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Resumo
Os reforços têxteis são de máxima importância na indústria dos pneus, melhorando o
produto acabado em termos de segurança rodoviária. Como fabricante destes reforços, a
Continental – Indústria Têxtil do Ave, S. A. foca-se na qualidade dos seus produtos, investindo
assim na investigação e no desenvolvimento de novos produtos e de novas técnicas de análise
para melhor caracterizar e compreender os reforços têxteis.
A adesão dos reforços à borracha é uma das mais importantes características dos têxteis
produzidos para a indústria dos pneus e uma boa adesão é obtida com os tratamentos feitos
nesta fábrica. A caracterização deste tratamento passa pela medição de quantidade de dip
aquando da impregnação dos tecidos/ cordas, que tem vindo a ser um desafio para a indústria
têxtil.
O investimento em novas técnicas, como é o caso do equipamento de ressonância
magnética nuclear no domínio do tempo (TD-NMR), abre novos horizontes na caracterização
dos tratamentos têxteis. O objetivo deste projeto é validar o método de TD-NMR para medir a
quantidade de tratamento imposto aos produtos têxteis, para ser utilizado no controlo de
qualidade da fábrica. No processo de validação também se obteve uma melhor compreensão
do comportamento de alguns dos tratamentos que são feitos até à data. Finalmente, utilizouse este método para efetuar medições que, até então, consituíam algum desafio para a fábrica.

Palavras Chave: pneus, reforços têxteis, caracterização, TD-NMR, validação.
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Abstract
Textile reinforcements are of major importance in the tire industry, improving the
finished product in terms of road safety. As a producer of these reinforcements, Continental –
Indústria Têxtil do Ave, S. A. focuses in the quality of its products, investing in the research
and development of new products and new analysis techniques to better characterize and
understand textile reinforcements.
The adhesion of the reinforcements to rubber is one of the most important
characteristics of the textiles produced for the tire industry and a good adhesion is achieved
with the treatments performed in this plant. The characterization of these treatments involves,
among others, the measurement of the amount of dip in the textile impregnation, which has
been a challenge to the textile industry.
The investment in new techniques, such as the time domain nuclear magnetic resonance
device (TD-NMR), offers new possibilities in the characterization of the textile treatments. This
project’s purpose is to validate the TD-NMR device so it measures the amount of treatment
imposed to the textile products, so it can be used in the plant’s quality control procedures.
During the validation process, it was also achieved a better comprehension of the behaviour of
some of the treatments made in the factory up to date. Finally, this method was used to
perform measurements that, until now, were quite challenging for the plant.

Key words: Tire, textile reinforcements, characterization, TD-NMR, validation.
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1 Introduction
Continental was established in 1871 in Hanover, Germany, as a manufacturer of soft
rubber products, rubberized fabrics and solid tires for carriages and bicycles. It was the German
pioneer in pneumatic tires for bicycles, in 1892, and 6 years later started to produce automobile
pneumatic tires, without a tread pattern, but in 1904 presented the world’s first automobile
tire with a patterned tread. In its 50th anniversary, 1921, Continental was the first company in
Germany to introduce cord reinforcements in tires to the market, and 15 years after that, in
1936, synthetic rubber was inserted into the tire manufacturing process. 1960 was the year that
marked mass production of radial tires. Between 1989 and 1990, a joint venture was set up
together with the Portuguese company Mabor for the production of tires in Lousado. It was in
1993 that Continental took full control of the tire activities and of a factory producing textile
cord, Indústria Têxtil do Ave (ITA). Currently, Continental has five main divisions: Chassis &
Safety, Powertrain, Interior, Tires and ContiTech (specialist for plastics technology and one of
the leading suppliers of technical rubber), and has been evolving continuously to meet the
demand of the automotive industry, studying and applying new techniques, products and
equipment. (Continental, 2016) (ContiTech AG, 2017)
Indústria Têxtil do Ave, S.A was founded in 1950, in Lousado, and was at that time a
main producer of textile reinforcements for Mabor tires. This factory became part of
Continental Corporation along with Mabor in 1993. It has since changed its name to Continental
– Indústria Têxtil do Ave (C-ITA), and it is the main producer of textile reinforcements for the
rubber industry. These textile products are mainly for Continental tires. (Continental, 2016)
(Mabor, 2016)
Maybe more important than any other purpose, tires offer safety and comfort to the
driver and the car’s occupiers. Also, tires are the only interface between the vehicle and the
road, so they have to provide safety in different types of surfaces and environments. They also
support all the vehicle load, so the contact area and pressure must adapt to the weight of the
vehicle. The road friction and its irregularities affect the vehicle’s performance, and so tires
have to respond accordingly to the surface they are on, being wet, dry, snowy or icy, preventing
events like hydroplaning and dry traction; the pneumatic tire is key in dealing with soil
irregularities, acting like a spring and damper system to absorb road impacts. (Brewer et al.,
2006)
C-ITA focuses in textile tire reinforcements to offer the safety needed for tires and so
it works with different materials, such as Nylon, Polyethylene terephthalate (PET), Rayon and
Aramid, to obtain the different properties for the adequate performance of the final product.
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1.1

Framework and project presentation
Textile reinforcements produced in C-ITA are shipped to about 70 % of the Continental

tire plants in Europe, where they are introduced between rubber layers, during the production
process of the tire. To match the conditions used in the multiple tire plants, fabrics and cords
are rigorously prepared in C-ITA. One of the requirements for the textile products is that they
must adhere to rubber, so they undergo a dip treatment using latex, resin and other bonding
compounds. In order to guarantee that the reinforcements fulfil their demands, the final
products are subjected to many rigorous tests of performance. (C-ITA, 2016)
Because of safety issues, and also not to waste any materials, the amount of dip in the
fibres has to be finely balanced. If this amount is lower than the necessary, the adhesion might
not be strong enough and the tire might break; if it is higher, the plant is wasting resources,
decreasing its profit and also damaging the environment, since these dips normally contain
toxic components to the nature and human health when not cured or treated correctly.
In order to meet the quality parameters before sending textile and cord products to the
clients, C-ITA invested on a time domain nuclear magnetic resonance (TD-NMR) device that is
expected to measure the percentage of dip pick-up (%𝐷𝑃𝑈) that is on the final product.
This project’s main goal is the study of dip content in these textile reinforcements, in
order to apply the TD-NMR technology in the quality control before shipping the products to
the costumers. This purpose is expected to be achieved by properly calibrating this device so
that it can be used in the quality control of all of C-ITA’s products.

1.2 Work contributions
This project is the beginning of the study of dip content in the tire textile reinforcement,
meaning that no other work was done in this field before, in a master thesis context. For this
reason, it is not expected to produce a wide range of results, but rather a better understanding
of the behaviour of the adhesion treatments performed on the textiles, and how this treatment
can be determined in the TD-NMR device for quality control purposes.
An effort was also made to overcome the challenges of measuring the dip content of
hybrid cords1, which resulted in the suggestion of a new improved and easier method of
obtaining this quality parameter in the reinforcements.
This thesis may be used as the ground work for future, more detailed studies.

1 Hybrid cords are composed of more than one type of fibre.
Introduction

2

Study of Dip content in the tire textile reinforcement

1.3 Thesis organization
This thesis is organized in 8 main sections, whose brief description follows:
Section 1 — Introduction. This section summarizes Continental corporation and C-ITA’s
history, as well as C-ITA’s industry field and the importance of this project for the plant.
Section 2 — Context and state-of-the-art. It describes the tire and textile reinforcements
industry, listing the materials and methods used so far by the factory.
Section 3 — Technical description. In this section, the procedures, materials and
decisions taken for the project can be found.
Section 4 — Results and Discussion. The results obtained, as well as their analysis, are
written in this section.
Section 5 — Conclusions. Here, the main conclusions of the project are briefly described.
Section 6 — Evaluation of the work. This section intends to evaluate all the work that
was accomplished within the project and what was left out, suggesting possible future
experiments that can be performed within this subject.
Section 7 — References. All the bibliographic references used in this project are listed
in this section.
Appendix — Some additional information, and some additional work that was not of
major importance for the project, can be found in this section.
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2 Context and state-of-the-art
2.1 Tire construction
Contrary to what common knowledge may be, tires are complex engineered products,
with dozens of different rubber and textile compounds. Figure 1 shows the different types of
raw materials that constitute a passenger car tire; the amount of different materials vary on
the type of tire (passenger car, truck/ industrial, wheeler).

Natural Rubber Textile Fabrics
12%
12%
Steel
12%
Synthetic
Rubber
27%

Oils,
Accelerators
6%

Active Fillers
31%

Figure 1 – Amount of different materials in passenger car tires. (C-ITA, 2016)

Pneumatic tires were firstly produced in Great Britain in the late 1800s, as an upgrade
from solid rubber tires, and only in the 1960s were there belted bias tires. Radial tires gained
popularity in the 1970s and are now the main tires in the industry. Currently there are three
types of passenger car tires: diagonal bias, belted bias and radial, their main difference being
the bias layer (the carcass) arrangement. (Brewer et al., 2006)
Radial tires, for example, are composed of different layers, each with its properties and
purposes in the tire performance. The main layers are shown in Figure 2.
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Figure 2 – Section of a tire, highlighting its different layers. (Adapted from Slavin, 2011)

The tread is the visible pattern on the surface of the final product. It must provide the
necessary traction for driving, braking and cornering. The tread compound formulated to
provide a balance between wear, traction, handling and rolling resistance. The tread is
designed to provide uniform wear, to channel water out of the footprint, and to minimize
pattern noise on different surfaces. It must also perform effectively in opposite driving
conditions (such as wet, dry and snow-covered surfaces), while meeting user expectations for
acceptable wear resistance, low noise and good ride quality. (Brewer et al., 2006)
The sidewall is made of rubber, like the tread, but its function is to protect the body
plies from abrasion, impact and flex fatigue, and it sometimes has reinforcements to improve
handling or stability (flippers reinforcement). Important information for the costumer, such as
brand, contact, tire height and width, type of design (radial, diagonal/ belted bias) and rim
diameter, is commonly written in this part of the tire. (Brewer et al., 2006)
In the inner part of the tire, there is a thin and specially formulated compound to
improve air retention, by lowering permeation outwards from the tire, called the innerliner.
(Brewer et al., 2006)
To connect and secure the inflated tire to the wheel rim, there is a bead bundle,
consisting of a carbon steel wire and surrounded by the bead filler or apex that fills the void
between inner body plies and turned-up body ply ends. This part of the tire is responsible for
connecting and securing the inflated tire to the wheel rim and can affect the ride and handling
characteristics by varying the height and hardness of the filler. (Brewer et al., 2006)
The carcass is made of textile cords, extending from bead to bead, and serving as the
primary reinforcement material in the tire casing. Body ply skim is the rubber coating that
encapsulates the radial ply reinforcing cords. Body plies of cord and rubber skim provide the

Context and state-of-the-art
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strength to contain the air pressure and provide for sidewall impact resistance. (Brewer et al.,
2006; Rodgers & Waddell, 2013)
The belts are made of carbon steel and consist of different layers, each with its own
properties. There is a belt skim known as a stabilizer ply skim, which is the rubber coating for
the brass-plated steel cords and has the ability to resist fatigue and tear. There are also two
steel belts, placed in opposite angles on top of the body plies and under the tread. These belts
restrict the expansion of the body ply cords, stabilize the tread area and provide impact
resistance. Lastly, there are the belt wedges, which are small strips of belt skim (or other
fatigue resistant compounds) placed between the belts, near the edge of the top belt. Their
main function is to reduce the interplay shear at the belt edge as the tire rolls and deflects.
(Brewer et al., 2006)
Additionally, there is a textile layer (of nylon or other material), the cap-ply, wrapped
circumferentially on the top of the belts to further restrict expansion from centrifugal forces
during high speed operation. (Brewer et al., 2006)
The arrangement of the body plies dictate the type of the tire. As mentioned before,
there are three types of arrangements (belted/ diagonal bias and radial), as shown in Figure 3.

Figure 3 – Different types of body plies arrangement. (Tenneco Automotive, 2003)

Diagonal and belted bias tires have rather simpler construction than the radial ones.
The difference between these two types of tires (bias ply and bias belt tires) is the presence of
belts, only on the belted ones. The belts restrict expansion of the carcass and improve strength
and stability of the tread region. The ply construction is the same on both types. In radial tires,
the most currently used, the body ply cords are assembled radially, making a 90 º angle with
the centreline of the tread and two more belts are laid diagonally in the tread region to add
strength and stability. These tires have the advantage of easier deflection of the body cords
under load, generating less heat, and also giving lower rolling resistance and better high-speed
Context and state-of-the-art
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performance. Increased tread stiffness from the belt significantly improves wear and handling.
A disadvantage of radial tires is that the complex construction increases material and
manufacturing costs. (Brewer et al., 2006)

2.2 Textile reinforcements
In the different layers of the tire, there are various reinforcement materials of which,
as mentioned before, around 12 % are textile materials. For Continental tires manufactured in
Lousado, as in about 70 % of Continental tire plants in Europe, the textile reinforcements
(applied in the carcass and cap-ply) are produced in C-ITA. These materials provide strength
and stability to the sidewall and tread, and also contain the air pressure in the tires. (C-ITA,
2016)
The textile reinforcements, being of very high importance, have well-known properties
and their materials vary according to their applicability. As mentioned before, C-ITA works with
different raw materials. At the moment, these are nylon, aramid, polyethylene terephthalate
and rayon fibres.
Nylon fibres are synthetic, long-chain polymers, and their most common usage is in
radial tires as a cap, overlay ply, belt edge cap strip material and body plies. Nylon has a good
heat resistance and strength, and a low sensitivity to moisture. It has the disadvantage of heat
set occurring during cooling (flat spotting) and a low term service growth, meaning that the
cord length will increase with usage. (Brewer et al., 2006)
Polyethylene terephthalate fibres, also known as PET, are also synthetic, long-chain
polymers, and their most common usage is in radial body plies and belt plies. This material has
high strength with low shrinkage and low service growth, low heat set and low cost. PET is not
as heat-resistant as nylon or rayon. (Brewer et al., 2006)
Rayon is a body ply cord or belt reinforcement made from cellulose fibres, a natural
polymer, with stable dimensions. This cord is heat-resistant and has good handling
characteristics, but is expensive and very sensitive to moisture. (Brewer et al., 2006)
Aramid is a synthetic, high-tenacity organic fibre, 2 to 3 times stronger than PET and
nylon. It can be applied as belt or stabilizer ply as a light-weight alternative to steel cord. This
kind of fibre has very high strength and stiffness and is heat-resistant, but requires special
processing and is more sensitive to moisture. (Brewer et al., 2006)
C-ITA also produces hybrid cords for different purposes, normally as a combination of
aramid and nylon. By combining materials with different behaviours, the resulting textile
reinforcements will have improved properties.
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Textile reinforcements start as polymer filaments that form a yarn when combined
together. C-ITA receives yarn spools from different suppliers and twists them into cords in
several twisting units. The twist applied in cords can be tighter or looser, according to the
number of turns per meter of cord. Twisting can also be applied in the “Z” or “S” direction, as
Figure 4 shows, resulting on a cord winding in the clockwise or counter-clockwise direction on
the spool, respectively. Usually, the yarn is twisted first in the “Z” direction and then in the
“S” direction. (C-ITA, 2016)

Figure 4 – Possible twist directions. (Mabor, 2016)

Depending on their usage, textile reinforcements may also be arranged as a fabric. Given
their applicability on tires (carcass and cap-ply), C-ITA produces both cord and fabric
reinforcements, being the first ones usually for the carcass and the second for the cap-ply.
Figure 5 shows one of the several yarn twisters used in the plant, where yarn spools are
twisted into cords — the main material for textile reinforcements.

Figure 5 – Yarn twister. (Correia, 2013)

2.3 Textile treatment
As mentioned before, these textile reinforcements become parts of the tire; all the
components present in the final product have to come together as one piece — the tire. Textile
is not an exception and, without any treatment, its adhesion to the tire is quite poor, if none
at all. To guarantee that breakage does not occur in the connection between the rubber and
the textile when the tire is under different types of pressures and forces, C-ITA performs a
treatment on the cords and/or fabrics, depending on its application. This treatment consists of
a dip bath which, given the right conditions, will adhere to the fibres and allow them to adhere
Context and state-of-the-art
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to rubber. All of the cords require an adhesion-to-rubber dip and, depending on the yarn
supplier, cords might also require an additional pre-dip to activate the adhesion.

Figure 6 – Adhesion interchange mechanism 2. (Kramer, n.d.)

Figure 6 shows the scheme of the adhesion interchange mechanism in the tire. The final
product has mechanical, physical and chemical adhesion, and is expected to stay together as
one piece. Regular essays are performed at C-ITA to verify the adhesion between dipped cord
and rubber after vulcanization.
The cords’ adhesion to rubber is tested in the plant for every dipped textile
reinforcement. Example of good and bad adhesion are shown in Figure 7.

Figure 7 – Peel adhesion test results showing a bad (left) and a good (right) adhesion.

This illustration can easily show what might happen if the textile’s adhesion to rubber is not
good, as the tire can disrupt because of a poor adhesion between the cords and the rubber.

2 Finished yarn is the raw material of C-ITA and consists of multiple fibre filaments joined together, which are

bought in spools. These fibres may or may not contain an oil finishing, depending on the type of fibre and on the
supplier. This is what normally dictates if the twisted cord will need a 1st dip treatment.
Context and state-of-the-art
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The impregnation of the cords is made in a device called Single-end, shown
schematically in Figure 8. This device is named after its arrangement, where the greige3 cord
unwinding and the dipped cord winding both happen in the same place (at the left). The greige
cord is pulled through tensioning rollers, to gain the necessary stretch. The cord then follows
its path through the device, going through immersion in the 1st bath, then entering the 1st oven
to be dried. In the second oven, the cord is hot-stretched, so it retains its shape with the heat.
The 3rd and 4th ovens will only be turned on if the cord being impregnated needs a pre-activation
dip, otherwise the cord will pass these ovens without being influenced by them. If the cord
being impregnated needs two dip baths, the 3rd oven acts as the second dry zone and the 4th
one as a normalizing oven. After going through all the stages in the device, the impregnated
cord will be rolled in spools, which will later be shipped to the costumers.

Figure 8 – Plant Single-end impregnation device scheme. (C-ITA, 2016)

C-ITA also produces textile reinforcements arranged as fabrics, which are made in
weavers, as shown in Figure 9. Weavers use previously twisted cords to produce fabrics.

Figure 9 – Weaver.(Correia, 2013)

The impregnation of fabrics is made in a device called Zell, shown in Figure 10. Zell
functioning is similar to the Single-end, except the greige fabric and the impregnated one are
not in the same place. The fabric is impregnated one at a time (one roll per batch), while the
Single-end impregnates multiple cords at the same time (multiple spools per batch). There are
also more ovens in the Zell device than in the Single-end.

3 Greige cord is the word used in the textile field to refer to cords without any kind of treatments. Greige cord is

the result of twisting the yarns.
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Figure 10 – Plant Zell impregnation device scheme. (C-ITA, 2016)

The proper impregnation conditions (oven temperatures, stretch applied and dip
recipes) are established by C-ITA, although the plant often runs experimental essays to improve
the impregnation process and to test new materials so they can later become part of C-ITA’s
range of products.
Adhesion-to-rubber dips currently used in the textile reinforcement industry are
resorcinol-formaldehyde-latex (RFL)–based dips, with different recipes used for different types
of fibres. (Fidan, Kleffmann, Gerhard, & Hanno, 2002)
Since the textile reinforcements produced in C-ITA will become a part of a tire, the
amount of dip that stays in the fibres has to be quantified, for safety reasons: a small amount
of dip will not offer safe driving conditions, and a larger than necessary amount of dip will be
a waste of components that are simultaneously a cost to the plant and not environmentally
friendly.
The quantification of dip in the cords, called dip pick-up percentage per greige cord, is
measured in the production plant in different ways, for the many types of fibres. For example,
PET does not have a high affinity to water, so the humidity will not affect the weight of sample
after it is dried. For this reason, PET normally has its %𝐷𝑃𝑈 measured by a weighing method,
although there is also a wet chemical method for the determination of its dip pick-up. On the
other hand, aramid, nylon and rayon cords can hardly have their %𝐷𝑃𝑈 measured by the
weighing method, because of their high affinity to water. Instead, there is also a wet chemical
method, a solvent extraction, consisting of dissolving the fibres with a suitable solvent and
filtering the result to determine the dip mass, which is not dissolved. This method is applicable
to nylon and rayon, even though it takes 5 hours to get one %𝐷𝑃𝑈 value. However, for aramid
and hybrid cords, %𝐷𝑃𝑈 values can take three to five days to obtain, making this method
unpractical for a plant with products ready to ship.
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2.4 Time domain nuclear magnetic resonance and the textile
industry
Yarn suppliers produce the polymer filaments (nylon, aramid, etc.) and arrange them
together in a yarn that usually only has some residual twist, if any at all. Because of the absence
of twisting, these filaments tend to split out of the yarn, and the quality of their product is
compromised. Because of this, manufacturers impregnate the yarn with an oil, a treatment
called the spin-finishing, which maintains the fibres together in the yarn. Before shipping the
yarn spools to the costumers, these producers have to measure the oil that stays in the yarn,
the oil pick-up (OPU), for the same reasons that C-ITA has to measure the DPU. In order to know
the OPU on yarn spools, some producers started using a time domain nuclear magnetic
resonance. Some patents were submitted describing the applications of TD-NMR for this
purpose. With this in mind, Continental invested in a TD-NMR device, so that, with a similar
procedure, it is able to measure the %𝐷𝑃𝑈 on C-ITA’s dipped cords. (Jariwala et al., 2000)
TD-NMR (time domain nuclear magnetic resonance) is based on the spin of protons (1H).
As a regular NMR device, it creates a magnetic field in the place where the sample will be
analysed. The proton spins align themselves with this induced magnetic field and will be
submitted to different types of magnetic pulses (90 º and 180 º), each one affecting the spins
in different ways. This disturbance is known as the Hahn echo sequence. When the pulse is
deactivated, the spins return to their equilibrium position, emitting the energy that they had
to receive to be moved from that position. This energy is received by an electric wire that gets
induced, carrying an electric signal. This signal is read in the time domain and shown as a graph,
correlating the NMR signal amplitude with time. The more affected the spins are, i.e. the more
1

H atoms, the more intense this signal will be. In addition, different types of protons (for

example, solid and liquid hydrogen) will have different relaxation times (the average time it
takes for the spins to return to an equilibrium position), which is translated into different signal
amplitudes, as shown in Figure 11. (Hornak, 1996)

Figure 11 – TD-NMR different types of signals. (Bruker, 2003)
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Oil pick-up determination is based on the different relaxation properties of the
materials present in the sample: the yarn, which is solid and has a typically short relaxation
time, and the spin-finish oil, which is an oil-type liquid and has a typically large relaxation
time. Usually, a Hahn echo sequence is applied to the sample, meaning that it will first suffer
a 90 º pulse and then a 180 º pulse, and the signal emitted by the sample is read afterwards.
The optimization of the echo time is made in such a way that the solid-type signal will have
already decayed by the time the spin-finish signal occurs, resulting in a rather sensitive
measurement, having highly trustworthy results, as long as the equipment was previously well
calibrated. (Dalitz, Cudaj, Maiwald, & Guthausen, 2012)
The dip pick-up evaluation has a similar process in the TD-NMR device, except instead
of comparing solid and oil-type materials, it compares different types of solid matter (yarn and
cured resin-type). Also, because the yarn itself might have some oil (spin-finish from the
supplier), the software application used removes this signal as well as the one from yarn,
resulting in a dip measurement only. This application was made for C-ITA and was optimized
by the device’s supplier for the purpose required. (Bruker, 2016)
Figure 12 shows the TD-NMR device (left image) and the heating baths for the samples’
tubes (left of the right image) and for the measuring field of the device (right of the right
image).

Figure 12 – TD-NMR device (left) and heating baths (right).
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3

Technical description

3.1 Experimental planning
The main goal of this project was to calibrate the TD-NMR device so it would be used in
the Quality Control of all the reinforcements produced in the plant, before shipping them to
the costumers. Considering that this is the first stage of this study, the main purpose was to
characterize the method for representative materials produced in the plant. In this case, one
product of nylon, one of hybrid and one of PET were used. The products were determined types
of nylon, hybrid and PET, with settled construction and supplier. In the case of nylon and PET
cords, the dip content is measured daily in the plant. These values allow a good comparison
between the new method, proposed in this project, and the traditional one.
Once the materials to be tested were well defined, the next steps were:


preparing the spools with the dipped cords for all the materials;



measuring the dip pick-up for all the prepared samples;



calibrating the TD-NMR device with the selected samples;



measuring %𝐷𝑃𝑈 values in the TD-NMR device of cords impregnated in the production

and in the laboratory.

3.2 Sample preparation
3.2.1

Dipped cord spools
To prepare the samples, the same steps as in the production were applied. The first

step is to twist the yarn into cord in the Lab Twisting Unit (LTU), which had to be done only
when there were no cords in the plant with the desired construction. This equipment can
reproduce the several twisters that C-ITA has to transform yarns into cords, as seen in section
2.2. The cords are then impregnated in a Lab Dipping Unit (LDU) that can reproduce both dipped
cord and dipped fabric produced in the plant (Single-end and Zell devices, respectively). In the
LDU, the cord undergoes one or two dip baths, followed by drying and hot stretching, curing
the RFL dip in the cord. Figure 13 shows a simplified scheme of the LDU. Although the LDU
produces only dipped cords, it is possible to reproduce the conditions used in the fabrics’
impregnation, making it a very versatile equipment.
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Figure 13 – Simplified LDU scheme.(C-ITA, 2016)

In this project, the same type of cord (fixed construction and supplier) was impregnated
multiple times with different concentrations of the same dip recipe and with the same LDU
conditions, which were already established for the tested materials.
The impregnation of cords in the LDU for future calibration of the TD-NMR device was
an experimental method, as in the LDU the dip extraction is different from the Zell and the
Single-end. Because of this, cords impregnated with the same dip recipe will have a different
dip pick-up, depending on the impregnation device. Also, the relation between dip
concentration (measured in terms of dip solid content percentage) and %𝐷𝑃𝑈 does not have a
theoretical basis. It is rather a result from years of experience and improvement in the
impregnation conditions, but the dip pick-up of each sample was only known after impregnation
and measurement. For this reason, numerous samples were prepared for each material, in order
to study the relationship between these two quantities, and to achieve the desired values of
%𝐷𝑃𝑈 for calibration without trial–and–error.
As will be discussed in section 4.1, %𝐷𝑃𝑈 is proportional to the dip solid content
percentage (%𝑆𝐶) when impregnated in the LDU. For TD-NMR calibration purposes there was a
need for samples with different %𝐷𝑃𝑈 values because Continental procedure requires at least
four samples to calibrate the TD-NMR device:
A.

Within -1 abs. % Low Target Limit (𝐿𝑇𝐿) and 𝐿𝑇𝐿

B.

Within 𝐿𝑇𝐿 and Target

C.

Within Target and Upper Target Limit (𝑈𝑇𝐿)

D.

Within 𝑈𝑇𝐿 and +1 abs. % 𝑈𝑇𝐿
This information, combined with the %𝐷𝑃𝑈 targets for the tested materials, provided

by C-ITA, yields the samples %𝐷𝑃𝑈 ranges for each material in Table 1.
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Table 1 – Ranges of minimum samples required for TD-NMR device calibration of each product.

𝐿𝑇𝐿-1%

3.5%

Nylon
Sample
A

𝐿𝑇𝐿

4.5%
B

Target

5.5%
C

𝑈𝑇𝐿

6.5%
D

𝑈𝑇𝐿 +1%

7.5%

Hybrid
Sample
3.0%
A
4.0%
B
5.0%
C
6.0%
D
7.0%

0.5%

PET
Sample
A

1.5%
B
2.5%
C
3.5%
D
4.5%

The RFL dips for impregnation were always prepared taking into account the solid
content of each dip component, in order to obtain samples with different dip pick-up values.
The calculations for the new %𝑆𝐶 dip recipes are shown in Table 2.
Table 2 – Calculation example of the different components’ amounts in the dip.

Amount in dip
Dip component
50 % solid content dip

20 % solid content dip

Resin

40 g

40 𝑔 ×

0.20
= 16 g
0.50

Latex

40 g

40 𝑔 ×

0.20
= 16 g
0.50

Formaldehyde

15 g

15 𝑔 ×

0.20
=6g
0.50

This calculation is merely indicative of the dip solid content percentage, which rarely
corresponds exactly to the reality. After having the new dip recipe, the theoretical solid
content percentage of the dip can be calculated by knowing the solid content of each dip
component and its amount in the dip, as shown in Table 3.
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Table 3 – Dip solid content percentage calculation.

Dip component

Component solid
content

Amount in dip

Component solid content
contribution

Resin

80 %

16 g

16 𝑔 × 80 % = 12.8 %𝑆𝐶

Latex

30 %

16 g

16 𝑔 × 30 % = 4.8 %𝑆𝐶

Formaldehyde

40 %

6g

6 𝑔 × 40 % = 2.4 %𝑆𝐶

Dip theoretical solid content4

12.8 + 4.8 + 2.4 = 20.0 %

This calculation should give an approximation of the dip solid content, which should be
close to the real one. In fact, the real dip solid content percentage is measured in a proper
device, and this value is considered to be the correct dip %𝑆𝐶, which is rarely exactly the same
as the theoretical one, due to handling errors in the dip preparation. The dip %𝑆𝐶 measuring
device consists of a drying machine that compares the weight of dip introduced and the dry
weight afterwards (dip without water), returning the real dip %𝑆𝐶.
Figure 14 to Figure 16 show the dipped cords prepared in the LDU and their respective
greige cord.

Figure 14 - Hybrid dipped samples from greige (left) to highest %𝑆𝐶 dip (right).

Figure 15 - Nylon dipped samples from greige (left) to highest %𝑆𝐶 dip (right).

4

This is only a fictional example with non-real values and with an incomplete recipe, used to illustrate the
calculations. The values must not be taken as correct.
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Figure 16 - PET dipped samples from greige (left) to highest %𝑆𝐶 dip (right).

3.2.2

Dip pick-up measurements
Once the samples were prepared in the LDU, it was necessary to measure the %𝐷𝑃𝑈 for

each sample. Continental also has procedures for the %𝐷𝑃𝑈 measurement of each cord type.
The %𝐷𝑃𝑈 for nylon is measured via a wet chemical method. Here, the cord has to be
cut in small pieces of a length shorter than 5 millimetres. Fibre dissolution is obtained with
formic acid in a hot plate, with continuous stirring (for at least one hour). After the cord is
completely dissolved, the solution has to be filtered with the help of a pumping system, through
a porous glass crucible previously dry-weighed, and then dry in an oven (for at least 2–4 hours)
and weighed again with the remaining dip (which is not filtered). The %𝐷𝑃𝑈 is calculated based
on greige cord weight by the following equation:
%𝐷𝑃𝑈 = 𝑚

𝑚𝑑𝑖𝑝
𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 −𝑚𝑑𝑖𝑝

× 100%,

(1)

Here, 𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 is measured after drying the cord completely in an oven and 𝑚𝑑𝑖𝑝 is
the difference of the crucible’s mass before and after filtration, always dried in an oven.
(Spelzhaus, 2016)

Figure 17 –%𝐷𝑃𝑈 via the wet chemical method: nylon before dissolution (left) and after filtration
(right).
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Figure 18 – %𝐷𝑃𝑈 via the wet chemical method: dissolution, pumping system and filtration (from left
to right).

This procedure was performed at least three times for each solid content percentage
sample to obtain at least three consistent results (with standard deviation under 0.4 %). (U.
Neiweiser & Dick, 2014)
The %𝐷𝑃𝑈 for hybrid and PET cords can be obtained by a wet chemical method as well,
which is the traditional method for both materials. For hybrid cords, the measurement consists
of two steps: dissolution of nylon fibres, using the method described above, and dissolution of
aramid fibres, by placing them in sulfuric acid for at least three days and then filtering with a
porous glass crucible filled with glass wool. The whole method takes at least four days to
complete. The second step also requires a sodium bicarbonate solution and ethanol to wash the
beaker where the dissolution is made, which were not available at the time in the plant. For
PET, the method consists of dissolving the fibres in a heated potassium hydroxide water solution
in a condenser for at least three hours, and then filtering the remaining solution with a porous
glass crucible, just as for nylon cords. The absence of time and materials for these two methods
led to an adaptation of the %𝐷𝑃𝑈 measurement for hybrid and PET cords. (Spelzhaus, 2016)
It is important to mention at this point that ASTM International (American Society for
Testing and Materials) has documentation on the wet chemical methods and it mentions that
they should not be reliable because of inter-laboratory differences. In spite of this, C-ITA uses
the methods for some types of cords, because results have shown to be consistent enough.
(ASTM, 2003)
Instead of the wet chemical method, a weight-base method was proposed. For this
method, the hybrid and PET greige cords were ran in the LDU with the impregnation conditions
(oven temperatures and stretching in the different zones) and without the dip, to understand
the cord behaviour before and after impregnation. With this test, it was observed that a meter
of greige cord expands about 2 to 4 centimetres after the dipping process, so it was decided
that, to properly compare weights, greige cords had to undergo this treatment — called
thermofixation from this point onwards. Thermofixated greige cords will have the same weight
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per unit length as the greige cord present in the dipped cord. Therefore, the difference
between these two must be the weight, provided that the cords are properly dried.
After having the thermofixated greige cord, ten samples of ten meters each were dried
and weighed individually, and their %𝐷𝑃𝑈 was obtained by:
%𝐷𝑃𝑈 =

𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 − 𝑚𝑔𝑟𝑒𝑖𝑔𝑒 𝑡ℎ𝑒𝑟𝑚𝑜𝑓𝑖𝑥𝑎𝑡𝑒𝑑 𝑐𝑜𝑟𝑑
× 100%
𝑚𝑔𝑟𝑒𝑖𝑔𝑒 𝑡ℎ𝑒𝑟𝑚𝑜𝑓𝑖𝑥𝑒𝑑 𝑐𝑜𝑟𝑑

(2)

Figure 19 – Hybrid samples for the %𝐷𝑃𝑈 weighing method.

Figure 19 illustrates an example of the suggested weighing method, with the 10 metre
thermofixated (the column on the left) and dipped hybrid cords arranged in laces, after dryweighing them.

3.3 TD-NMR device
3.3.1

Calibration
The time domain nuclear magnetic resonance device purchased by C-ITA has a user-

friendly software that allows the user to perform multiple calibrations, change the reference
values at any time, validate the calibrations and measure samples with the previously
established calibrations in an intuitive way.
As mentioned before, TD-NMR device calibration requires at least four different samples
with different dip pick-up values. After having the samples prepared and their respective %𝐷𝑃𝑈
measured, all the conditions for the calibration of the device were gathered.
According to the procedure, the cord samples were cut in lengths of around 2 to 4 metres
to achieve 1–2 grams, approximately, and then arranged in individual laces. These were
introduced in the Bruker’s glass tubes, filling them up to a height of 2 centimetres maximum.
These tubes were previously given a code to identify which samples were in it and after the
laces were inside the tubes, they had to be dried in the oven for at least one hour at 105 ºC.
The tube’s covers had to be put on inside the oven, so the cords would not gain any humidity
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while closing the tubes. Afterwards, when the tubes were at room temperature, they were
weighed again and by subtracting the weight of the empty tube, the sample weight was
obtained. This is a necessary step, since the TD-NMR normalizes the sample’s signal by its
weight. (Hussmann, 2015)
Having the samples dried and inside the closed tubes, these had to be heated up to
40 ºC, the same temperature of the reading field of the device (the centre of the magnetic
field). This temperature was set up for the measurement by the equipment’s supplier, but can
be changed, as long as the samples are pre-heated to the same temperature. (Hussmann, 2015)

Figure 20 – Bruker’s glass tubes with PET samples arranged in laces.

Figure 20 shows an example of the dipped cord laces expanding from the positions they
were originally introduced in the tubes, which can be a problem while measuring the signal in
the TD-NMR device, since the height becomes larger than 2 centimetres. To overcome this
problem, a different arrangement of samples in the tubes was proposed, shown in Figure 21
and Figure 22.
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Figure 21 – Preparation steps for the dipped cord samples in the Bruker’s tubes.

Figure 22 - Bruker’s glass tubes with PET samples arranged in a more compact form.

Both tubes and cords have to be handled with gloves, in order not to affect the readings
in the device, since this method is sensitive to moisture, grease from fingers and other
contaminants, such as dust. Figure 23 shows how the tubes are introduced in the device for
measurement. (Hussmann, 2015)
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Figure 23 – Measuring field entrance in the TD-NMR device.

The calibration is performed with the Bruker’s software, using the most appropriate
application for the desired effect. In this case, the application is called “Dip on fibre in the
presence of spin finish” and is already optimized for the purpose, both with respect to pulse
timing and number of readings. The signal window, which is related to the type of sample being
introduced at the moment, is optimized with the tune gain. Tune gain is adjusted at the
beginning of each calibration, simply by introducing the sample with the highest signal (usually
the heavier sample of the higher concentration). The software reads this sample’s signal and
adjusts the reading window so that no sample has its signal read outside of this range (which
would be identified as a “signal clip” by the software, resulting in an unread sample). Then
each sample is read individually, introducing its code, weight and reference value (%𝐷𝑃𝑈) in
the software. (Hussmann, 2015)
Before validating the calibrations, it is always possible to remove or add points and
recover the ones removed.
3.3.2

Calibration validation
The step after performing the calibration is its validation, with a reference sample. This

sample’s %𝐷𝑃𝑈 has to be measured with the calibration at least two times (with consistent
values) and this sample has to be saved for 6 months. The validation should be performed
monthly to guarantee the stability of the measuring system, and also that it does not affect the
%𝐷𝑃𝑈 measurement. After the six months, the sample has to be replaced with a new one,
keeping both samples for measurement in the 6th month of the first sample and then discarding
the first one. The second sample will be used exclusively for the next 5 months, and so on. In
the validation, the two %𝐷𝑃𝑈 values of the same sample must show consistency, otherwise the
calibration can no longer be used for quality control measurements. (Bruker, 2016)
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3.3.3

Quality control
To understand if the TD-NMR method (with the established calibrations) can accurately

measure dip pick-up values and therefore be used for quality control measurements, three
different tests were proposed for each type of material (Moutinho, 2012):
1. Device’s capability: this test consists of measuring the exact same piece of cord in the
TD-NMR device a certain number of times. This procedure returns the device’s capability
critical index, which should be greater than, or equal to, 1.67.
2. Process potential capability: this test evaluates the potential shown by the method, and
is achieved by measuring a certain number of different cords from the same production.
The process potential capability index should be greater than or equal to 1.67.
3. Process capability: this last test assesses how stable the process is, by measuring cords
from different productions, taking into account all the influences related to it,
systematic or not. If the process capability is greater than or equal to 1.33, the process
is capable and under control. Capability process index values between 1.00 and 1.33
show that the process is conditionally capable, but improvements must be made to
reduce the process dispersion and to better centre the results. If this index is lower than
1.00, the process is not capable and has to be verified.
Considering the time available for this project and the relative need of measuring each
material’s dip pick-up, only nylon and hybrid cords were tested for the third capability, and
nylon was the one with comparable values available from production.
The first two tests were performed with 25 samples for both hybrid and nylon cords,
with cords dipped in the LDU (with known %𝐷𝑃𝑈, obtained via the wet chemical for nylon and
via the weighing method for hybrid).
The third test was performed with 30 samples for nylon cords, from different
productions. Each sample was measured three times in the TD-NMR device. For the hybrid
cords, 25 samples were collected from a finished production and then measured three times
each in the TD-NMR device with the previously established calibration, in order to get the
average of each sample’s %𝐷𝑃𝑈
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4 Results and Discussion
4.1 Dip pick-up measurement
Since obtaining desired %𝐷𝑃𝑈 samples was an experimental method, as explained in
section 3.2, several dipped cords, differing only in the dip %𝑆𝐶, were prepared for each
material.
For nylon cords, every sample prepared had its %𝐷𝑃𝑈 measured via the wet chemical
method at least three times, until three consistent results were obtained.

Figure 24 – Nylon %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 versus dip solid content percentage.

Figure 24 shows the relation between the dip solid content percentage used to
impregnate nylon cords and the corresponding %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 . The coefficient of
determination (𝑟 2 ) is 0.9961, obtained via wet chemical method. This relation can be used for
future work, because it gives some confidence on what %𝑆𝐶 should be used in the dip in order
to obtain the desired %𝐷𝑃𝑈. The numerical relation is given by equation 3:
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 0.4358 × 𝐷𝑖𝑝 %𝑆𝐶 − 0.0224

(3)

Having the results for numerous samples, the proper ones for calibrations were chosen,
that is, the ones in the range from 3.5 to 7.5 %𝐷𝑃𝑈, in the case of nylon cords, as expected
from Continental’s procedure.
In the case of hybrid and PET cords, the dipped samples had their %𝐷𝑃𝑈 measured via
the improved weighing method, as explained in section 3.2.2.
The impregnation of PET cords was also an experimental method, but because the
dipped samples were already within the established ranges for calibration of the TD-NMR device
according to Table 1, there was no need to impregnate more samples.
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Figure 25 - PET %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 versus dip solid content percentage.

The %𝐷𝑃𝑈 (via weighing method) of PET cords impregnated in the LDU, shown in Figure
25, relates to the dip %𝑆𝐶 as follows, with 𝑟 2 = 0.9867:
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 0.1617 × 𝐷𝑖𝑝 %𝑆𝐶 − 0.0053

(4)

Additionally, the %𝐷𝑃𝑈 for PET cords was measured via wet chemical method and the
values are shown in Figure 26. These measurements were performed after the PET calibration
was already done, via the weighing method, so they were not used for the TD-NMR method.

Figure 26 – PET %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 via wet the chemical method versus dip solid content percentage.

The results obtained via wet chemical method for PET dipped cords are related by
equation 5.
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 0.1223 × 𝐷𝑖𝑝 %𝑆𝐶 − 0.0014

(5)

The two variables measured this way have a coefficient of determination of 0.9983. It
seems that the wet chemical method might have a better linear relationship with the %𝑆𝐶 than
the weighing method, although care should be taken with this conclusion, as only 3 points are
used in the second regression.
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The %𝐷𝑃𝑈 of hybrid dipped cords was also obtained via the weighing method and the
number of dipped cords used was higher in this case, because of the experimental methodology.

Figure 27 - Hybrid %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 versus dip solid content percentage.

In this case, %𝐷𝑃𝑈 and %𝑆𝐶 have a coefficient of determination of 0.9962 and relate
as follows:
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 0.3373 × 𝐷𝑖𝑝 %𝑆𝐶 − 0.0039

(6)

Hybrid dipped cords were all used to calibrate the TD-NMR device, increasing the
method’s reliability and measuring range.
This analysis helped understanding the behaviour of dipped cords when the dip recipe
is changed. It can be used in the future to closely predict the %𝐷𝑃𝑈 when a certain dip %𝑆𝐶
is used to impregnate cords in the LDU. Although it may be used to give some approximation of
these two variables, these results are only suitable for impregnation in the LDU under the same
hot-stretch conditions, as the remaining dip can vary when these conditions are changed. The
analysis should also not be used in the impregnation of cords/ fabric in the Zell and Single-end
devices, as their hot-stretch conditions are different, even though they can be up and downscaled.

4.2 TD-NMR device calibration
Since DPU is defined as a percentage of dip in the greige cord (%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 ), it
would be helpful if the calibrations could be done with the %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 . In reality the
TD-NMR signal is not proportional to this value, which can be proven with a fictional and ideal
model of this behaviour.
The signal emitted from a dipped cord is proportional to the amount of H-atoms present
in the sample, which is same as saying that the TD-NMR signal is proportional to the dip mass.
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This hypothetical model consists of six dipped cords, with different dip amounts, together with
their measured TD-NMR signal, assumed to be proportional to the dip mass. These values are
shown in Table 4. The equipment is assumed to have an ideal behaviour.
Table 4 – A hypothetical model for the TD-NMR signals obtained for cords of differing dip masses.
TD-NMR
Signal
(∝𝒎𝒅𝒊𝒑 )

TD-NMR
signal/
𝒎𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

2.50

0.25

0.03

11.11

10.00

1.00

0.10

8.00

25.00

20.00

2.00

0.20

3.00

7.00

42.86

30.00

3.00

0.30

10.00

4.00

6.00

66.67

40.00

4.00

0.40

10.00

5.00

5.00

100.00

50.00

5.00

0.50

𝒎𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

%𝑫𝑷𝑼𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

%𝑫𝑷𝑼𝒑𝒆𝒓 𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

(9)

(8)

(7)

0.25

9.75

2.56

10.00

1.00

9.00

10.00

2.00

10.00

𝒎𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

𝒎𝒅𝒊𝒑

10.00

By plotting these fictional points, it is observed that the TD-NMR signal only has a linear
relation with the %𝐷𝑃𝑈 values calculated per dipped cord, so the reference values used to
calibrate the device had to be %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 .

Figure 28 – Illustrative and fictional example of the relationship between TD-NMR signal and
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 (circles) and %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 (triangles).

Because the TD-NMR signal is proportional to the %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 , the reference
values used for the calibrations were these %𝐷𝑃𝑈 values, obtained by equation 7.
The measurement of samples can have their %𝐷𝑃𝑈 transformed to %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑
afterwards, so the values can be compared with the ones calculated in the production. This
transformation’s equation is obtained by the following deduction.
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 =
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 =
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𝑚𝑑𝑖𝑝
𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
𝑚𝑑𝑖𝑝
𝑚𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑

× 100

(7)

× 100

(8)
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(9)

𝑚𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 − 𝑚𝑑𝑖𝑝
So, from equation 8:
𝑚𝑑𝑖𝑝 =

%𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
× 𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
100

(10)

Combining equations 8 and 10:

%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑

%𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
× 𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
100
=
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 −
× 𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
100

(11)

Cancelling 𝑚𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 and multiplying the result by 100:
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 =

%𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑
100 − %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑

(12)

Equation 12 can be used to transform the measured values in the TD-NMR device to
%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 , so they can be compared with the results obtained in the samples collected
from the production, as mentioned in section 3.3.3.
Taking this analysis into account, the %𝐷𝑃𝑈 values measured (as explained in section
3.2.2) were then transformed into %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 with equation 7, to calibrate the TDNMR device.
For the nylon dipped cords, 4 samples were used to calibrate the equipment, because
the %𝐷𝑃𝑈 method used to obtain the reference values, section 3.2.2, was the traditional one,
known for giving accurate results for nylon cords when correctly done, and also because it was
performed at least three times for each dip %𝑆𝐶 sample, improving the obtained results. This
way, it was safe to choose only the samples required by the Continental procedure.
The samples chosen and their respective %𝑆𝐶 and %𝐷𝑃𝑈 values are shown in Table 5.
Table 5 – Nylon samples used for calibration.

Sample

Ranges from

Dip %𝑺𝑪

%𝑫𝑷𝑼𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

N1

15.237

4.340

3.5 to 4.5

4.159

N2

16.896

4.848

4.5 to 5.5

4.709

N3

18.962

5.976

5.5 to 6.5

5.933

N4

20.738

6.738

6.5 to 7.5

6.320

Reference

Table 1

%𝑫𝑷𝑼𝒑𝒆𝒓 𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

Three samples were prepared for each of these 4 references, and the Bruker tubes filled
with them are shown in Figure 29. It is important to notice that because each sample was in
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triplicate, its reference has two indexes: the first number refers to the sample, as in Table 5,
and the second number refers to the number of each reproduction of the same sample. For
example: sample N2,3 is the third exemplar of the sample N2.

Figure 29 – Bruker tubes filled with nylon samples for calibration.

After ensuring that all the moisture had been removed from the dipped cords, by placing
them in the oven for a little over one hour at 105 ºC and then closing them before removing
them from the oven, all the tubes, which were previously weighed while empty, were weighed
at room temperature to obtain the samples’ dry mass. This value had to be introduced in each
measurement both for calibration and quality control, in order to normalize the TD-NMR signal
per sample weight, which is done automatically by the software. Before reading the cords’
signals, they had to be heated up to 40 ºC for about 30 minutes, in order to reach that
temperature homogeneously, so they would be at the same temperature as the TD-NMR device.
Figure 30 shows the calibration obtained for the selected nylon product with the TD–
NMR device software, which performs a linear regression using the least squares approximation.
The device is calibrated for each material with the %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 as reference values, to
be compared with the TD-NMR signal per weight.
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Figure 30 – Nylon calibration in the TD-NMR device software “minispec Plus 6.0.3”.

In the case of nylon cords, the TD-NMR methodology resulted in a rather good
calibration, 𝑟 2 = 0.9922, when compared to what is required by the procedure (𝑟 2 > 0.9).
Since PET dipped samples were already in the ranges necessary for the calibration, only
those four samples were used. The tubes arrangement for PET’s calibration was already shown
in Figure 22, page 22. The preparation and numbering of samples was similar to the nylon ones.
Table 6 – PET samples used for calibration.

Sample

Ranges from

Dip %𝑺𝑪

%𝑫𝑷𝑼𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

P1

10.321

1.139

0.5 to 1.5

1.139

P2

15.907

2.042

1.5 to 2.5

1.994

P3

24.763

3.474

2.5 to 3.5

3.349

P4

28.348

4.054

3.5 to 4.5

3.897

Reference
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Figure 31 – PET calibration in the TD-NMR device software “minispec Plus 6.0.3”.

The calibration for PET is shown in Figure 31 and has a coefficient of determination of
0.9966, which is considered a rather good calibration (𝑟 2 > 0.9).
In the case of hybrid cords, all the dipped samples were used to calibrate the device,
since the method used to obtain the %𝐷𝑃𝑈 was a new one, unfamiliar and without any
guarantees of its accuracy. Because of this, a wider range of %𝐷𝑃𝑈 values was used for
calibration and to ensure that the consequent measured values fitted the calibration.
Table 7 – Hybrid samples used for calibration.

Sample
Reference

Dip %𝑺𝑪

%𝑫𝑷𝑼𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅 %𝑫𝑷𝑼𝒑𝒆𝒓 𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

H1

3.131

0.494

0.491

H2

3.674

0.976

0.966

H3

6.974

1.949

1.912

H4

10.751

3.679

3.548

H5

16.748

5.372

5.097

H6

22.534

7.514

6.989

H7

28.332

10.289

9.329

The arrangement was the same as in the nylon cords, but instead of four different dip
concentrations, seven were used, so the indexes ranged from H1,1 to H7,3, as shown in Figure
32. All the cords underwent the drying at 105 ºC, weighing and heating up to 40 ºC process.
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Figure 32 - Bruker tubes filled with hybrid samples for calibration.

Again, the calibration was performed with %𝐷𝑃𝑈𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 as the reference values,
against the TD-NMR signal per unit weight, and the result is shown in Figure 33.

Figure 33 - Hybrid calibration in the TD-NMR device software “minispec Plus 6.0.3”.

This calibration was also considered to be quite good, as the coefficient of
determination obtained was greater than 0.9 (𝑟 2 = 0.9972), and there were even more data
points than what the procedure requires for a correct calibration of the TD-NMR device.
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All the calibrations were here shown in the Bruker’s software because the linear
regression is automatically done there, and no better evaluations were left to perform after
having the final calibration, considering the plant’s demand for a correct calibration.
Because a good calibration is not enough to guarantee that the software is able to
measure correct %𝐷𝑃𝑈 values for cords impregnated in the plant (Zell and Single-end devices),
another evaluation, with samples of the studied products collected from the production, was
performed. The results of this evaluation will be discussed in section 4.3.

4.3 TD-NMR device validation for quality control
In section 3.3.3 it was explained how the statistical evaluation must be done for a proper
characterization of the method’s and process’s variability. The software used to perform these
evaluations requires a minimum of 25 measurements for a coherent statistical analysis, so this
was the number of measurements made for every test. However, in the case of the nylon’s
process capability study, 30 samples were collected from previous productions (with the same
construction and supplier as the ones used to calibrate the device) and measured three times
each in the TD-NMR device, resulting in a total of 90 values for this test. No more measurements
were made due to lack of time. For this project, and because most of the effort was spent in
understanding the behaviour of the dip content and the different ways to obtain this value, the
time left for the statistical analysis resulted in fewer measurements in this final step.
PET samples were not analysed statistically due to lack of time, even though the
calibration was performed, rendering the method useless in the quality control for this
material, for the time being.
Because nylon dipped cords were collected from different productions, the %𝐷𝑃𝑈
values can vary quite significantly from sample to sample, even though the dip recipe and the
same conditions were used. However, because the actual %𝐷𝑃𝑈 values from these cords are
reported in the plant (performed by the quality facilitators5 via the wet chemical method) it
was possible to compare the results obtained with the traditional method and the new TD-NMR
method. For a correct comparison, the samples were paired in both methods: values from the
wet chemical method and from the TD-NMR method were compared for the same sample. In
spite of this, and because after all the measurements were made all the values were compared
within methods, some variation was expected due to the fact that the samples were from
different productions.

5 Quality facilitators are the staff responsible for all the quality tests that are performed in all the products in C-

ITA.
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It is important to notice that the impregnation process in the plant is adjusted so the
%𝐷𝑃𝑈 values stay within the established limits for process capability analysis. This adjustment
contributes to better results in the quality control but it does not question whether or not the
traditional method is being well implemented. If it is not being performed 100% correctly, the
TD-NMR method will show results that are not so good when compared with the traditional
method and with the target values. (Moutinho, 2012)
Variations aside, this evaluation should give some idea of how accurate both methods
are and how they can be related. This should answer questions such as if the traditional method
can be replaced by the new one, that is, if the %𝐷𝑃𝑈 measurements will correspond to the
reality.
It is also important to mention that the %𝐷𝑃𝑈 values obtained by the quality
department correspond to one %𝐷𝑃𝑈 measurement via the wet chemical method. As was
mentioned before, this method has different steps where operating errors can occur. For
instance: in this project, during the dip pick-up measurements (section 3.2.2), it was observed
that if the washing solution is not heated at the same time as the dissolving solution, the
dissolved fibres that stay in the beaker after the first filtration may precipitate again when the
beaker is washed for the second filtration. This leads to a higher dip mass left in the crucible,
because some fibre can be left undissolved and unnoticeable, contributing to the total weight,
leading to a %𝐷𝑃𝑈 value higher than the real one. Another error that can occur is when the
dipped cord is weighed before dissolution: because some fibres have a higher affinity to
moisture, when they are removed from the drying oven to be weighed, even though they cool
to room temperature inside a desiccator, the weighing process can be enough for the cords to
gain moisture again, leading to a higher dipped cord weight than the real one. In this case, a
lower %𝐷𝑃𝑈 value will be obtained. Other errors can come from the crucibles, when they are
not properly washed or dried. Of course that, because %𝐷𝑃𝑈 values have a target and an upper
and lower limit value, these errors are never a problem during the measurement, as long as the
%𝐷𝑃𝑈 measured values stay within these limits. In the %𝐷𝑃𝑈 measurements for this project,
all the steps were performed with special care, minimizing all of these sources of error, and
the fact that the method was repeated multiple times contributed to more solid results.
The software used to perform all the statistical evaluations was the Minitab 17, which
is used by Continental for these types of evaluations and studies.
Although Minitab 17 was used for a better understanding of the behaviour of the
measured samples, the capability indexes can be calculated using the equations present in CITA’s documentation regarding this evaluation. The average and the standard deviation of the
samples can be calculated by equations 13 and 14, respectively (Moutinho, 2012):
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𝑥𝑚 =

∑𝑛𝑖=1 𝑥𝑖
𝑛

∑𝑛 (𝑥𝑖 − 𝑥𝑚 )2
𝑠𝑚 = √ 𝑖=1
𝑛−1

(13)

(14)

Here, 𝑥𝑚 is the measurements’ average, 𝑛 is the number of measurements or samples
measured, depending on the type of test, 𝑥𝑖 is the measured value and 𝑠𝑚 is the standard
deviation of each test performed.
The capability indexes (machine, potential and process) are all calculated using the
same equation, as is the critical capability index, but have different meanings because of the
way the test was performed (chosen samples to measure and type of measurement).
𝐶𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝐶𝑟𝑖𝑐𝑖𝑐𝑎𝑙 𝐶𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑈𝑃𝐿 − 𝐿𝑃𝐿
6 × 𝑠𝑚

min{(𝑈𝑃𝐿 − 𝑥𝑚 ), (𝑥𝑚 − 𝐿𝑃𝐿)}
3 × 𝑠𝑚

(15)
(16)

Equation 15 gives the capability index and equation 16 gives the critical capability index.
𝑈𝑃𝐿 is the upper performance limit and 𝐿𝑃𝐿 is the lower performance limit, given by the
product’s specification. (Moutinho, 2012)
The variables’ names for these indexes change in each type of test, and so do the values
that should be obtained for able capabilities of each test. The detailed information for each
test is shown in Table 8.
Table 8 – Capability indexes interpretation (Moutinho, 2012).

Variable

𝐶𝑚𝑘

Test

Meaning of the values obtained

Machine critical

≥ 1.67: the machine is capable and under control

capability

< 1.67: the machine must be corrected
≥ 1.33: the process is capable and under control

𝐶𝑝𝑘

Process critical
capability

1.00 ≤ 𝐶𝑝𝑘 < 1.33: the process is conditionally capable
< 1.00: the process is not capable and must be corrected

Process
𝑃𝑝𝑘

potential critical

≥ 1.67: the new process is capable and under control

capability
The documentation only indicates the appropriate values for the critical capabilities,
but the capability indexes are higher than or equal to the critical capability indexes. If the
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capability index is equal to the critical capability index, the process results are centred; if the
capability index is higher than the critical capability index, the process is not centred. (Minitab,
2017)
4.3.1

Nylon cords
Nylon cords’ machine capability and potential capability analysis were performed with

a cord impregnated in the LDU, with known %𝐷𝑃𝑈 value, determined via the wet chemical
method, at least three times, so the reference was well known. Because there was no dipped
cord with %𝐷𝑃𝑈 target value (5.5 %), a dipped cord with 6.31 ± 0.4 %𝐷𝑃𝑈 was used. For these
first two tests, 25 different pieces of cord of the same spool were prepared, and these arranged
in 25 different tubes, which were measured one time each in the TD-NMR calibration for nylon
cords. One random filled tube of the previous ones was selected to be measured 25 times alone.
The 25 measurements of the same piece of cord (1st test) give the machine’s capability (which
can also be called its repeatability or variability) and the measurements of the 25 different
pieces of cord (2nd test) give the process potential capability when compared to the target.
Although the dipped cord used here did not have a %𝐷𝑃𝑈 equal to the target, the upper and
lower limits were established the same way as for the production target: ± 1 % of the %𝐷𝑃𝑈
obtained via wet chemical method. The 3rd test performed was the measurement of 30 samples
collected from the production line. All the tubes were prepared according to the procedure, as
explained in section 3.3.1.
Table 9 – Results for the three tests performed on nylon cords.

Variable

1st test

2nd test

3rd test

𝑥𝑚

0.0620

0.0619

0.0502

𝑠𝑚

0.0007

0.0009

0.0028

𝑈𝑃𝐿
(𝑈𝑆𝐿 in Minitab 17)
𝐿𝑃𝐿 (𝐿𝑆𝐿 in Minitab
17)

0.0731

0.065

0.0531

0.045

𝐶𝑚 for the 1st test;
𝑃𝑝 for the 2nd test;

4.9426

3.8501

1.2085

4.4141

3.3853

0.6242

𝐶𝑝 for the 3rd test
𝐶𝑚𝑘 for the 1st test;
𝑃𝑝𝑘 for the 2nd test;
𝐶𝑝𝑘 for the 3rd test
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Minitab 17’s capability analysis is performed the same way for every test, what changes
is the data introduced and the way it is organized. For example, for the 3rd test, the 90
measurements of the production samples were arranged in subgroups of 3 values, to properly
translate the fact that 30 different samples were evaluated, and not 90. This software uses a
different nomenclature from the one used at Continental, described in Appendix C - Minitab
17, along with other detailed information about how Minitab performs measurements.

Figure 34 – Minitab 17 results for nylon’s 1st test.

The 𝐶𝑚 and 𝐶𝑚𝑘 values obtained with Minitab 17 for the 25 measurements of the same
piece of cord were 4.94 and 4.41, respectively. The same results were obtained using the
equations from Continental’s documentation. This shows that the machine is capable, which is
the same as saying that the TD-NMR device, with the calibration made for the selected nylon
cords, is capable of measuring the same type of nylon products’ %𝐷𝑃𝑈 accurately. The fact
that 𝐶𝑚 is higher than 𝐶𝑚𝑘 reinforces the non-centrality of the results, already shown in Figure
34.

Figure 35 – Minitab 17 results for nylon’s 2nd test.

Figure 35 shows the Minitab 17 results for the nylon’s 2nd test, which returned a 𝑃𝑝 of
3.85 and a 𝑃𝑝𝑘 of 3.39, the same results obtained using equations 15 and 16. These results show
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the process’s capability approval and, at the same time, its non-centrality. In this case, this
means that the impregnation in the LDU shows potential, although only cords from one spool
(one impregnation batch) were measured. The 25 different cords from the same spool are
within specified limits and the process is capable of reproducing within-target samples.

Figure 36 – Minitab 17 results for nylon’s 3rd test (here compared with results from production).

Figure 36 shows the Minitab 17 results for nylon’s third test, comparing values from the
production line (obtained by the quality facilitators via wet chemical method) with values from
the TD-NMR device, both for the same samples. The “Before” refers to the production values
and the “After” refers to the values obtained in the TD-NMR device.
In the Minitab 17 evaluation, the 𝐶𝑝 value obtained for the nylon measurements was
1.21 and the 𝐶𝑝𝑘 value was 0.62, the same values obtained using the equations from Continental
documentation. The %𝐷𝑃𝑈 values obtained in the production for the same samples were 1.23
and 1.02 respectively (values achieved only with Minitab 17). In this evaluation, no method
shows a good capability, according to Table 8, but this may be due to how the samples are
being evaluated in the production and to the variation between productions. A better approach
to this evaluation would be to perform measurements of the same production via wet chemical
method and via TD-NMR method the same number of times (for example 50 times, for a better
consistency).
The results for the 3rd test were not expected, since the first two tests show that both
the method and the process are capable, and because all the steps were performed according
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to Continental’s procedure with extreme care. This might mean that the specification (target,
upper and lower limits) has to be revised and maybe changed, if results from subsequent tests
continue to show a lower %𝐷𝑃𝑈 values for the TD-NMR method in relation to the wet chemical
method. It could be seen that the process of impregnation in the Zell device is not capable,
but this would not be a fair conclusion, since the samples for this test were collected from
different productions, which are adjusted, as mentioned before.
Although these three tests were the necessary ones for a statistical analysis of the new
method, another evaluation was made for nylon cords. This evaluation consisted of determining
the relative error between both methods (for production line samples only) using equation 17.
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 =

%𝐷𝑃𝑈 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 − %𝐷𝑃𝑈 𝑁𝑀𝑅𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑
%𝐷𝑃𝑈 𝑁𝑀𝑅𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑

(17)

Figure 37 – Relative error between methods.

Figure 37 shows the relative errors distribution according to the values measured in the
production. Here, it is possible to observe that the error between both methods has some
tendency to grow as the measured %𝐷𝑃𝑈 increases. Also, for the same %𝐷𝑃𝑈 value measured
in the production there are different values of error between methods, which can show some
inconsistency in the values measured in the production. The fact that most of the errors are
positive shows that the %𝐷𝑃𝑈 values measured in the TD-NMR device are consistently lower
than the ones measured in the production, which agrees with the possible errors that can occur
in the traditional method for this type of fibre. This test reinforces what the 3rd test for nylon
shows: perhaps the impregnation process in the production is capable, but the %𝐷𝑃𝑈 analysis
in the quality control department should be revised, as well as the specification targets.
4.3.2

Hybrid cords
For hybrid dipped cords, the results for the three tests are shown in Table 10 and were

also calculated using equations 13 to 17. The dipped cords used in the 1st and 2nd tests were
from the same spool, impregnated in the LDU and with %𝐷𝑃𝑈 different from target, as it was
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for nylon. The target in this case was the %𝐷𝑃𝑈 obtained via weighing method for the dipped
cord used: 7.514 % ± 0.21 %. The upper and lower limits in this case were 8.514 % and 6.514 %,
respectively.
Table 10 - Results for the three tests performed on hybrid cords.

Variable

1st test

2nd test

3rd test

𝑥𝑚

0.0765

0.0763

0.0465

𝑠𝑚

0.0006

0.0012

0.0038

𝑈𝑃𝐿 (𝑈𝑆𝐿 in Minitab
17)
𝐿𝑃𝐿 (𝐿𝑆𝐿 in Minitab
17)

0.0851

0.060

0.0651

0.040

𝐶𝑚 for the 1st test;
𝑃𝑝 for the 2nd test;

5.2877

2.7480

0.8796

4.5738

2.4316

0.5698

rd

𝐶𝑝 for the 3 test
𝐶𝑚𝑘 for the 1st test;
𝑃𝑝𝑘 for the 2nd test;
𝐶𝑝𝑘 for the 3rd test
The Minitab 17 results for the 1st test of hybrid dipped cords is shown in Figure 38 and
the results obtained for the capability indexes of this test were 5.29 for the machine’s
capability and 4.57 for the machine’s critical capability, the same values obtained analytically.
These results indicate that the machine is capable of measuring %𝐷𝑃𝑈 values for hybrid,
with a good repeatability and very low variability. The fact that the results are not centred
(because 𝐶𝑚 is higher than 𝐶𝑚𝑘 and also as the plot shows) might mean that the reference
value, obtained via the weighing method, is not absolutely correct. Although the difference is
not significant, this can be corrected by repeating the weighing method with increased care
regarding moisture gain by the fibres (for example by placing them inside a flask that can be
closed before it is removed from the drying oven).
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Figure 38 – Minitab 17 results for hybrid’s 1st test.

The Minitab 17 results for the 2nd test of hybrid cords is shown in Figure 39 and the
indexes values obtained here were 2.75 for the capability and 2.43 for the critical capability,
both higher than the specification for a capable process and equal to the analytical ones,
showing that the impregnation process (LDU) has potential an is a capable process.

Figure 39 – Minitab 17 results for hybrid’s 2nd test.

In the third test, because the dipped cords were collected from the production, the
target was 5.0 %, with 4.0 % as the lower limit and 6.0 % as the upper limit. The Minitab 17
capability results for this test were 0.88 for the capability and 0.57 for the critical capability,
the same as the analytical results, showing a not so good process potential capability, when
the samples measured are from the Single-end (Figure 40).
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Figure 40 – Minitab 17 results for hybrid’s 3rd test.

These results may show that there really is a great variation in the %𝐷𝑃𝑈 values within
cords from the same production, since the results for the same cord from LDU were quite
similar. What this test also shows is that, again, the average %𝐷𝑃𝑈 of the measured samples
is lower than what is specified, although no value is out of range. Therefore, for hybrid cords
the specification should also be revised and further studies are required. In spite of this
assumption that the impregnation process might not be very capable at the moment, more tests
should be performed. A true conclusion can only be made after measuring dipped cords from
the production the same number of times with all the methods (the wet chemical one, if
possible, the weighing method and the TD-NMR method).
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5 Conclusions
This project contributed to a better understanding of how the dip content of textile
reinforcements behaves when the concentration of dip is changed in the same impregnation
device. It was concluded that the two properties are linearly dependent when the impregnation
is performed in the LDU. This result is important for future reference, when other studies in
this field are conducted, to remove the experimental methodology of impregnation.
Nylon and hybrid cords with the same cord construction and supplier used in this project
can have their dip pick-up measured with the TD-NMR device, since the machine was settled as
capable with the capability analysis: 𝐶𝑚𝑘 obtained for both materials was higher than 1.67 (4.41
for nylon and 4.57 for hybrid cords). The device can be easily made able for PET measurements,
by performing a few more dip pick-up measurements with the wet chemical method and then
simply changing the reference values for the TD-NMR calibration. After performing the
statistical validation, the method should be able to measure the dip pick-up of PET samples for
quality control purposes.
The 3rd test results for both hybrid and nylon have shown that dipped cords collected from
production are within specification but too close to the lower limit, which might mean a need
for a new specification for these two materials. Nonetheless, this is not an obstacle in the TDNMR measurements, since this test is only related to the production line.
For the first time in the plant, a deeper study of dip content via TD-NMR was made for the
textile reinforcements and the conclusions obtained might be of major importance to the
company.
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6 Evaluation of the work
6.1 Accomplished goals
The goals accomplished were the understanding of the behaviour of dip content when the
dip concentration was changed, the calibration of the TD-NMR device for three materials
(nylon, PET and hybrid dipped cords) and the statistical evaluation of measurements in the TDNMR device for nylon and hybrid.

6.2 Other work done
The impregnation and measurement of dip pick-up of rayon and aramid cords was also done,
but it is only shortly mentioned in Limitations and future work
The fact that this project only lasted five months was rather challenging, because the
proper study can be quite time consuming. The initial goal was to characterize the method for
at least a representative product of each material (nylon, hybrid, PET, rayon and aramid), but
this was changed due to lack of time and also, in the case of rayon, because the selected
product stopped being produced in the plant. Other goals set in the beginning were the study
of the established calibrations with different cord constructions and suppliers, to understand if
the device had to be calibrated for all the products or if one calibration per material was
necessary. This will remain as a suggestion for future work, along with the improvement of the
statistical analysis. Regarding the work done within this project, the proper calibration for PET
cords with the wet chemical method as reference values should be performed, since it is now
possible to accomplish. After this, the statistical validation of the method can be done for this
material, adding one more valid measurement to the quality control. Rayon and aramid can
also be further studied. The weight-base method for the dip pick-up measurement can be
improved by weighing the cords inside a flask that can be closed, so that the moisture gain is
reduced to the minimum possible when the cords are removed from the oven.

6.3 Final appreciation
This internship at C-ITA was a self-improvement journey. All of the employees were
always very helpful and made things work fluently in this project. Although in the beginning
more results were expected, it should not be forgotten that this was the beginning of this study
and more results are to come, with this work as a background.
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Appendix A - Dip pick-up
Rayon and aramid were evaluated regarding the %𝐷𝑃𝑈 variation when the dip %𝑆𝐶 is
changed. For this purpose, a product with certain construction and supplier was selected, just
as in case for other materials.
The results for rayon and aramid’s %𝐷𝑃𝑈 are shown in Figure A 1 and Figure A 2,
respectively. For rayon, the wet chemical method was used and for aramid, the method was
the same as for hybrid cords, as explained in section 3.2.2.

Figure A 1 - Rayon’s %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 versus Dip %𝑆𝐶.

Figure A 2 - Aramid’s %𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 versus Dip %𝑆𝐶.

The coefficient of determination for rayon is 0.9543 and for aramid is 0.9989. The relations
between the two variables for both materials are given by equation 18 (rayon) and 19 (aramid):

Appendix A

%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 0.5414 × 𝐷𝑖𝑝 %𝑆𝐶 + 0.00005

(18)

%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 = 0.4667 × 𝐷𝑖𝑝 %𝑆𝐶 + 0.0059

(19)
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The minimum samples required for rayon and aramid products tested are shown in Table
A 1. All the target values were given by C-ITA.
Table A 1 - Range of minimum samples required for TD-NMR device calibration of each product.

Rayon
𝐿𝑇𝐿 −1%

Aramid

1.0 %

3.5 %
A

𝐿𝑇𝐿

2.0 %

A
4.5 %

B
Target

3.5 %

𝑈𝑇𝐿

6.0 %

B
5.5 %

C

C
6.5 %

D
𝑈𝑇𝐿+1%

7.0 %

D
7.5 %

RFL dips for rayon cords were prepared under the production target, which is around 20 %
of solid content for Zell, and turned out to be around 10 % of solid content in the LDU. This is
helpful in this type of dip, because in the laboratory scale, for greater concentrations, it clots
by the end of its preparation, as Figure A 3 shows. This image was taken within the impregnation
of rayon cords for a solid content of around 14 %.

Figure A 3 – Rayon RFL dip clotted after its preparation.
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Appendix B - TD-NMR validation
Table B 1 shows the %𝐷𝑃𝑈 values that were used for this evaluation. The samples’
references are NV (from Nylon Validation) and the index number refers to the sample, so the
different %𝐷𝑃𝑈 values could be related. The %𝐷𝑃𝑈 𝑁𝑀𝑅𝑝𝑒𝑟 𝑑𝑖𝑝𝑝𝑒𝑑 𝑐𝑜𝑟𝑑 are the values measured
directly in the TD-NMR calibration for nylon that were transformed according to equation 12,
section 4.2, to obtain %𝐷𝑃𝑈 𝑁𝑀𝑅𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 , so the values would be comparable with the
values obtained in the production (%𝐷𝑃𝑈𝑝𝑒𝑟 𝑔𝑟𝑒𝑖𝑔𝑒 𝑐𝑜𝑟𝑑 ), which are calculated as the dip mass
per greige cord mass.
Table B 1 - Nylon’s %𝐷𝑃𝑈 values for statistical evaluation.
Sample

%𝑫𝑷𝑼 𝑵𝑴𝑹𝒑𝒆𝒓 𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

%𝑫𝑷𝑼 𝑵𝑴𝑹𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

%𝑫𝑷𝑼 𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

NV1
NV2
NV3
NV4
NV5
NV6
NV7
NV8
NV9
NV10
NV11
NV12
NV13
NV14
NV15
NV16
NV17
NV18
NV19
NV20
NV21
NV22
NV23
NV24
NV25
NV26
NV27
NV28
NV29
NV30

4.798%
4.628%
4.635%
4.660%
4.778%
4.947%
5.087%
5.325%
4.556%
4.705%
4.624%
5.222%
5.181%
5.138%
4.317%
4.800%
4.762%
4.431%
4.905%
4.999%
4.771%
4.489%
4.658%
4.675%
4.716%
4.939%
4.935%
4.571%
4.484%
4.550%

5.040%
4.853%
4.860%
4.888%
5.018%
5.204%
5.360%
5.625%
4.773%
4.937%
4.848%
5.510%
5.464%
5.416%
4.512%
5.042%
5.000%
4.636%
5.158%
5.262%
5.010%
4.700%
4.885%
4.905%
4.949%
5.195%
5.191%
4.790%
4.695%
4.767%

5.000%
4.800%
5.500%
4.800%
5.300%
5.700%
5.600%
5.700%
5.400%
5.300%
5.400%
5.400%
5.200%
5.600%
5.300%
5.300%
5.500%
5.800%
5.600%
5.400%
5.100%
5.600%
5.600%
5.100%
5.000%
5.000%
5.100%
5.000%
5.300%
5.300%

The %𝐷𝑃𝑈 values for hybrid cords, measured in the device and their transformation
according to equation 12 are shown in Table B 2. Here, HV stands for Hybrid Validation and the
index numbers refer to each measured sample.
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Table B 2 - Hybrid’s %𝐷𝑃𝑈 values for statistical evaluation.

Appendix B

Sample

%𝑫𝑷𝑼 𝑵𝑴𝑹𝒑𝒆𝒓 𝒅𝒊𝒑𝒑𝒆𝒅 𝒄𝒐𝒓𝒅

%𝑫𝑷𝑼 𝑵𝑴𝑹𝒑𝒆𝒓 𝒈𝒓𝒆𝒊𝒈𝒆 𝒄𝒐𝒓𝒅

HV1
HV2
HV3
HV4
HV5
HV6
HV7
HV8
HV9
HV10
HV11
HV12
HV13
HV14
HV15
HV16
HV17
HV18
HV19
HV20
HV21
HV22
HV23
HV24
HV25

4.763%
4.539%
4.183%
4.140%
4.572%
4.132%
4.692%
4.797%
4.667%
4.168%
4.108%
4.878%
5.056%
4.047%
4.293%
4.308%
3.936%
4.691%
4.361%
5.002%
5.008%
4.137%
4.277%
4.318%
3.929%

5.001%
4.755%
4.366%
4.319%
4.791%
4.310%
4.923%
5.038%
4.896%
4.350%
4.284%
5.128%
5.326%
4.217%
4.485%
4.502%
4.097%
4.922%
4.560%
5.265%
5.272%
4.316%
4.468%
4.513%
4.090%
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Appendix C - Minitab 17
The definitions used by the statistics software, Minitab 17, are briefly shown in the next
figures. It is possible to see that the nomenclature used for the capability indexes differs from
the one used by Continental.

Figure C 1 - Minitab 17’s normal capability analysis summary.

Figure C 2 - Minitab 17’s normal capability analysis process data.
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Figure C 3 - Minitab 17’s normal capability analysis potential capability.

Figure C 4 - Minitab 17’s normal capability analysis overall capability.
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Figure C 5 - Minitab 17’s capability definition.
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