbt dlabtd
N RN
S

[l
0<h;<2r, h; =2r,
Non-homogeneous Homogeneous
distribution distribution
M yin <n< My n=n,;,
(®)
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the A,,,,,, can be shown, according to the equations above, as
a function of the characteristics of the fibers and the contact
angle between the fiber axes as described in Eq. (12):

where @ is the contact angle between the directions 7 and 7,
which can be characterized by contact angles between the
direction x and yarn, F can be expressed in Eq. (14) detailed

2/3
3rprp/mnX Fcosf (1 —v> 1 =12
f1f2 ;" 1/3
Amw=n( 7 ( Tt x (RR' —2cos’ 2a)) " (12)
1 2

2.2 Yarn Scale Modeling

To further describe the friction between the yarns, the
parameters at the meso scale must be obtained after the
calculation of the realistic contact area of the fibers. The
dynamic process needs to be identified, that is, the rela-
tionship between F, and the contact angle between direc-
tion of x and yarn (see Fig. 5). In this manner, the normal
force F, related to the pre-tension F,, can be projected
in two directions (tangential 7 and normal 7) shown in
Fig. 5 and Eq. (13):

(E) <me)
F,).. - Fcos@ ) (13)
()

Upper yarn

Lx P Lower yarn
///%%%\1;///////’1§§

Symmetric

in “Appendix A”:

F=|Es(-H- 4+ 2
sinf;, sin6,

- 1) +FP] (sin®, +sin6,).
(14)

The changes in variables a, H, and [/ had significant
effects on. More details of formula derivation are pre-
sented in “Appendix A.” Thus, an analytical model
describing the friction behavior of the yarn (friction force
Fy) was established and is shown in Eq. (15).

Upper yarn

"

Lower yarn

o

le— >
:The length of :

| friction area |

.

Fig.5 The kinematic description of the friction process of yarn which includes three characteristic locations where force and contact situation

are shown
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Ff = zsinOF3 cos | arctan

2/3

3rprpp/mn 2H
4

[ [ EHAHEF

a-— 2P

1_v2 / u
><< E11+ E22> (RR" = 2cos? Qo))" (15)

The coefficient of friction (COF), as an essential param-
eter of friction behavior, is complicated to obtain since
the friction process is dynamic, as shown in Fig. 5. The
real-time COF needs to be cleared, which was defined as
a ratio between the friction force F;and the normal load
F, at yarn scale in Eq. (16) [33, 37].

Fy
COF = 7 (16)

n

where k is the fitting coefficient derived from the experi-
ment, namely 2/3 when the two objects undergo complete
elastic deformation.

Table 1 Main physical properties of high-molecular-weight polyeth-
ylene (HMWPE) fiber and yarns

Sample Linear density ~ Twistlevel Longitudi- Diameter
(Tex) (tpm) nal modulus (pm)
(GPa)
Fiber - - 0.6 17
Y-50tpm  135(+2.3) 50 73.0 998
Y-100tpm 100 83.4 493
Y-150tpm 150 98.4 324
Y-200tpm 200 110.3 238

e

3 Experimental Validation Test
3.1 Materials

The twisted yarns investigated in this article are HMWPE
yarns (Spectra®, Honeywell Company, USA). Four yarn
samples were prepared and tested for friction. The samples
are named according to the twist. For example, Y-50tpm
represents the sample of single yarn with 50 tpm (twist
per meter). More samples (Y-100tpm, Y-150tpm, and
Y-200tpm) are used in the article. For all samples, both
yarns were 135 Tex, characterized according to ASTM D
1907/D 1907 M. The main properties related to the tested
yarns are noted in Table 1.

3.2 Experiments Set-Up

To confirm the micro-meso model developed in Sect. 2, fric-
tion experiments set-up with two specific carriers, including
upper and lower carriers, were designed and shown in Fig. 6.
The carriages are similar in the upper and lower parts and
were designed to fix the sample under a pre-tension load.
In addition, some threaded holes were designed to maintain
pre-tension of the sample. During the setting up of the sam-
ple, one end of the sample is fixed by screwed clamps. The
other end of the sample is screwed within the range of a cer-
tain pre-tension for a period, with a single fiber pre-tension
of at least 0.15 mN per fiber. The fixed part of the sample
was protected by a rubber mat [37]. The position should be

Fig.6 A picture of the tribometer dedicated to twisted yarn—yarn friction tests
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Upper yarn Lower yarn
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Fig.7 Schematic diagram of one cycle for the friction test
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Position 1

Position 5
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Table 2 The friction tests with different conditions validate the developed analytical model

Test number f  Normal Pre-tension Twist Twist direction Cycle number Sliding dis- Acceleration  Stable velocity
(°) force applied (N) (tpm) tance (mm) (mm/s?) (mm/s)
MN)
1 90 2.00 0.50 100-200 S-S 20 15 20 10
2 70 1.50 1.00 150-150 S-S
3 50 1.50 0.35 50-100 Z-S
4 90 2.00 1.00 200-200 S-S

such that there is only contact between the upper and lower
yarns. The force sensor in Fig. 6 limits the normal load to 20
N and the tangential force to 3 N. The lower carrier is fixed
to the base, which is perpendicular to the upper one. This
configuration makes it possible to carry out the friction tests
for a # of 90°. The length and width of the tested area are
chosen as 30 mm and 25 mm (Fig. 6b), which is related to
the area in the beating-up. The length of the fixed fiber area
is 1 cm, which ensures there is no fiber slippage.

3.3 Experimental Procedure

Once the experiment is set up as shown in Fig. 6, the upper
carrier with a force sensor is fixed, and the lower carrier
moves reciprocally in the direction of displacement. Fig-
ure 7 presents schematically one cycle of the friction test,
which starts from an extreme position of the moving carrier
(position 1 in Fig. 7). The different normal loads are applied
to maintain the contact between the two tested yarns (c.f.

@ Springer
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Characteristic phase

Fig.8 Comparison of the analytical and experimental results on friction force by different tests mentioned in Table 2 (average of five measure-
ments): a one cycle of friction, b sliding distance versus velocity curve, and ¢ average error of friction force in the characteristic area

Table 2), which were chosen appropriately at the beginning
of the test and remained unchanged during the entire fric-
tion test.

All experiments were performed at conditions of 22 +2°
temperature and 65 +4% relative humanity (RH). According
to the previous research [31, 37, 45], the weft yarns could be
subjected to weaving cycles for 100 mm from the starting
position of beating to the fabric (15 mm fabric as an exam-
ple). Therefore, each test corresponds to 40 friction cycles
for each kind of sample under the assumption that there is no
secondary friction. The friction tests under different experi-
mental conditions are listed in Table 2.

4 Results and Discussion
4.1 Consistency Analysis of the Friction Response

Based on the analytical model developed in Sect. 2, com-
parisons were conducted between the analytical and exper-
imental approaches, and are shown in Fig. 8. The yarn is
set to slide with a constant displacement, a sliding distance
of 7.5 mm in the forward and backward directions based
on the dissimilar g, to complete one friction cycle. The
friction force during the friction test can be divided into
decreasing (I and III) and increasing phases (I and IV), as
shown in Fig. 8a. It can be noted that the change in friction

@ Springer

force is significantly different in each phase. It is probably
due to the sliding velocity between two contact yarns. The
variation in relative parameters will occur if the friction is
carried out under the condition of acceleration. Therefore,
it also reflects the fact that friction has a rate correlation,
as described in Fig. 8b.

To ensure the experimental value is stable, the average
data are selected after the five friction experiments. The
friction force of the analytical model is calculated based on
the average value of n and m. A good agreement between
the analytical and experimental friction responses can be
sighted in Fig. 8a. However, the variation between each
characteristic phase shows a rate correlation in Fig. 8c. This
is probably related to 8, which influences the arrangement
of the fibers on the contact surface. Furthermore, it can be
observed that the analytical and experimental curves sepa-
rate approximately in the decreasing phase, whose average
errors are averagely concentrated at about 21.9% (less than
the average experimental error of 36.7%). Meanwhile, the
average errors in the increasing phase are about 7.2% (less
than the average experimental error of 11.8%).

4.2 Friction Behavior Between the Yarns
with the Same Twist

As one essential yarn/yarn fiction parameter, the realistic

contact area (A,,,,) depends directly on the normal force
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Fig.9 The realistic contact area of yarn A,,,,, of a typical friction
cycle between the yarn: a 50 tpm and 50 tpm, b 100 tpm and 100 tpm
¢ 200 tpm and 200 tpm under the different contact angle. (Note: hori-

applied and is influenced by the yarn twist level and the
contact angle between the yarn axes (). This realistic con-
tact area can be calculated by Eq. (12) and worked out in
Fig. 9 in the case of friction between yarns with the same
twist. It can be noted that each A, ,,,,, of yarns almost shows
a non-linear relation with an identical tendency towards the
normal force, A,,,,, gradually increases as normal force F
increases, but the range of variation is dissimilar, which can
be explained by Refs. [12, 46]. Among the three twist levels,

zontal comparison: same color in three figures; vertical comparison:
three colors in one figure)

the biggest range of variation can be observed in the case of
50-50 tpm yarns under horizontal comparison (the twist of
upper and lower yarns both are 50 tpm). This phenomenon
is probably due to the cohesive force of the fibers as the twist
increases with increasing cohesive force, which can be con-
firmed by the research work presented in [12, 46]. Regarding
the contact angle between the yarn axes (), it is imperative
to consider the influence of non-orthogonal yarn configura-
tions (f #90°), which provide a wider representation of the
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Fig. 10 A typical friction cycle with the same twist: a—c friction force and d—f COF'. (Friction condition for test 4 was employed to analyze)
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contact area compared to the simplistic scenario of orthogo-
nal yarns (#=90°). By incorporating non-orthogonal yarn
conditions, a more realistic contact area between yarns can
be achieved, leading to a comprehensive understanding of
the intricate interplay between yarns geometry and contact
behavior. Furthermore, a smaller contact angle f influences
a bigger realistic contact area, which can be seen from the
different twist levels of curves in Fig. 9a—c.

Based on the realistic contact area between yarns A,,,,,,»
the developed model can predict the friction force F,and
COF during the friction test. The friction force and COF in
the function of the sliding distance in one cycle of friction
test between two yarns with the same twist are shown in
Fig. 10a—c and in Fig. 10d—f, respectively. A similar varia-
tion can be observed between friction force and COF. The
twist level of yarns and the contact angle between the yarn
axes significantly impact the friction force and COF. The
twist leads to an increase in the compression cohesion force
in the circumferential direction of the yarn. Consequently,
a higher twist level leads to a dense structure and a smaller
contact surface under the same transverse compressive load,
which reduces the inter-yarn friction. In addition, the contact
angle f changes the realistic contact area of the yarns, with
a bigger contact angle generating a smaller realistic contact
area on the yarns and a weaker friction force as well as COF.
However, these influences on the friction force and COF can
be noted in the stable friction stages (the sliding velocity
remains constant in stages II and IV shown in Fig. 8a and b).

4.3 Friction Behavior Between the Yarns
with a Different Twist

4.3.1 Yarns with a Different Twist Level and the Same Twist
Direction

The analytical model can predict the friction behavior with
a different twist, including the twist levels and direction,
analogous to Sect. 4.2. Similar relative parameters of friction

behavior are selected for analysis. Figure 11 illustrates a
more distinguishing trend with different twists in relative
parameters. As shown in Fig. 11a—c, the A,,,,,, of each twist
level calculated by the analytical model is distinct from each
other, and the range of variation at the extreme values of the
normal force increases with the increasing of twist level.
Simultaneously, the range of variation of 4,,,,,, increases
with the increasing span of twist level. With identical twist
levels, the A,,,,, of non-orthogonal friction is larger than
orthogonal friction under vertical comparison, and there is
a marked decrease in A, ,,,,,, as  increases under horizontal
comparison due to the tight arrangement of fibers within the
larger twist yarn and the greater number of fibers participat-
ing in the friction, the frictional behavior of yarn with differ-
ent twist levels have larger realistic contact area compared
to yarns with same twist level.

The evolution of different twist levels on Fand COF is
similar to those of the same twist level. In contrast, the range
of variation is significant in Fig. 12. For the same £, the
50-00 tpm tends to show a greater range of variation than
100-200 tpm and 150-200 tpm, which may indicate that the
span of twist levels plays a role in determining Fyand COF.
Regarding the comparison of same span of twist level, the
ranges of variation of Frand COF decrease with the increas-
ing of f, namely the effect of F/is significantly greater than
F, with a decreasing span of twist level in Fig. 12a—c and
d—f, respectively. Moreover, it is obvious that there is also
a phenomenal increase as f drops even though the span of
twist level is different. The above influences are also appar-
ent during the stable friction stages.

4.3.2 Yarns with a Different Twist Level and the Different
Twist Direction

Figure 13 exhibits the evolution of relative parameters
during the friction process with different twist directions.
The evolution trend of A, ., is also non-linear as is the
variation in F, with both expressing an invariant law that
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Fig. 11 The realistic contact area of yarn A, .,
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Fig. 12 A typical friction cycle with the different twist levels: a—c friction force and d—f COF. (Friction condition for test 4 was employed to
analyze)
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Fig. 13 The realistic contact area of yarn A,

of a typical friction cycle between the yarns: a 50 tpm and 200 tpm, b 100 tpm and 200 tpm ¢

150 tpm and 200 tpm of different twist direction under different contact angle

the maximum F occurs in the middle position, while the
minimum F occurs in transformation positions of direction.
And there is no change for A,,,,, at any f in transforma-
tion positions of direction, while the change is significant
at the position of maximum F with the same span of twist
level. The A, of non-orthogonal friction is larger than
orthogonal friction with the same # under horizontal com-
parison. Additionally, Fig. 13a—c shows the rate of change is

insignificant at an F of 2.0 N between 100-200 tpm-45° and
150-200 tpm-45°, while the rate of change of 50-200 tpm-
45° is about three times as large as 100-200 tpm-45°, and
the evolution is similar to the A,,,,,,, with same twist direc-
tion (Sect. 4.3.1). However, the range of A, ,,,, is obviously
indicated due to the different calculations of a. Therefore,
it has commonly been assumed that the rate of change in
A, Increases with increasing span of twist under hori-
zontal comparison, which is available regardless of whether
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Fig. 14 A typical friction cycle with the different twist directions: a—c friction force and d—f COF'. (Friction condition for test 4 was employed to

analyze)

it is orthogonal or non-orthogonal. Under the same span of
twist level under vertical comparison, a smaller /5 influences
a bigger A,,,,,, which can be seen from the three /§ in each
figure (Fig. 13a—c).

Figure 14a—c shows the evolution of yarn friction force
during the friction process. This friction force can char-
acterize the friction behavior of yarns with different twist
directions, that is, S—Z or Z-S. The span of twist level
increases with the increasing range of friction force. The
rate of change under a normal force applied of 2.00 N is
more significant than other normal forces and is influenced
by A,/ There is a gradual fall in the range of friction
force as f increases, regardless of the span of twist level.
Additionally, the trends of COF calculated by Eq. (16) are
shown in Fig. 14d-f, and are similar to the friction force.
However, the rates of change of COF and frictional behav-
ior reflected by COF are different. For different spans of
twist level, it can be revealed that the range of friction
force decreases with the decreasing span of twist level dur-
ing the friction process. The COF rises to a high point and
peaks at a normal force applied of 2.00 N, which increases
with the decreasing of f. In general, the friction behav-
ior is variable regardless of whether the twist is the same
or different. The key parameters must thus be considered
throughout the friction analysis of yarns.

@ Springer

5 Conclusion

In this research, an analytical model based on Hertzian
contact theory at the micro—meso scale was constructed to
characterize and predict the relative parameters during the
yarn—yarn friction process. On account of the experimental
analysis of the friction behavior between non-orthogonal
twisted yarns (split into four characteristic phases) and the
average error of friction force, the correctness of this model
was determined. Furthermore, the analytical model has the
ability to predict the friction behavior of yarns with the same
and different twists regardless of the contact angle between
the yarn axes.

In the same twist friction case, regardless of whether the
yarns have similar twist levels and directions, the realistic
contact area has an uptrend with the increase in normal load.
By contrast, in the different twist friction case (different twist
level and twist direction), the increase in relative parameters
follows the same pattern as same twist level friction. Regard-
ing S of 45°, 60°, and 90°, a smaller contact angle f influ-
ences a bigger realistic contact area. The range of friction
force and COF increases gradually with the increasing span
of twist level regardless of the f. Additionally, the extreme
values of the non-orthogonal friction force and COF are
higher than the corresponding values for orthogonal friction
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under the same conditions since the realistic contact area of
yarn A, increases.

The investigation of yarn friction in fiber-reinforced
composites assumes paramount importance, as it serves as
a critical factor for the optimization of the intricate textile
preform forming process, while concurrently enhancing the
mechanical performance of the resulting composite materi-
als. Nevertheless, the effects are likely to deviate consider-
ably from the practical situation as a result of the adhesion
process. Quantification of the effect of this mechanism on
friction behavior requires the development of a numeri-
cal model, which will be established based on the present
model. Moreover, the question of whether such a model
might adequately explain the effect of wear, or the size of
the yarns is an intriguing problem for future research.

Appendix A

The changing relationships between € and displacement
H under the action of F are detailed in this appendix. All
parameters are shown in Fig. 15. The applied normal force
F in the kinematic friction process can be further calculated
by tension acting on the lower yarn 7 through the following
equations:

H , H
sinf, siné,

T=E,s< - 1) +F, (17)
where E, is the longitudinal modulus of yarn, S is the area of
yarn’s cross section, and F), is the initial pre-tension applied
to yarn.

\/<§—u>2+H2+\/<§+u>2+H2=L (1)

where [ is the length of the yarn sample involved in friction
which is obtained from the experiment. Moreover, 6; and
0, are given as

2H
0, = arctan ———,
o — [ @A (19)
a2-P2
Upper yarn

Lower yarn

Fig. 15 The description of dimensional parameters during the friction
process based on Fig. 5

2H
a4 1 [ | (20)
aZ_lZ

where H is displacement under the action of F, which can
have a relationship using €, and 6, see Eq. (14):

0, = arctan
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