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DEVELOPMENT OF ADRYING ALGORITHM FOR
RECYCLED TEXTILES

SUMMARY

It is a fact that most people complain about how their clothes’ quality decreases after
multiple washing & drying steps. Decrease on quality of clothes after washing & drying
could result from change in size, color, seam strength, fabric strength and
pilling/abrasion formation. In this thesis, quality change of 7 different quality t-shirts
were investigated in order to find better drying algortihm for recycled textiles. Tests
were made before washing, after 3 times washing & drying and after 6 times
washing&drying and results were analyzed & compared via Minitab. Mixture design
analysis had been used on Minitab to analyze results. For each washing step, neither
detergent nor softener were used, and hard water with water hardness 14 (in English
degrees) was used. Also, 70% of machine was full (approxiamately 5 kg) in each
washing &drying step. For drying step, 3rd level drying was used to obtain cupboard
dryness for all t-shirts. For blended fabrics, mixed programme was used, for cotton
fabrics cotton cupboard programme was used and for synthetic fabrics, synthetic
drying programme was used. During testing, it was found that recycled polyester t-
shirts dried poorly under the synthetic program and excessively under the cotton
program. These results suggested that a new drying algorithm designed especially for
recycled polyester textiles was required. Therefore, based on the results of the tests
that were carried out, the ideal parameters for temperature, duration, and energy
consumption for this algorithm were established. After conduction of all the washing&
drying cycles and quality tests, t-shirts were dried in cot eco programme to investigate
drying performance of this programme. According to test results, recycled polyester
has the greatest fabric strength results while recycled cotton and their blends’ quality
became better after 3 washing and drying cycles. In terms of energy performance of
drying programmes, it could be said that cotton cupboard uses the highest energy and
with too much drying, it could affect quality performance of fabric adversely. Cot eco
uses higher energy than mixed programme, yet clothes were still damp at the end of
cot eco programme. Synthetic programme uses the lowest energy and it did not even
dry the synthetic t-shirts, so a new drying algorithm had been developed in order to
dry recycled polyester t-shirts while using less time and less energy, and this new
programme is a shorter version of a cotton cupboard programme.

It could be stated that the mixed program is the most suitable for all fabric types, as it is
the most efficient option in terms of energy performance. Considering all these results,
it is concluded that recycled cotton and recycled polyester can be used more
extensively in textile production without compromising fabric quality. Furthermore,
while the mixed program appears ideal for all fiber types, it is anticipated that new
drying algorithms could be developed in the future based on the fiber type and fiber
content used in garments. This master’s thesis was supported by TUBITAK 2210-D
programme with grant number 1649B022301111, and the author is grateful for this
support.
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GERi DONUSTURULMUS TEKSTILLER ICIN
KURUTMA ALGORITMASI GELISTIiRILMESI

OZET

Birgok kisi yikama ve kurutma islemleri sonrasinda kiyafetlerinin kalitesinin olumsuz
olarak etkilendigi konusunda sikayet etmektedir. Kiyafet kalitesi genellikle renk
solmasi, tiiyliiliigiin artmasi, boncuklanma, boyutsal degisim (kiyafetin ¢ekmesi ya da
bollagmasi) gibi durumlardan olumsuz etkilenmektedir. Bu tezin yazilma amaci geri
doniistirilmiis pamuk, geri doniistiiriilmiis polyester, konvansiyonel pamuk ve
polyester ve bunlarin karisimindan elde edilmis tisortlerin ¢esitli kumas kalite
ozelliklerinin yikama ve kurutma Oncesi ve sonrasi seklinde karsilastirilarak farkli
iplik numarasi ve elyaf tiiriiniin yikama ve kurutma sonrasi performansa olan etkisinin
incelenmesi, ¢esitli kurutma programlarinin harcadigi enerji seviyeleri ve kurutma
performanslari karsilastirilarak ihtiyag goriildiigii takdirde 6rme siiprem kumaslar igin
en uygun kurutma algoritmasinin belirlenmesidir.

Bu calismada kumas kalite 6zelliklerini belirlemek i¢in boncuklanma dayanimi,
asinma dayanimi, kumas agirligi, kumas kalinligi, kumas sertligi, boyutsal degisim,
may dénmesi, dikey ve yatay kilcal 1slanma, kurutma hizi, su buhar1 gegirgenligi, hava
gecirgenligi, patlama mukavemeti, dikis mukavemeti, yikmaya bagl renk hasligi,
stirtme hasligi, 151k hasligi, 1s1l iletkenlik ve dsc testleri yapilmis ve kurutma sonrasi
¢ikan hav miktari incelenmistir. Biitiin bu laboratuvar ¢alismalar1 boyunca iTU Tekstil
Teknolojileri ve Tasarimi fakiiltesindeki 5 tekstil kalite laboratuvari aktif olarak
kullanilmistir. Biitlin tisortlerin yikama testlerinde 30 derece 800 rpm olan 30 dk’lik
program tercih edilirken yikamalarda deterjan ya da yumusatici kullanilmamistir ve
biitiin yikamalarda su sertligi 14 (Ingiliz sistemi) olacak sekilde ayarlanmustir.
Kurutma biitlin tigortler i¢in 3. seviyede yapilirken karigim kaliteler i¢in 3. Seviye
karma program, pamuklu kaliteler i¢in 3. seviye pamuklu dolap programi ve sentetik
kaliteler i¢in sentetik program kullanilmig ve kurutma sirasinda makinenin harcadigi
enerji 6l¢iiliip kayit altina alinmistir. Kurutma sonrasi testler 6ncesinde tisortler 1 giin
laboratuvar sartlarinda bekletilmistir. Yikama ve kurutma siirecinde makinenin
%70’nin(yaklasik 5 kg) dolu olmasina dikkat edilmis ve testler i¢in ayrilan tisortler
yerine ayni agirlikta olacak sekilde dolgu yiikii eklenmistir.

Yikanmamis kumas ve yikanmis tisortlerin test sonuglart Minitab’te karisim tasarimi
analizi kullanilarak karsilastirilmis ve analiz edilmistir, karisim tasarimi analizinin
kullanilma sebebi birden fazla lifin ve kumastaki lif karisiminin test sonuglarma olan
etkisini daha iyi bir sekilde incelemektir. Bu analiz tiiriiniin tekstille ilgili neredeyse
higbir ¢alismada kullanilmamis olmasi bu tezin 6zgiinliigiinii de gostermektedir.
Birgok testte R-sq ve R-sq (adj) degerlerinin sonuglar1 %75 iizerinde bulunmus olup
tekstil kalite test sonuglarinin dogrulugu bu sekilde ispatlanmistir. Tisort kalite testleri
tamamlandiktan sonra kurutma makinesi tireticisinin onerisiyle biitiin tisortler pamuk
eko programinda tekrar kurutulup bu programin kurutma ve enerji performansi
seviyeleri diger programlarla karsilastirilarak biitiin tisort kaliteleri i¢in en ideal
kurutma programai tespit edilmistir.
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Kurutma testleri sonucunda pamuklu dolap 3.seviye programinin diger programlara
kiyasla 2 kat fazla enerji harcadig1 ve tigortleri asir1 kuru bir hale getirdigi ve
dolayisiyla tisortlerin asir1 kuruluk sebepli lif kopuslarina ve hasarlanmaya daha fazla
meyilli olabilecegi ve boyusal degisimi negatif etkileyebilecegi testler sonucunda
gbzlemlenmistir. Kalite testleri bittikten sonra biitiin tigsortler ayrica deneme amagh
pamuk eko programinda kurutulmustur, fakat bu programda kurutma 6ncesi ve sonrasi
tisort agirliklar1 ayni olsa da tigortlerde, 6zellikle de yaka kisimlarinda bir miktar
nemlilik tespit edilmis olup bu programin pamuklu dolap programina kiyasla enerji
verimliligi iyi olsa da hicbir tisort kalitesinde dolap kurulugu vaat etmedigi igin
kullanilmast  Onerilmemektedir.  Kullanilan  biitin ~ kurutma  programlari
karsilastirildiginda, karma 3.seviye programinin enerji verimliligi agisindan pamuk
eko ve pamuklu dolap 3.seviyeden daha iyi oldugu ve kurutma seviyesi agisindan en
Iyi program oldugu gozlemlenmis olup hem normal hem geri dondstiiriilmis liflerden
elde edilmis giysilerde ideal kurulugu saglayacagi saptanmustir. Buna ek olarak, karma
programinda kuruyan %60 pamuk %40 polyester ve %60 pamuk %40 geri
dontistiiriilmiis polyester igerikli iki farkli kalitenin de kurutma esnasinda 591 WH
enerji harcadigi goriilmistiir, yani kurutma makinesi geri doniistiiriilmiis polyester ve
normal polyester arasinda bir fark gérmeyip ayn1 miktarda enerjiyle kurutmustur.

Sentetik programinda ise sadece %100 geri doniistiiriilmiis polyester icerikli tigortler
kurutulmus olup programin kurutma igin yetersiz kaldigi tespit edilmistir, bunun
sebebi programin kurutma standardinin pamuk-polyester karisimli kumaglara gore
olusturulmas1 sonucunda makinenin %100 geri doniistliriilmiis polyester tisortii 1slak
oldugu halde kuru gibi algilamasidir. Diger kurutma programlari ise sentetik igerikli
kumaslar icin fazla uzun olup ¢ok fazla enerji harcamaktadir, bu yiizden 100% geri
dontistiiriilmiis polyester i¢in yeni bir kurutma algoritmasi gelistirilmesine dair bir
ithtiya¢ dogmustur. Bu yiizden sentetik programi yarim saat siirmekte olup yaklasik
150 wh enerji harcamaktadir, bu da tisort kurulugu icin son derece yetersizdir. Bu
sebeple geri doniistiiriilmiis polyester i¢in yeni bir kurutma algoritmasi gelistirilmesi
gerektigi kararlastirilmistir. Bu sebeple %100 geri doniistiiriilmiis polyester hem
pamuklu dolap 3.seviye hem pamuk eko programlarinda kurutularak hem tisortlerin
kuruma performansi hem de programlarin harcadigi enerji karsilastirilmistir. %100
geri donistiriilmiis polyester pamuk eko programinda 103 dk boyunca 771 wh enerji
harcayarak kurutulmasina ragmen kurutma sonu kendi agirliginda hafif nemli olarak
cikmistir, fakat pamuklu dolap 3.seviye programinda 70 dk boyunca kurutulup
program 50 dk erken bitirildiginde 491 wh enerji harcayarak ideal kuruluk seviyesine
erigsmistir. Bu sonuglar 1s18inda, Argelik sentetik kurutma programi igin 70 dk boyunca
491 wh enerji harcayacak yeni bir kurutma algoritmasi gelistirmis ve yeni kurutma
makinelerinde gelistirdigimiz bu yeni algoritmay: kullanmay tercih etmislerdir ve
gelistirilen yeni kurutma algoritmas1 ve yikama-tamburlu kurutma dncesi ve sonrasi
test sonuglar i¢in bildiri ve makale siireci baglatilmistir. Yapilan tekstil kalite testleri
sonucunda bir¢ok testte geri doniistiiriilmiis pamuk ve geri doniistiiriilmiis polyesterin
normal pamuk ve polyestere kiyasla daha iyi performansa sahip oldugu gozlenmis olup
genellikle 3.¢cevrimden sonra kumas kalite 6zelliklerinin sabit kaldig1 ve yikanmamis
kumasa kiyasla biiyiik bir kalite kayb1 yasanmadigi, tam aksine kumas kalitesinin
tyilestigi gdzlemlenmistir. Renkli geri doniistiiriilmiis pamuk tigortlerde tisort renginin
6 yikama ve kurutma sonrasi dahi gayet iyi durumda oldugu gézlemlenmistir ve 151k
haslig1 sonuglarinin 3 ve 6.¢cevrim sonunda degismeyip ayni kaldig1 goriilmiistiir.
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Neredeyse biitiin ¢evrimlerde 100% geri doniistiiriilmiis polyester t-shirtlerin test
sonuglar1 gayet olumlu ¢ikarken renk ve haslik test sonuglarinda 100% geri
doniistiiriilmiis pamuklu t-shirtlerin 6n plana ¢iktigi goriilmiistiir. Bu sonuglar
stirdiiriilebilir tekstil tiretimi i¢in umut verici olup geri donistiirilmiis pamuk ve
polyesterden elde edilmis lirlinlere olan talebi arttiracagi ongoriilmektedir. Ayrica
pamuk ve geri dontistiiriilmiis pamuk i¢in dolap kurulugunu saglayan enerji miktari ve
ideal kurutma siiresinin hesaplanmasi, geri doniistiiriilmiis polyester i¢in daha kisa
siireli ve daha az enerji harcayan bir kurutma algoritmasinin yazilmasiyla birlikte
tamburlu kurutma makinelerinde enerji verimliliginin artmasi ve asirt kurutma sonucu
olusan yogun giysi hasarlanmasinin da azalacagi ve bu yeni kurutma programlarinda
kurutulan giysilerin daha uzun 6miirlii olacagi tahmin edilmektedir. Bu yiiksek lisans
tezi proje numarasi 1649B022301111 olarak TUBITAK 2210-D programi tarafindan
desteklenmistir ve bu tezin yazart TUBITAK destegi i¢in miitesekkirdir.
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1. INTRODUCTION

1.1 Purpose of Thesis

The purpose of thesis is to investigate effect of each fiber on textile quality
performance after washing & tumble drying via mixture design analysis, and
determine if there is a need for a new drying algorithm, and to achieve best quality
results for recycled cotton and recycled polyester, after multiple washing and drying
steps. In this thesis, it is aimed to achieve t-shirts with cupboard dryness (0% +-1
humidity) while remaining the fundamental textile quality properties. According to the
results, best drying algorithm will be selected and used in industry. In this thesis, textile
quality tests had been made while following standards carefully. For washing, 30 min
30 degree 800 rpm washing program had been used. In order to find out how much the
recycled fabric's quality could degrade after six wash cycles, detergent and fabric
softener were not used during the washing process. For drying, synthetic, mixed,
cotton cupboard and cot eco programs had been used in order to understand effect of
different drying programs on recycled textile quality.

Sample ID Fiber Content Yarn Fabric
Count Unit
Weight
(gsm)
MCRC 60% conv. cot. 40% rec. cot. Nm 20 173
30C1 100% conv. cot. Nm 30 168
RC 100% rec. cot. Nm 20 174
20C1 100% conv. cot. Nm20 171
MCP 60% cot. 40% pet. Nm 30 166
RP 100% rec. pet. Nm 30 164
MCRP 60% cot. 40% rec. pet. Nm 30 172

Table 1.1.1: Fabric qualities that were used in this study.



1.2 Literature Review

Yilmaz & Keles (2024)’s study is one of the most interesting and comprehensive
research about this issue, they researched about air permeability and bursting strength
results of washed, tumble dried and line dried 50% recycled cotton-50% recycled pes,
50% recycled cotton 50% virgin pes, 50% virgin cotton-50% virgin pes single jersey
knitted fabrics, and according to the authors’ results, it could be said that air
permeability of these fabrics drastically change at first 5 cycles, and they did not
observe significant changes in air permability after 5 cycles. Also, Yilmaz & Keles
(2024) stated that effect of washing temperature does not have a significant effect on
air permeability of single jersey knitted fabrics, and line dried recycled fabrics have
higher air permeability comparing to tumble-dried recycled fabrics, at all cycles.
Moreover, Yilmaz & Keles (2024) observed that recycled cotton & recycled polyester
blend fabric’s bursting strength affected by higher washing temperatures more
adversely than natural fabrics, so using lower washing temperatures (for instance, 30
degrees) could be advised in order to decrease damage in recycled cotton, recycled
polyester and their blends. For bursting strength, Yilmaz & Keles (2024) claimed that
bursting strength of tumble dried recycled single jersey fabrics changes
approxiamately +-5% for all 20 cycles, that result corrects hypothesis of this master’s
thesis. Mazari et. Al (2021) compared thermal properties of 8 different knitted shirts in
their study. It could be stated that water vapour permeability of 100% linen is quite
same with unwashed 100%cotton fabrics in this thesis, also this thesis’ water vapour
permeability values for 100%cotton is approximately 10% higher than 100%cotton
and 100%organic cotton fabrics in this article. The difference could be result from yarn
type, yarn number, fabric structure or fabric thickness. Also, it could be said that
increase in polyester in fabric could increase air permeability of fabric and 100%
recycle polyester fabric’s air permeability and water vapour permeability is quite same
with 100%linen fabric, which is quite satisfactory to use as t-shirt. Since air
permeability of 100%recycle cotton is 2 times higher than 100% cotton, wearing a

100% recycle cotton t-shirt could be more comfortable than 100% cotton in summer.



Yu & Ding (2023) investigated fabric damage of polyester woven fabric during tumble
drying, and they found out that dimensional stability of polyester woven fabric did not
influence from tumble drying, which is similar result with 100% recycled knitted
polyester fabric. Necef et. al (2023) investigated thermal behavior of recycled cotton
and their blends. It could be seen that for unwashed fabrics, thermal resistance and
thermal absorptivity of 50%cotton 50% pes blend is lower than 60% cotton
40%polyester with same yarn number & fabric structure, so it could be stated that
increase in cotton improves thermal properties of fabric. Also, in our work thermal
resistance of Nm 30/1 100%cotton is higher than Nm 20/1 100%cotton, so when yarn
becomes thinner thermal resistance increases. Also, it could be stated that even the
amount of recycle cotton is similar, conv. Cotton-recycle cotton blend fabric has higher
thermal resistance and thermal absorptivity than recycle cotton-polyester blend fabric,
so it could be said that increase in amount of polyester reduces thermal properties of
fabrics. According to Marmarali & Sevgi (2023)’s work, even the yarn number changes,
cotton- recycle polyester blend fabric has same thermal resistance properties but Nm
30/1 100% recycle polyester has lower thermal resistance than Nm 50/1 100% recycle
polyester. Marmarali1 & Sevgi (2023) stated that increase in recycle polyester increases
thermal resistance even after multiple washes, but according to our results, only conv.
Cotton- recycle polyester blend fabric’s thermal resistance increases both 3rd and 6th

cycle while 100% recycle polyester has the lowest thermal resistance at 6th cycle.

Also, Marmarali & Sevgi (2023) stated that high air permeability result from low fabric
density so polyester fabrics have higher air permeability compared to cotton fabrics,
which is compatible with our results. Both they and us observed that cotton-polyester’s
air permeability increases with multiple washing, but it can be also stated that cotton-
recycle polyester’s air permeability decreases with multiple washing so if the fabric
will be made with blend of fibers, polyester could achieve higher air permeability than
recycled polyester. For bursting strength, Marmarali &Sevgi (2023) achieved 20%
decrease in 100%cotton fabric after 20 washing, this severe bursting strength reduce

could be result from using thinner yarn.



Since this study uses more thicker yarns than they have, this study’s bursting strength
results for Nm 30/1 100% cotton fabric slightly increased after multiple washing
cycles. For recycle cotton, recycle cotton and cotton blend and cotton- recycle pes blend
fabrics, 6th cycle bursting strength results are higher than the unwashed fabric. Uyanik
and Kaya Nacarkahya (2024) also have study about recycled textiles’ pilling resistance
and bursting strength, and they stated that if two fabrics have same recycled fiber blend,
the fabric with coarser yarns will probably have higher pilling resistance & higher
bursting strength. Since having coarser yarns also increase fabric weight, recycled
fabrics with coarser yarns (such as Ne 10) could not use in summer cloth, so
achievement of optimum fabric strength and optimum fabric thickness is very crucial
for recycled fabrics. Also, Uyanik and Kaya Nacarkahya (2024) said that Ne 30
recycled fabrics have slightly lower bursting strength than Ne 20 recycled fabrics,
while pilling resistance of Ne 20 & Ne 30 recycled fabrics remain same, so having
thinner yarns could affect bursting strength, yet it could not have a prominent effect
on pilling resistance. This master’s thesis is actually unique because most researches
about this topic includes 20 washings with detergent, and line drying, and former
researches mostly include simple excel graphs for a few textile tests, yet this master’s
thesis had used mixture design analysis to analyse test results more effectively. A.A.
Chekdid et al. (2021) had a research about mixture design analysis of 3 different flours
to find most economical, healthy and nutritional option, and the authors both
researched the characterization of each flour and usability of mixtures, so mixture
design analysis is a very healthy way to analyze effect of each variable and each

mixture.



2. FABRIC QUALITY TEST RESULTS & DISCUSSION

2.1 Pilling Resistance

Martindale machine was used for pilling resistance test, with TS EN ISO 12945-2
standard. For unwashed fabrics, Nm 20/1 40%precons. Cot. 60% conventional cot. has
the lowest pilling resistance, while Nm 30/1 100% recycled Pes and Nm 30/1 100%
cot. has the highest pilling resistance (4) even after 7000 cycles. According to these
results, it could be stated that for unwashed fabrics, recycled polyester and
conventional cotton’s pilling resistance are better than recycled cotton, cot-pes and
cot-rcy.pes blends. Also, for 100% cotton fabrics, Nm 30/1 fabric has better pilling
resistance than Nm 20/1 fabric, so it could be said that when yarn number increases

better pilling resistance results can be achieved.

After 3 cycles of washing&drying, Nm 30/1 60%cot 40%pes fabric has the lowest
pilling resistance (1), while Nm 30/1 and Nm 20/1 100%cotton fabrics have the highest
pilling resistance (4). It could be said that after washing, rcy. cot, cot-rcy.pes and
rcy.cot blend fabrics’ pilling resistance had slightly improved while cot-pes blend
fabric’s pilling resistance had decreased, so it can be understood that unlike
conventional fibers, recycled fiber’s pilling resistance performans could be improved

after 3 washing&drying cycles.

After 6 cycles of washing and drying, Nm 20/1 40%precons. Cot. 60% conventional
cot. t-shirts have increased pilling resistance to 4. Also, Nm 30/1 60%cot 40%pes and
60%cot 40%rec pes fabrics have the lowest pilling resistance compared to all qualities.
It could be said that 100% cot fabrics’ pilling resistance did not change after 3" cycle,
so difference in yarn number does not affect pilling resistance for 100% cot fabrics
after 3" cycle. Also, cot-rcy cot fabric’s pilling resistance slightly increased after 3™

cycle.



Figure 2.1.1 : Nm 20/1 100% recycle cotton fabric in color blue, end of 7000
cycles in pilling (6™ cycle).

Figure-2.1.2.: Nm 20/1 100% cotton, at the end of 7000 cycles in pilling (6"
cycle).



Figure-2.1.3.: Nm 20/1 40% preconsumer cot. 60% conventional cot. at the end of
7000 cycle in pilling (6" cycle)

Figure-2.1.4.: Nm 30/1 100% cot. at the end of 7000 cycle in pilling (6" cycle)
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Figure-2.1.5.: Cox response plot for pilling resistance of unwashed
fabrics.

According to cox response trace plot of pilling resistance of unwashed fabrics, it could
be stated that polyester has higher strength compared to cotton, it resists to abrasion
but it also collects small fibers which causes to pilling formation, so that’s why
increasing polyester decreases pilling resistance. Recycled cotton’s pilling resistance
is lower than conventional cotton, because it has more short fibers that cause pilling
formation. Uyanik and Kaya Nacarkahya (2024) stated that 60% cotton 40% recycled
cotton blend have pilling degree of 2/3, and MCRC fabric also have same pilling
degree, so this test result is also harmonius with literature. Also, RC have pilling degree
of 3, and Acar et.al (2023) stated that 70% recycled cotton 30% virgin polyester single
jersey fabric also have pilling degree of 3, so it could be stated that in literature,
increasing amount of polyester does not have a significant effect on recycled cotton

fabrics.
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Figure-2.1.6.: Cox response plot for 3" cycle of pilling resistance.



According cox response trace plot of 3rd cycle, it could be said that cotton & recycled
polyester’s pilling resistance almost same with unwashed fabrics, but 3 cycles of
washing & drying make them having more shorter fibers, and because of this, pilling
resistance of cotton & recycled polyester became more closer to recycled cotton.Since
polyester blends with cotton in our t-shirts, while cotton having more and more shorter
fibers, polyester has to hold more short fibers results with decreasing pilling resistance
in polyester. B. Utebay et. al (2024) claimed that enzymatic treatments and scouring
could increase the pilling resistance of 80% recycled cotton 20% cotton fabric, so it
could be understood that maybe washing have a good effect on pilling resistance
properites of recycled fabrics, and that could be the reason of similar pilling degrees
between 3rd cycle and unwashed fabrics.
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Figure-2.1.7.: Cox response plot for 6™ cycle of pilling resistance.

According to cox response trace plot of 6™ cycle, the pilling resistance results may
have improved comparing to 3" cycle, because the pills detached from the t-shirts after
multiple cycles of washing & drying. After 6 cycles of washing, cotton still have
almost same pilling resistance as recycled polyester, which seems interesting. Also, it
could be stated that multiple washing & drying cycles do not significantly affect pilling
resistance of none of the qualities since pilling degrees at 6" cycle were almost same

with unwashed fabrics, yet hairiness of t-shirts increases a little, as expected.



Mixture Contour Plots of P.R-6
(component amounts)
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Figure 2.1.8 : Mixture contour plot of pilling resistance of 6™
cycle t-shirts.

Mixture contour plots could give estimated test results of fabrics that are not existed
yet, so according to these test results, a recycled textile fabric’s test result could be
predicted even before production, which is a significant information for textile
companies. According to mixture contour plot of pilling resistance of 6™ cycle t- shirts,
it could be stated that if there is a Nm 30/1 33% cotton, 33%recycled cotton, and 33%
recycled polyester, this fabric would probably have pilling degree of 1/2 at the end of
6 washing and drying cycles. If there is a Nm 30 90% recycled cotton 10% polyester
or Nm 30 90% recycled cotton 10% recycled polyester, these 2 fabrics would probably
same pilling degree of 2/3, at the end of 6 washing &tumble-drying cycles. If there is
a Nm 30 30% polyester 70% recycled cotton fabric, this fabric probably would have
pilling degree of 2/3, at the end of 6 cycles. To conclude, it could be understood that
recycled cotton & recycled polyester blends, 100% cotton and 100% recycled

polyester have highest pilling resistance even after 6 washing & drying cycles.

10



2.2 Abrasion Resistance Test

For abrasion resistance test, TS EN ISO 12947-2 standard had been followed.
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Figure-2.2.1: Nm 30/1 100% cotton fabric, at the end of 20000 cycles in abrasion (6"

cycle).

at the end of 20000 cycles in abrasion (6"

cycle).

Figure-2.2.2: Nm 20/1 100% cotton fabric
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Figure-2.2.3: Nm 30/1 60%cotton 40% rec pes fabric, at the end of 45000
cycle in abrasion (6™ cycle).

Regression for Mixtures: A.R versus COT,; RCOT, PET, RPET

Estimated Regression Coefficients for A.R (component proportions)

Term Coef SE Coef T P VIF
COoT 52500 2500 A y 1,540
RCOT €4000 3536 X * 1,160
PET 71250 Se01 . * 1,180
REET 23500 353 k ¥ 1,180

COT*RCOT -112817 17053 -6,62 0,085 1,340
COT*RPET -132917 17053 -7,7% 0,081 1,340

S = 3535,53 PRESS = *
R-5q = 99,528 R-Sq(pred) = *% R-Sq(adj) = 97,13%

Rnalysis of Variance for A.R (component proportions)

Source DF Seq S5 Adj SS Adj MS F B
Regression 5 2e02857143 2602857143 52057142% 41,65 0,117
Linear 3 14478€0319% 1009500000 336500000 26,92 0,141
Quadratic 2 11549963524 1154996824 577492412 4¢€,20 0,103
COT*RCOT 1 36558637¢ 548067164 5480&7led4 43,85 0,085
COT*RPET 1 759410448 7559410448 759410448 €0,75 0,081
Residual Error 1 12500000 12500000 12500000
Total & 2615357143

Figure-2.2.4.: Regression analysis of abrasion resistance,

from Minitab.
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Regression analysis of unwashed textiles' abrasion resistance indicates that the model
Is not statistically significant overall if the F-value is greater than 1 but the p-value is
greater than 0.05. Still, the model appears to account for a sizable amount of the
variance in the dependent variable because the R-squared and adjusted R-squared
values are both greater than 95%, and the margin of error is set at 95%. Excessive
fitting, multicollinearity, or a small sample size may be the cause of the discrepancy

between high explanatory power and low statistically significant results.

Regression for Mixtures: A.R-3 versus COT, RCOT; PET; RPET

Estimated Regression Coefficients for A.R-3 (component proportions)

Term Coef S5SE Coef T P VIF
COT 40000 5000 . v 1,540
RCOT €8000 7071 y v 1,180
PET €0000 19203 A ¥ 1,180
RPET 35000 7071 . ¥ 1,160
COT*RCOT -1€3333 34106 -4,79 0,131 1,340
COT*REET -58333 34106 =-1,71 0,337 1,340
5 = 7071,07 PRESS = *
R-5q = 97,42% R-5g(pred) = *% R-5g(adj) = 24,53%
BAnalysis of Variance for A.R-3 (component proportions)
Source DF S5eq 55 Adj 55 Adj M5 F P
Regression 5 18588857143 1888857143 3777714259 7,56 0,269
Linear 3 684133005 680800000 226933333 4,54 0,328
Quadratic 2 1204724138 1204724138 €023€20€% 12,05 0,200
COT*RCOT 1 1058455481 1146746269 1146746269 22,93 0,131
COT*RPET 1 146268657 146268657 1462€8657 2,93 0,337
Residual Error 1 50000000 50000000 50000000
Total € 1938857143

Figure-2.2.5.: Regression analysis of abrasion resistance of 3" cycle,
from Minitab.

If the F-value is greater than 1 but the p-value is greater than 0.05, the regression
analysis of the third cycle's abrasion resistance indicates that the model is not
statistically significant overall. Nevertheless, since the confidence interval is set at
95% and the R-squared and modified R-squared values are both higher than 80%, the
model seems to explain an important portion of the variance in the variable of interest.
A limited sample size, multicollinearity, or overfitting could be the reason for the

disparity between inadequate statistical significance and high power of explanation.
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Regression for Mixtures: A.R-6 versus COT; RCOT; PET; RPET

Estimated Regression Coefficients for A.R-& (component proportions)

Term Coef SE Coef T P VIF
coT 44000 1000 * * 1,540
RCOT 55000 1414 * * 1,160

PET 46500 3841 * * 1,180
RPET 5000 1414 » * 1,160
COT*RCOT -180833 €821 -26,51 0,024 1,340
COT*RPET 27500 €821 4,03 0,155 1,340

S = 1414,21 PRESS = *

R-Sq 99,92% R-Sg(pred) = *% R-Sg(adj) = 99,51%

Analysis of Variance for A.R-&é (component proportions)

Source DF Seq SS Adj SS Adj MS
Regression 5 7 2441428571 488285714
Linear 3 1497200000 499066667
Quadratic 2 g 1523059891 761529946
COT*RCOT 1 1490552428 1405641791 1405641791
COT*RPET 1 32507463 32507463 32507463
Residual Error 1 2000000 2000000 2000000
Total 6 2443428571

Figure-2.2.6.: Regression analysis of abrasion resistance of 6™ cycle, from Minitab.

The regression analysis's F-value of more than 1 and p-value of less than 0.05 indicate
that the sixth cycle of abrasion resistance model is statistically significant.
Additionally, with R-squared and modified R-squared values above 95%, the model
appears to account for a sizable portion of the variance in the dependent variable. These

results suggest that there is a strong potential for explanation of the independent

F P
244,14 0,049

249,53 0,046
380,76 0,03¢
702,82 0,024

16,25 0,155

variables.
Cox Response Trace Plot
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o N
% 50000 N\
3 N\
£ 40000
30000
20000
T T T T T
-0,2 0,0 0,2 0,4 0,6 0,8

deviation from reference blend in proportion

Figure-2.2.7: Cox response plot for abrasion resistance of

unwashed fabrics.
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According to cox response trace plot of abrasion resistance of unwashed fabrics, as it
previously said before, polyester’s higher strength results with higher abrasion
resistance & lower pilling resistance. Also, since recycled polyester have higher pilling
resistance, it results with lower abrasion resistance as it could be seen in graph.
Recycled cotton has higher abrasion resistance than cotton, because recycled cotton
fabrics were a little coarser than cotton. According to this figure, polyster-rcot blend
fabric could have the highest abrasion resistance. Yilmaz, Fulya & Tetik, Gamze &
Celep, Gizem. (2022) stated that both conventional & recycled cotton denim fabrics
started to damage at 15000 cycles, while MCRC knitted fabric in this research started
to damage at 30000 cycles, since MCRC have 10% higher recycled cotton than their
recycled fabric, so maybe recycled cotton have a better effect on abrasion resistance

as above figure suggests.

Cox Response Trace Plot
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Figure-2.2.8: Cox response trace plot of abrasion
Resistance of 3" cycle t-shirts.
According to cox response trace plot of 3™ cycle of abrasion resistance, it could be said
that polyester’s A.R reduces from 70000 to 60000, yet recycled cotton’s A.R almost
did not change after 3 cycles of washing & tumble drying. At 3 cycle, recycled
cotton’s A.R is 1.5 times higher than cotton, the gap between their A.R increased after
washing, so washing & drying cycles affect cotton more adversely than recycled
cotton. At 3" cycle, 30C1°s abrasion resistance is higher than 20C1, so having thinner

yarn could be advantageous at 3" cycle.
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Also, RC’s abrasion resistance is almost 51% higher than 30C1, so recycled cotton

could be more resistant to abrasion than cotton at 3" cycle.

Cox Response Trace Plot
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Figure-2.2.9: Cox response plot for abrasion resistance of 6" cycle t-shirts.

According to cox response trace plot of 6" cycle of abrasion resistance, it could be
claimed that recycled polyester’s A.R decreases approximately 62 % after 3" cycle,
the reason could be recycled polyester’s filament yarns in fabric structure and fabric
thinness. While cotton’s A R is almost same with 3™ cycle, polyester’s A.R decreases
approximately 30 % after 3™ cycle. Even the recycled cotton’s A.R decreases 20%
after 39 cycle, it is still higher than conventional cotton’s A.R. According to these
results, probably a normal polyester-recycled cotton blend fabric would have the

highest abrasion resistance amongst all.

Mixture Contour Plots of A.R-6
(component amounts)
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RPET 0
0 0 0 0
1 0 1 1 0 1
PET RPET  PET RPET

Figure-2.2.10: Mixture contour plot of abrasion resistance of 6™ cycle t-shirts.

16



According to mixture contour plot of abrasion resistance of 6" cycle t-shirts, it could
be claimed that Nm 30 33% cotton 33% recycled cotton 33% recycled polyester would
probably have 10000-20000 cycles of abrasion resistance at the end of 6™ cycle. If
there is a Nm 30 50% polyester 50% recycled polyester fabric, it’s abrasion resistance
at 6™ cycle would probably between 20000 to 30000 cycles. Also, Nm 30 cot-pet-rpet
blend & Nm 30 rcot-pet-rpet blend would probably have same abrasion resistance at
6" cycle, approximately between 30000-40000 cycles. To conclude, it could be
understood that while 100% polyester and 100% recycled cotton has highest abrasion
resistance at 6th cycle, while 100% recycled polyester and cotton-recycled cotton
blends have lowest abrasion resistance.

2.3 Weight Loss in Abrasion Resistance

Regression for Mixtures: W.L versus RPET; PET; COT; RCOT
Estimated Regression Coefficients for W.L (component proportions)

SE Coef

T P v
x * 1,160
o * 1,156
0,002€50 o * 1,333
0,003780 x * 1,021
0,019252 -4,78 0,041 1,316
PRESS = *
R-S5g(pred) = *% R-5g(adj) = 90,65%
Analysis of Variance for W.L (component proportions)
Source DF Seq SS Adj SS Adj MS F P
Regression 4 0,000252 5 0,06l
Linear 3 98 1,077
Quadratic 1 1,041
RPET*COT 1 041
Residual Error 2
Lack-of-Fit 1 ),572
Pure Error 1
Total €

Figure-2.3.1.: Regression analysis of weight loss in abrasion resistance, from
Minitab.

According to the regression analysis, the model of weight loss in abrasion resistance
is statistically significant if the F-value is larger than 1 and the p-value is less than
0.05. Additionally, with R-squared and modified R-squared values above 90%, the
model appears to account for a sizable portion of the variance in the dependent
variable. It can be inferred from these results that the independent variables are highly
explicable.
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Regression for Mixtures: W.L-3 versus RPET; PET, COT; RCOT

Estimated Regression Coefficients for W.L-3 (component proportions)

Term SE Coef T P VIF
REET 0,001700 x 1,160
PET 0,004570 A x 1,156
CoT 0,00111% * * 1,333
RCOT 0,0015%¢ * * 1,021
RPET*COT -0,053%5 0,008127 -¢,64 0,022 1,316

S = 0,00170044 PRESS = *
R-Sq = 98,76% R-Sq(pred) = *% R-Sg(adj) = 96,27%

Analysis of Variance for W.L-3 (component proportions)

Source D Seq SS Adj SS Adj MS F P
Regression 0,000459 0,00045% 0,000115 39,71 0,025
Linear 0,000332 0,000355 0,000118 40,83 0,024
Quadratic 0,000127 0,000127 0,000127 44,06 0,022

00 0,0 44,06 0,022

Residual Error
Lack-of-Fit
Pure Error

Total

0,48 0,616

0,000004

)5
4
3
1
RPET*COT 1 0,000127 0,000127
2 = e
1
1
€

Figure-2.3.2.: Regression analysis of 3" cycle t-shirts” weight loss in abrasion
resistance, from Minitab.

Regression analysis shows that if the F-value is greater than 1 and the p-value is under
0.05, then the prediction of the third cycle of weight loss in abrasion resistance is
considered significant. In addition, the model appears to clarify a significant amount
of the variance in the dependent variable, as seen by R-squared and modified R-squared
values above 95%. The results presented demonstrate that the independent variables

have an excellent level of explicability.

Regression for Mixtures: W.L-6 versus RPET; PET; COT; RCOT

Estimated Regression Coefficients for W.L-€ (component proportions)

Term Coef SE Coef T E VIF
RPET 0,00130 0,001035 . * 1,1€0
PET 0,00425 0,002783 k * 1,156
COT 0,01450 0,000&81 v * 1,333
RCOT 0,00807 0,000972 ¥ * 1,021

RPET*COT -0,0225% 0,00494% -4,56¢ 0,045 1,31¢

S = 0,0010354% PRESS = *
R-5q = 98,67¢  R-Sq(pred) = *%+ R-Sq(adj) = 9€,00%

Analysis of Variance for W.L-€ (component proportions)

Source DF Seq 55 Rdj S5 Rdj MS F P
Regression 4 0,00015% 0,000159% 0,000040 37,00 0,028
Linear 3 0,00013¢ o0,000122 0,000041 37,91 0,02€
Quadratic 1 o0,000022 0,000022 0,000022 20,83 0,045
RPET*COT 1 0,000022 0,000022 0,000022 20,83 0,045
Residual Error 2 0,000002 0,000002 0,000001
Lack-of-Fit 1 0,000000 0,000000 Q,000000 0,07 0,833
Pure Error 1 0,000002 0,000002 0,000002
Total € 0,0001lel

Figure-2.3.3.: Regression analysis of 6th cycle t-shirts’ weight loss in
abrasion resistance, from Minitab.
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According to 6™ cycle of regression analysis of weight loss in abrasion resistance, An
F-value greater than 1 and a p-value less than 0.05 in the regression analysis show that
the model is statistically significant. Furthermore, the model appears to explain an
important proportion of the variance in the dependent variable, with R-squared and
adjusted R-squared values exceeding 90%. These findings imply that each of the

variables have great potential for explanation.

Cox Response Trace Plot
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Figure-2.3.4.: Cox response trace plot of weight loss in abrasion resistance
of unwashed fabrics.

According to cox response trace plot of weight loss in abrasion resistance, it could be
stated that when amount of cotton & recycled cotton increases, weight loss also
increases. In order to decrease weight loss, using polyester & recycled polyester is
highly significant.

Cox Response Trace Plot
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Figure-2.3.5.: Cox response trace plot of weight loss in abrasion resistance of
3" cycle t-shirts.
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According to cox response trace plot of 3rd cycle, it could be said that weight loss for
cotton decreased almost 20%, and for recycled cotton it decreased 35%, after washing
& drying, respectively. Amount of recycled polyester does not significantly affect the
results at 3rd cycle. Polyester and polyester blend fabrics seem like they do not affect
by multiple washing & drying adversely, thanks to higher strength properties of

polyester.
Cox Response Trace Plot
0,016 Comp:RefBlend
—— RPET 0,2500
0,014 PET 0,2500
COT 0,2500
D 012 i — = RCOT 0,2500
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=
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L
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0,002 4
0,000 4 :

T I I T
-0,2 0,0 0,2 0,4 0,6 0,8
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Figure-2.3.6.: Cox response trace plot of weight loss in abrasion
resistance of 6th cycle t-shirts.

According to cox response trace plot of 6™ cycle of weight loss at abrasion resistance,
it could be said that cotton & recycled cotton’s weight loss decreases comparing to 3™
cycle and unwashed fabrics, so if authors continued to wash for more cycles, probably
weight loss will be stopped eventually. Polyester and recycled polyester’s weight loss
at 6™ cycle is almost same with unwashed polyester fabrics, which is also a great result.
All the results are in harmonious with abrasion resistance results, so results of this

thesis also correct each other.

2.4 Dimensional Change Test

For dimensional change test, TS EN ISO 5077 standard had been followed.
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Cox Response Trace Plot
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Figure-2.4.1.: Cox response plot of dimensional change (%) of unwashed
fabrics.

According to cox response plot of dimensional change (%) of unwashed fabrics,
increasing amount of cotton and recycled cotton increases dimensional change, and
increasing amount of polyester and recycled polyester decreases dimensional change.

Dimensional change (%) of cotton seems 4 times higher than recycled cotton, but
Yilmaz and Keles (2023) claimed that they observed highest dimensional change (%)
on %50 Recycled Cotton — %50 Recycled polyester blend fabric, and they observed
lowest dimensional change on 50% cotton-50% polyester blend, so probably higher
dimensional change result from lower seam strength & lower bursting strength
properties. Our results are quite different than Yilmaz &Keles (2023), this could be
result from yarn type or fiber mixture amount in fabric. Also, Sari et.al (2024) claimed
that single jersey fabrics with coarser yarns have better dimensional stability than
fabrics with thinner yarns, yet in this research the results show the opposite, so it could
be thought that coarser yarns with higher twist tend to have higher % of dimensional

stability.
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Cox Response Trace Plot
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Figure-2.4.2.: Cox response trace plot of dimensional
change (%) of 3rd cycle.

According to cox response trace plot of dimensional change (%) of 3 cycle, it could
be said that dimensional change of cotton & recycled cotton increases a lot with
multiple washing cycles, and according to Uttam and Sethi (2016), fabric shrinkage of
cotton increases a lot at the first 4 wash, and there is no significant increase after first
4 wash, so our results also similar with literature. Polyester’s dimensional change
increases 10x after 3 cycles, yet according to graph, increasing amount of polyester
does not increase dimensional change (%) at 3 cycle.
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Figure-2.4.3.: Cox response trace plot of dimensional change (%) of 6th cycle.
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According to cox response trace plot of dimensional change (%) of 6™ cycle, it could
be stated that increasing amount of polyester increases dimensional change at this
cycle, but highest dimensional change for polyester does not change after 3 more
cycles. Also, conventional cotton & recycled cotton’s dimensional change is almost
same with unwashed cotton & recycled cotton, so it could be said that after multiple
cycles of washing &drying, conventional cotton & recycled cotton t-shirts can recover

and return to its original shape.

2.5 Spirality Test

Cox Response Trace Plot
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Figure-2.5.1.: Cox response trace plot of spirality (%) of unwashed fabrics.

According to cox response trace plot of spirality (%), it could be stated that while
increasing recycled polyester, recycled cotton and cotton decreases spirality,
increasing polyester increases spirality. Jamshaid H (2018) claimed that spun yarns
have higher spirality than filament yarns, since our polyester is spun yarn and recycled
polyester is filament yarn, that could be the reason for higher spirality of polyester.
Jamshaid H (2018) also said that fabrics with open end yarns & higher twist yarns have
higher spirality, since our cotton fabrics have ring spun yarns, their spirality results are
lower than expected. Moreover, Araujo & Smith (1989) stated that spirality results of
cotton fabrics could be inconsistent at dry state, so in order to see correct spirality,

probably washed knitted fabric results should be investigated.
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Cox Response Trace Plot
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Figure-2.5.2.: Cox response trace plot of
spirality (%) of 3" cycle t-shirts.

According to cox response trace plot of 3" cycle of spirality (%), it could be said that
after washing & drying, graph becomes more harmonius with literature, as Araujo &
Smith (1989) stated that cotton-polyester blend has lower spirality than 100% cotton,
so increasing amount of polyester in fabric could decrease spirality. Even
Ramasubramaniam and Chezliyan (2019) stated that washing treatments increases
spirality, our results show that cotton & recycled cotton’s spirality almost did not
change and polyester & recycled polyester’s spirality decreased after washing &

drying cycles.
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Figure-2.5.3.: Cox response trace plot of

spirality (%) of 6™ cycle t-shirts.
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According to cox response trace plot of 6™ cycle of spirality (%), it could be stated that
graph seems almost same with 3" cycle. Cotton has the highest spirality amongst all
fibers, and 6™ cycle results show that cotton-polyester blend and 100% recycled
polyester’s spirality were quite closer. Also, cotton-polyester blend and cotton-
recycled polyester blend have similar spirality results at 6™ cycle, so polyester and
recycled polyester have no distinctive effect on spirality values. Moreover, cotton-
recycled cotton fabric has 2 times higher spirality than 100% recycled cotton, so
actually conventional cotton could increase spirality of fabric more than recycled
cotton, so lower spirality could be achieved both using recycled cotton, recycled

polyester and normal polyester.

2.6 Color Fastness to Washing

For color fastness to washing test, TS EN ISO 105 C06 standard had been followed.

L B ‘

Figure-2.6.1.: Measurement machine for color fastness to washing test.

Rcycot  Rcypet Conv.  Normal Yarn W.F.to W.Fto W.F.to

cot pet count wool cotton other
Nm
40 0 60 0 20 4,5 3,5 45
0 0 60 40 30 4,5 3 4
0 40 60 0 30 4 4 4
0 0 100 0 30 4 4 4
100 0 0 0 20 4,5 3,5 45

Table-2.6.1.: Washing fastness of unwashed fabrics.
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According to washing fastness of unwashed fabrics, it could be stated that at Nm 30,
100% cotton and MCRP behave same, so it could be said that recycled polyester did
not affect washing fastness adversely. Also, RC & MCRC have same results, so it
could be stated that increase of amount of recycled cotton did not affect washing
fastness adversely. Sari et. al (2024) also stated that increased amount of recycled
cotton in fabric does not have a significant effect on fastness to washing, this test result

also corrects their finding.

Rcy cot Rcy pet  Conv. Normal Yarn W.F-3 W.F-3 W.F.-3

cot pet count towool to to other
Nm cotton
40 0 60 0 20 4,5 4,5 4,5
0 0 60 40 30 45 4,5 4
0 40 60 0 30 4,5 4,5 4
0 0 100 0 30 45 5 4
100 0 0 0 20 4,5 4,5 4,5

Table-2.6.2.: Washing fastness of 3" cycle.

It could be said that after 3 cycles of washing, all qualities” washing fastness results
became better, so even the washing was made in harsh conditions & drying
programmes were quite long, washing fastness of recycled fabrics did not affect
adversely, which is an interesting result. At 3 cycle, still highest results belong to RC
& MCRC, use of recycled cotton should be advised to achieve higher washing fastness

results even after multiple washing & drying cycles.

Rcycot  Rcypet Conv. Normal Yarn W.F-6 W.F-6 W.F.-6
cot pet count towool to to other
Nm cotton
40 0 60 0 20 4,5 4,5 4,5
0 0 60 40 30 4 4,5 4,5
0 40 60 0 30 4,5 4,5 4,5
0 0 100 0 30 4,5 5 5
100 0 0 0 20 4,5 4,5 5

Table-2.6.3.: Washing fastness of 6™ cycle.

According to 6" cycle, it could be stated that washing fastness of all qualities’ did not
change adversely after 3" cycle, and t-shirts’ colors even became better as it could be
seen in below photographs, so use of recycled cotton & recycled polyester do not have

an adverse effect on washing fastness of washed & tumble dried t-shirts.
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Even the highest washing fastness belongs to Nm 30 100% conventional cotton, other
qualities have quite similar results with conventional cotton, so at last cycle maybe
fiber type and yarn count became insignificant, all the washing & drying cycles affect
the fabrics in same way.

2.7 Color Fastness to Rubbing

Figure 2.7.1: Dry & Wet rubbing fastness of MCRP;

at 0" & 6" cycle.

For color fastness to rubbing test, TS EN ISO 105 X12 standard had been followed.

2.7.1 Wet rubbing fastness

Rcycot  Rcypet Conv. Normal Yarn NW- W.R.F-3 W.R.F-6
cot pet count W.R.F
Nm

40 0 60 0 20 25 35 35

0 0 60 40 30 3 35 35

0 40 60 0 30 35 4 3

0 0 100 0 30 3 3 2,5
100 0 0 0 20 4 3,5 3,5

Table-2.7.1.: Wet rubbing fastness of nonwashed, 3 cycle, and 6™ cycle t-shirts.
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According to wet rubbing fastness table, it could be stated that at unwashed state, 100
% recycled cotton has better wet rubbing fastness than all t-shirts. After washing and
drying cycles, recycled cotton’s w.r.f became similar with cotton-recycled cotton and
cotton-polyester blends. At 3™ cycle, cotton-recycled polyester blend has highest w.r.f,
so it could be claimed that using recycled polyester has positive effect on wet rubbing
fastness. Natural 100% cotton has the lowest wet rubbing fastness at 6" cycle, while
cotton-recycled cotton, cotton-polyester blends have higher w.r.f, so to maintain higher
wet rubbing fastness even after multiple washing cycles, it is not recommended to use
natural cotton in fabric structure. Also, wet rubbing fastness of 15 % recycled cotton-
85% cotton and 100% recycled cotton fabrics are same, since their yarn counts are also
same, it could be stated that higher amount of recycled cotton does not affect wet

rubbing fastness adversely (Sari et.al (2024)).

2.7.2 Dry rubbing fastness

Rcycot  Rcypet Conv. Normal  Yarn NW- D.RF-3 D.R.F-6
cot pet count D.R.F
Nm

40 0 60 0 20 4 45 45
0 0 60 40 30 4,5 45 45
0 40 60 0 30 4 45 4
0 0 100 0 30 4 4,5 4,5

100 0 0 0 20 4,5 45 45

Table-2.7.2.: Dry rubbing fastness of nonwashed, 3" cycle, and 6™ cycle t-shirts.

According to dry rubbing fastness table, it could be stated that dry rubbing fastness
almost did not change after 3 cycles, so even if there were 10 cycles, dry rubbing
fastness of all t-shirts would be quite similar at last cycle. Also, cotton-polyester blend
and 100% recycled cotton have same results at all cycles, and 100 % recycled cotton
has better results compared to blended fabrics, so it could be said that 100% recycled
cotton would be a better option for both higher rubbing fastness and sustainable
production. Sari et.al (2024) also claimed that even the amount of recycled cotton
changes, the fabrics have same dry rubbing fastness of 4/5, even the yarn counts were
different.
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2.8 Color Fastness to Light

For color fastness to light test, TS EN ISO 105 B04 standard had followed.

For unwashed fabrics, highest light fastness score 4 belongs to Nm 20/1 100% rcy. cot
fabric while other fabrics have 3/4. After 3™ cycle, only rcy cot-conv. Cot fabric’s
light fastness value slightly increases to 4, while other qualities’ light fastness value
was decreasing. At the end of 6™ cycle, lowest light fastness values belong to Nm 30/1
60%cot 40%rec pes and 60%cot 40%pes qualities, so it could be stated that cot-pes
blend fabrics tend to have lower light fastness after 6 cycles of washing, compared to
100% cot quality in same yarn number. Also, for this test, lower yarn number (Nm
20/1) has better results than higher yarn number (Nm 30/1). According to results, it
could be understood that all the qualities’ light fastness value was same after 3" cycle
& after 6" cycle, so even the yarn number and fiber types are different, light fastness
did not change after 3™ cycle for all fabrics. Also, it could be said that higher color
fastness to light in cotton fabrics could result from higher dye exhaustion during dyeing
(Alam et.al (2008)).

Rcy cot Rcy pet  Conv. Normal  Yarn L.F L.F-3 L.F-6
cot pet count
Nm

40 0 60 0 20 35 4 4
0 0 60 40 30 3,5 2,5 2,5
0 40 60 0 30 3,5 2,5 2,5
0 0 100 0 30 35 3 3

100 0 0 0 20 4 3,5 3,5

Table-2.8.1.: Light fastness of nonwashed, 3rd cycle, and 6th cycle t-shirts.
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Figure 2.8.1.: Color fastness to light testing of various qualities and their names
(3rd & 6th cycle).
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Figure 2.8.2.: Color fastness to light testing of various qualities
and their names (3@ & 6™ cycle).

Figure 2.8.3.: Reference fabric for color fastness to light testing.
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2.9 Fabric Stiffness

For fabric stiffness, ASTM D4032-8 standard had been followed.

Figure-2.9.1: Fabric Stiffness Testing Machine.

Regression for Mixtures: F.S versus COT, RCOT; PET, RPET

Estimated Regression Coefficients for F.S (component proportions)

Term Coef  SE Coef T P VIF

CoT 0,04330 0,000200 * * 1,540

RCOT 0,04520 0,000283 * * 1,160

PET 0,04405 0,0007€8 * * 1,180

REET 0,01930 0,000283 * * 1,1€0
COT*RCOT 0,02183 0,0013€4 1l€,00 0,040 1,340
COT*RPET 0,01%17 0,001364 14,05 0,045 1,340

S = 0,000282843 PRESS = *

R-5q = 99,99% R-Sq(pred) = *% R-5g(adj) = 99,92%

Analysis of Variance for F.S (component proportions)

Source DF  Seq 55  Rdj S5  RAdj MS F P
Regression 5 0,000579 0,000579 0,00011€ 1447,24 0,020
Linear 3 0,000547 0,000485 0,000162 2019%,38 0,0l€
Quadratic 2 0,000032 0,000032 0,0000l€ 200,17 0,050
COT*RCOT 1 0,000016 ©0,000020 0,000020 256,13 0,040
COT*RPET 1 0,00001é 0,000016 0,000016 197,3% 0,045
Residual Error 1 0,000000 0,000000 O0,000000
Total 6 0,000579

Figure-2.9.2.: Regression analysis of fabric stiffness of unwashed fabrics,
from Minitab.
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The results of the regression analysis of Fabric stiffness demonstrate that the model
holds statistical significance, as indicated by an F-value exceeding 1 and a p-value
lower than 0.05. Furthermore, with R-squared and adjusted R-squared values
surpassing 95%, the model appears to account for a considerable portion of the
variance in the dependent variable. These results suggest that the independent variables

possess strong explanatory power.

Regression for Mixtures: F.S-3 versus COT; RCOT; PET; RPET

Estimated Regression Coefficients for F.S5-3 (component proportions)

Term Coef SE Coef ; ¢ P VIF
COT 0,0783 0,003435 z * 1,540
RCOT 0,1674 0,004858 A ¢ 1,160
PET 0,0121 0,013182 A * 1,180
RPET 0,0205 0,004858 A * 1,160
COT*RCO -0,1173 0,023431 -5,00 0,12¢ 1,340
COT*RPET 0,0077 0,023431 0,33 0,799 1,340

S = 0,00485782 PRESS = *
R-Sq = 99,81% R-Sqg(pred) = *$% R-Sg(adj) = 98,87%

Analysis of Variance for F.S5-3 (component proportions)
Source DF Seq SS Adj SS Adj MS F P
Regression S 0,012482 0,012482 0,0024%¢ 105,78 0,074
Linear 3 0,0118¢é 0,011979 0,003993 169,21 0,056
Quadratic 2 0,000615 0,000€15 0,000308 13,03 0,192
COT*RCOT 1l 0,000613 0,000591 0,000591 25,05 0,12¢
COT*RPET 1 0,000003 0,000003 0,000003 0,11 0,799
Residual Error 1 0,000024 0,000024 0,000024
Total ¢ 0,012505

Figure-2.9.3.: Regression analysis of 3rd cycle of Fabric Stiffness, from Minitab.

According to regression analysis of 3" cycle of Fabric Stiffness, it could be stated that
if the F-value is greater than 1 but the p-value is above 0.05, the model lacks overall
statistical significance. However, since both the R-squared and adjusted R- squared
values exceed 95%, and the confidence interval is set at 95%, the model seems to
capture a significant portion of the variance in the dependent variable. The
inconsistency between high explanatory power and low statistical significance could
be attributed to factors such as overfitting, multicollinearity, or an inadequate sample

size.
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Regression for Mixtures: F.S-6 versus COT; RCOT; PET; RPET

Estimated Regression Coefficients for F.S5-6¢ (component proportions)

Term Coef SE Coef T P VIF
ceT 0,0947 0,005215 * * 1,540
RCOT 0,1683 0,007375 . * 1,160
PET 0,0294 0,020029 X v 1,180
RPET 0,0644 0,007375 o * 1,160

COT*RCOT -0,1445 0,035572 -4,0€6 0,154 1,340
COT*RPET -0,0498 0,035572 -1,40 0,395 1,340

S = 0,00737512 PRESS = *
R-5q = 99,29% R-Sg(pred) = *% R-Sg(adj) = 95,74%

Analysis of Variance for F.S-&é (component proportions)

Source DF Seq SS Adj SS Adj MS F P
Regression 5 0,007¢08 0,007608 0,001522 7,98
Linear 3 0,006963
Quadratic 2 g,62 0,234
COT*RCOT 1 16,50 0,154
COT*RPET 1 1,96 0,395
Residual Error 1 0,000054
Total €

Figure-2.9.4.: Regression analysis of the 6th cycle of
Fabric Stiffness, from Minitab.
Regression analysis of the 6" cycle of Fabric Stiffness suggests that the model is not
statistically significant overall if the F-value is more than 1 but the p-value is above
0.05. Nonetheless, the model appears to account for a sizable amount of the variance
in the dependent variable because the R-squared and modified R-squared values are
both greater than 95%, and the confidence interval is set at 95%. Overfitting,
multicollinearity, or a small sample size may be the cause of the discrepancy between

high explanatory power and low statistical significance.
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Figure-2.9.5.: Cox response trace plot of fabric stiffness of unwashed fabrics.
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According to cox response trace plot of fabric stiffness, it could be stated that
increasing of cotton, recycled cotton and polyester increases fabric stiffness, while
increase of recycled polyester decreases fabric stiffness. Lower fabric stiffness of
recycled polyester result from filament yarns in fabric structure, which gaves a smooth,
luster fabric surface to 100% recycled polyester. Higher fabric stiffness of cotton and
recycled cotton could be result from higher twist yarns in fabric structure. Generally,
fabric stiffness is influenced by a combination of fiber properties, yarn structure, fabric
construction, and finishing treatments. The inherent rigidity of fibers, such as polyester
or linen, contributes to higher fabric stiffness compared to softer fibers like cotton or
silk (Hu, 2008). Yarn twist and thickness also play a crucial role, as tightly twisted and
coarser yarns increase stiffness by enhancing structural integrity (Grosberg & Swani,
1966).
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Figure-2.9.6.: Cox response trace plot of Fabric Stiffness
of 3" cycle t-shirts.

According to cox response trace plot of Fabric Stiffness of 3 cycle, it could be
understood that polyester and recycled polyester has almost same fabric stiffness with
unwashed ones, yet cotton’s fabric stiffness increased 100% and recycled cotton’s
fabric stiffness increased 4 times approximately after 3 cycles of washing and tumble
drying, so water treatments without detergent & softener affects cotton & recycled
cotton’s fabric stiffness adversely, but it does not affect polyester & recycled polyester
at all. Also, reduced fabric stiffness could result from higher bursting and seam
strength.
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Cox Response Trace Plot
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Figure-2.9.7.: Cox response trace plot of fabric stiffness of 6™ cycle t-shirts.

According to cox response trace plot of 61 cycle of fabric stiffness, it could be said that
recycled polyester’s fabric stiffness increases 2 times after 3 more cycles while
polyester, cotton and recycled cotton’s fabric stiffness stays same with 3 cycle. Also,
6" cycle recycled cotton’s fabric stiffness is 4 times higher than unwashed one, this
could be result from hard water used during washing cycles. 6" cycle cotton’s fabric
stiffness is approximately 2.5 times higher than unwashed cotton, and 6" cycle
recycled polyester’s fabric stiffness is 3 times higher than unwashed recycled
polyester, so it could be said that using hard water in washing could affect recycled
cotton more adversely than conventional cotton & recycled polyester.

2.10 Fabric Thickness

For fabric thickness, TS 7128 EN I1SO 5084 standard had been followed.

N

Figure 2.10.1 : Fabric thickness test of Nm 20/1 100% cot. fabric
(After 3rd cycle).
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Regression for Mixtures: F.T versus COT; RCOT; PET, RPET

Estimated Regression Coefficients for F.T (component proportions)

Term Coef SE Coef T P VIF

coT 0,5250 0,01500 x * 1,540

RCOT 0,5900 0,02121 * 1,160

PET 0,4375 10,0576l * * 1,180

RPET 0,3%00 0,02121 » * 1,160
COT*RCOT 0,1625 0,10232 1,59 0,358 1,340
COT*RPET 0,2042 0,10232 2,00 0,296 1,340

S = 0,0212132 PRESS = *

R-Sq = 98,40% R-Sq(pred) = *% R-Sg(adj) = 90,39%

Analysis of Variance for F.T (component proportions)

Source DF Seq SS Adj SS Adj MS
Regression S 0,027¢3¢ 0,02763¢ 0,005527 12,2
Linear 3 0,025045 0,021470 0,007157 15,

Quadratic 2 0,0025%0 0 2590 0,00 2,8
COT*RCOT 1 0 0799 0,001135 2,
COT*RPET 1 0,001792 3,9

Residual Error 1 0,000450
Total €

Figure 2.10.2.: Regression analysis of fabric thickness of unwashed fabrics, from
Minitab.

Based on Fabric Thickness regression analysis, it can be said that the model is not
statistically significant overall if the F-value is higher than 1 but the p-value is higher
than 0.05. However, the model appears to capture a sizable amount of the variance in
the dependent variable because the adjusted R-squared and R-squared values both
surpass 90%, and the confidence interval is set at 95%. Overestimation, variation, or a
lack of sample size may be the cause of the error between high explanatory power and

low statistical significance.

Regression for Mixtures: F.T-3 versus COT, RCOT; PET; RPET

Estimated Regression Coefficients for F.T-3 (component proportions)

Term Coef SE Coef T P VIF
coT 0,5900 0, * * 1,540
RCOT 0,900 0, : + 1,160
PET 0,59%00 0, . + 1,180
REET 0,4000 0,02828 * + 1,160
COT*RCOT -0,4167 0,13642 -3,05 0,201 1,340
COT*RPET  0,4000 0,13642 2,93 0,209 1,340

5 = 0,0282843 FRESS = *
R-5g = 98,35% R-5q(pred) = *% R-5q(adj) = 90,10%

Analysis of Variance for F.T-3 (component proportions)

Source DF Seq SS Rdj S5 Adj MsS F P
Regression 5 0,047636 0,04768¢ 0,009537 11,92 0,216
Linear 3 0,031122 0,044480 0,014827 18,53 0,165
Quadratic 2 0,01€564 0,0165€4 0,008282 10,35 0,215
COT*RCOT 1 0 483 9,33 0,201
COT*RPET 1 0 0 ’ &,60 0,209
Residual Error 1 0,000800 0,000800 O,
Total € 0,04843¢6

Figure 2.10.3.: Regression analysis of the 3™ cycle of fabric thickness, from Minitab.
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According to the regression analysis of the third cycle of fabric thickness, if the F-
value is larger than one but the p-value is greater than 0.05, the prediction fails
comprehensive statistical importance. Though the confidence interval is set at 95%
and the R-squared and modified R-squared values both surpass 90%, the model
appears to account for a sizable amount of the variance in the dependent variable. The
discrepancy between low statistical significance and strong explanatory power may be

caused by overestimation, complexity, or poor sample size.

Regression for Mixtures: F.T-6 versus COT; RCOT; PET; RPET

Estimated Regression Coefficients for F.T-¢ (component proportions)

Term Coef SE Coef T F VIF
COT 0,60500 0,01500 " v 1,540
RCOT 0,63000 0,02121 ' * 1,160
PET 0,49250 10,0576l A * 1,180
REPET 0,41000 0,02121 x * 1,160
COT*RCOT -0,06250 0,10232 -0,61 0,651 1,340

COT*RPET 0,34583 0,10232 3,38 0,183 1,340

5 = 0,0212132 PRESS = *
R-5q = 98,70% R-5g(pred) = *% R-5g(ad]) = 92,19%

Rnalysis of Variance for F.T-6é (component proportions)

Source DF Seq 535 Adj SS Adj MS F E
Regression 5 0,034121 0,034121 0,006824 15,17 0,192
Linear 3 0,028461 0,031430 0,010477 23,28 0,151
Quadratic 2 0,0056€l 0,0056€1 0,002830 €,29 0,271
COT*RCOT 1 0,000520 0,0001l€8 0,0001le8 0,37 0,851
COT*RPET l 0,005141 0,005141 0,005141 11,42 0,183
Residual Error 1l 0,000450 0,000450 0,000450
Total € 0,034571

Figure 2.10.4.: Regression analysis of 6th cycle of Fabric thickness, from
Minitab.

Regression analysis of the sixth cycle of Fabric Thickness indicates the regression
equation is not statistically significant overall if the F-value is more than 1 but the p-
value is above 0.05. Nevertheless, the regression model seems to be responsible for a
substantial proportion of the variance in the dependent variable because the R- squared
and modified R-squared values both surpass 90%, and the confidence interval is set at
95%. Excessive fitting, multicollinearity, or an insufficient number of samples may be
the reason of the mismatch between high predictive power and low statistically

significant results.
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Figure 2.10.5.: Cox response trace plot of Fabric thickness of

According to cox response trace plot of Fabric thickness of unwashed fabrics, it could
be said that while highest fabric thickness belongs to cotton and recycled cotton, lowest
fabric thickness result from using polyester and recycled polyester. In order to preserve
enough strength, yarns used in cotton, recycled cotton, and their mixtures usually have
a higher twist. As a result, fabrics made of cotton and recycled cotton are often thicker
than those made of polyester and recycled polyester. In contrast to cotton-based

fabrics, recycled polyester fabrics have a finer fabric structure due to their filament-

unwashed fabrics.

based yarns, which have less twist.

Atted RT-3

Figure 2.10.6.: Cox response trace plot of fabric thickness of 3" cycle t-shirts.
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According to cox response trace plot of 3™ cycle of fabric thickness, it could be stated
that recycled cotton’s fabric thickness increased 15%, while recycled polyester’s fabric
thickness remain same after 3 cycles. This increase is 30 % for polyester and 18% for
cotton, so effect of 3 cycles of water treatment on fabric thickness is quite same for
cotton and recycled cotton, yet still recycled cotton has the highest fabric thickness

compared to others.
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Figure 2.10.7.: Cox response trace plot of fabric thickness of 6™ cycle t-shirts.

According to cox response trace plot of 6™ cycle of fabric thickness, it could be said
that recycled polyester’s fabric thickness remains same at all cycles, despite harsh
conditions of washing cycles. Polyester’s fabric thickness decreased 20% at last 3
cycles, yet still 10% higher than unwashed polyester, which is an ignorable rise. While
cotton’s fabric thickness remains same with 3 cycle, recycled cotton’s fabric
thickness declines as 11% at last 3 cycles and become quite same with unwashed fabric

thickness value.

2.11 Bursting Strength

For bursting strength test, TS EN 1SO 13938-1 standard had been followed.
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Figure 2.11.1: Bursting strength test of Nm 30/1 100%cot fabric
(After 6 cycle).
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Figure 2.11.2.: Cox response trace plot of Bursting strength
of unwashed fabrics.

According to Figure-2.11.2, it could be stated that recycled polyester & polyester have
higher bursting strength compared to cotton & recycled cotton, as expected, yet
recycled cotton has slightly higher bursting strength than conventional cotton, which
is an interesting result. According to previous studies, it could be understood that ring
spun 100% recycled polyester could have lower bursting strength than 100% recycled
polyester fabric having filament yarns and fabrics with coarser recycled polyester ring
spun yarns have higher bursting strength results compared to fabrics with thinner
recycled polyester yarns (Uyanik (2021)). Also, according to Sari et. al (2024)’s study,
it could be claimed that increasing recycled cotton amount does not affect bursting
strength adversely, yet both MCRC, RC, 20C1 & 30C1 have higher bursting strength
than their recycled cotton fabrics, so maybe the difference could result from yarn

properties.
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According to 3" cycle results of bursting strength, it could be claimed that bursting
strength of cotton, recycled cotton & recycled polyester almost did not change with 3
cycles of washing & tumble drying, yet polyester’s bursting strength decreased
approximately 10%. Yilmaz & Keles (2024) stated that repeated laundering & tumble
drying of recycled cotton and their blends did not affect bursting strength adversely in
single jersey fabrics, and also authors claimed that Ne 20 50% recycled cotton/50%
recycled PES single jersey fabric has higher bursting strength at all cycles compared

to line dried one, so it could be thought that tumble drying does not have an adverse
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Figure 2.11.3.: Cox response trace plot of bursting strength

of 3" cycle t-shirts.

effect on bursting strength of recycled fabrics.
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Figure 2.11.4: Cox response trace plot of Bursting strength

of 6" cycle t-shirts.
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According to 6™ cycle results of bursting strength, it could be stated that recycled
polyester, recycled cotton and conventional cotton’s bursting strength almost did not
change throughout the 6 washing & tumble-drying cycles, use of recycled polyester
should be advised if there is a need for highest bursting strength. Polyester’s bursting
strength seems 10% decreased after 3" cycle, and became more closer to cotton &
recycled cotton. Even there is harsh washing & tumble-drying conditions, according
to last cycle it could be claimed that decrease in bursting strength of all t-shirts could

be ignorable.
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Figure 2.11.5: Mixture contour plots of Bursting strength of 6" cycle t-shirts.

Based on the Figure 2.11.5, it could be understood that if there is a fabric with equal
blend of cotton-recycled cotton-polyester with Nm 30 yarn count, this fabric would
probably have bursting strength lower than 12,5 at the end of 6 washing & tumble-
drying cycles. Also, Nm 30 50% recycled cotton-50% recycled polyester blend would
probably have bursting strength between 14-15,5 at the end of 6 washing and tumble-
drying cycles while 90%polyester 10% recycled polyester and 90% polyester 10%
recycled cotton fabrics were having bursting strength between 12,5 to 14. Nm 30 20%
cotton 80% recycled polyester would probably one of the highest bursting strengths

after multiple washing & tumble-drying cycles, approximately 16.
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2.12 Seam Strength

For seam strength test, TS EN ISO 13935-2 standard had been followed.

Figure 2.12.1: Seam strength test of unwashed cotton-rec cot. blend fabric.

Figure 2.12.2 : 6™ cycle MCP, after Seam Strength test. Seam is maintained
while fabric is broken.
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Figure 2.12.3 : 6™ cycle MCRP, after seam strength test. Fabric stitch is durable
while fabric is broken.
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Figure 2.12.4.: Cox response trace plot of Seam Strength of unwashed fabrics.
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According to seam strength of unwashed fabrics, it could be said that recycled cotton’s
seam strength is 25% higher than cotton, the reason could be high level of twist in
recycled cotton yarns. Also, smooth & flexible fabrics could have higher seam
strength, so this is the reason why normal polyester & recycled polyester exhibits

greater seam strength compared to conventional cotton & recycled cotton.
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Figure 2.12.5.: Cox response trace plot of Seam Strength of 3™ cycle t-shirts.

According to 3" cycle of seam strength results, it could be stated that recycled
polyester’s seam strength decreased approximately 7% after 3 cycles of washing &

drying.
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Figure 2.12.6.: Cox response trace plot of Seam Strength of 6 cycle
t-shirts.
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According to 6" cycle of seam strength results, it could be stated that RP has 50%
higher seam strength than RC. Based on Kogak et.al (2024)’s study, it could be said
that RP has higher seam strength at all cycles, comparing to their 100% recycled
polyester fabric, difference between them could result from fabric construction or yarn

count.

Mixture Contour Plots of Seam S-6
(component amounts)

coT
1

Seam S-6
[ | < 140
B 140- 190
0 0 160 - 180
180 = 200
200 - 220
220 - 240

1 0 1

CoT
1

]
|
1 | | = 240
RCOT PET RCOT RPET
RCOT Hold Values
coT 0
1 RCOT 0
PET 0
RPET 0
0 0
1 0 1 1 0 1
PET RPET PET RPET

Figure 2.12.7: Mixture contour plots of Seam strength of 6 cycle
t-shirts.

Based on Figure 2.12.7, it could be stated that a fabric with Nm 30 yarns & equal blend
of recycled cotton-polyester-recycled polyester would probably have 200-220 N seam
strength after 6 cycles of washing& tumble-drying. Nm 30 50% recycled cotton-50%
recycled polyester would probably have 180-200 N seam strength at the end of 6™
cycle. Nm 30 75% rcot 25& pet would probably have 160-180 N seam strength at the

end of 6" cycle.

2.13 Air Permeability Test

For air permeability test, ASTM D737 standard had been followed.
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Figure 2.13.1.: Air Permeability Testing.

Regression for Mixtures: A.P versus COT; RCOT, PET; RPET

Estimated Regression Coefficients for A.P (componsnt proportions)

Term Coef SE Coef I P VIF
coT 58,66 0,2400 . * 1,540
RCOT 44,41 0,3394 . 1,160
PET 37,26 0,9217 * 4 1,180
REET 135,80 0,33%4 * 4+ 1,160
COT*RCOT 13,92 1,8371 8,50 0,075 1,340
COT*RPET -82,57 1,6371 -50,44 0,013 1,340

S = 0,33%411 ERESS = *
R-5q = 100,00% R-Sq(pred) = *% R-Sg(adj) = 99,99%%

Analysis of Variance for A.P (component proportions)

Source DF Seq 55 Rdj SS Adj MS F P
Regression 5 §787,1% 5787,1% 1157,44 10047,20 0,008
Linear 3 546€,77 5€3€,57 1878,86 1€309,51 0,006
Quadratic 2 320,42 320,42 1e0,21 13%0,70 0,019
COT*RCOT 1 27,38 8,33 8,33 72,27 0,075
COT*RPET 1 253,04 283,04 283,04 2543,75 0,013
Residual Error 1 0,12 0,12 0,12
Total € 5787,30

Figure 2.13.2.: Regression analysis of air permeability of
unwashed fabrics, from Minitab.

The regression analysis results indicate that the model of air permeability of unwashed
fabrics is statistically significant, as evidenced by an F-value greater than 1 and a p-
value below 0.05. Additionally, the R-squared and adjusted R-squared values
exceeding almost 100% suggest that the model explains a substantial proportion of the
variance in the dependent variable. These findings imply a strong explanatory power

of the independent variables.
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Regression for Mixtures: A.P-3 versus COT; RCOT;, PET, RPET

Estimated Regression Coefficients for A.P-3 (component proportions)

Term Coef SE Coef T P VIF
CoT €3,50 4,000 x * 1,540
RCOT 39,70 5,657 * * 1,160
PET 7,75 15,362 " * 1,180
RPET 118,40 5,657 + 1,160
COT*RCOT -18,67 27,285 -0,68 0,618 1,340
COT*RPET -91,08 27,285 -3,34 0,185 1,340

S = 5,85625
R-5q = 99,26%

PRESS = *

R-Sq(pred) = *% R-Sg(adj) = 95,54%

Analysis of Variance for A.P-3 (component proportions)

Source DF Seq SS Adj 5SS Adj MS F P
Regression 5 4270,03 4270,03 854,01 26,69 0,146
Linear 3 3911,61 4062,25 1354,08 42,32 0,112
Quadratic 2 358,42 358,42 179,21 5,60 0,286
COT*RCOT 1 1,81 14,98 14,98 0,47 0,618
COT*RPET 1 356,61 356,61 356,61 11,14 0,185
Residual Error 1 32,00 32,00 32,00
Total 6 4302,03

Figure 2.13.3.: Regression analysis of air permeability of 3" cycle
t-shirts, from Minitab.

The regression analysis of 3" cycle of air permeability indicates that if the F-value is
greater than 1 but the p-value exceeds 0.05, the model is not statistically significant
overall. However, given that the R-squared and adjusted R-squared values exceed 95%
and the confidence interval is 95%, the model appears to explain a substantial portion
of the variance in the dependent variable. The discrepancy between high explanatory
power and low statistical significance may indicate issues such as overfitting,
multicollinearity, or insufficient sample size.

Regression for Mixtures: A.P-6 versus COT, RCOT; PET. RPET

Estimated Regression Coefficients for A.P-6 (component proportions)

Term Coef 5SE Coef T P VIF
coT €7,0 2,000 x 1,540
RCOT 55,1 2,828 x ¥ 1,160
PET 66,5 7,681 . * 1,180
RPET 107,2 2,828 * * 1,160
COT*RCOT -27,17 13,642 -2,03 0,292 1,340
COI*RPET -105,¢ 13,642 -8,03 0,078 1,340
5 = 2,32843 PRESS = *

R-5q = 99,60% R-5Sq(pred) = *% R-5Sq(ad]j) = 97,¢60%

Analysis of Variance for A.P-€ (component proportions)

Source DF Seq S5 Adj 55 Adj MS F P
Regression 5 1%988,01 1988,01 397,602 48,70 0,107
Linear 3 1464,80 1601,84 533,948 66,74 0,090
Quadratic 2 523,21 523,21 261,607 32,70 0,123
COT*RCOT 1 7,34 32,90 32,903 4,11 0,292
COT*RPET 1 515,87 515,87 515,873 €4,48 0,079
Residual Error 1 g,00 8,00 8,000
Total 6 199%6,01

Figure 2.13.4.: Regression analysis of air permeability of 6™ cycle t-shirts, from
Minitab.
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The regression analysis of 6th cycle of air permeability indicates that if the F-value is
greater than 1 but the p-value exceeds 0.05, the model is not statistically significant
overall. However, given that the R-squared and adjusted R-squared values exceed 95%
and the confidence interval is 95%, the model appears to explain a substantial portion
of the variance in the dependent variable. The discrepancy between high explanatory
power and low statistical significance may indicate issues such as overfitting,

multicollinearity, or insufficient sample size.
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Figure 2.13.5.: Cox response trace plot of air permeability of unwashed fabrics.

According to cox response plot of air permeability of unwashed fabrics, it could be
stated that increasing recycled polyester increases air permeability, and increasing
other fibers decreases air permeability. This could be as a result of recycled fibers'
looser structure and increased porosity, which facilitate easier airflow (Kogak ED et.al
(2024)). In this chart, recycled cotton, natural cotton and polyester behave very similar,
in order to have an optimum air permeability, fibers should be chosen wisely. B.
Utebay et. al (2024) stated that amount of recycled cotton could have important effect
on Nm 30 fabrics, and their 80% recycled cotton 20 % recycled cotton fabric has
almost 20 % higher air permeability than 30C1 and 30% higher air permeability than
RC, since these fabrics have same yarn count & they are both knitted fabrics, it could
be stated that difference between them result from finishing & dyeing treatments. For
unwashed fabrics, when amount of recycle cotton increases, air permeability
decreases, but for 60% and 100% conventional cotton, air permeability remains same.
Also, air permeability increases with increasing amount of recycle polyester. When

yarn becomes thicker, air permeability decreases.
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Cox Response Trace Plot
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Figure 2.13.6.: Cox response trace plot of air permeability of 3™ cycle t-shirts.

According to cox response plot of 3rd cycle air permeability, it could be stated that air
permeability increases with increasing recycled polyester, and decreases with
decreasing polyester and recycled cotton. It could be understood that while amount of
cotton does not make a significant change at 3 cycle of air permeability, recycled
cotton acts like polyester than a natural cotton. Moreover, washed polyester’s air
permeability is lower than unwashed polyester fabric, but washed cotton & recycled
cotton’s air permeability is almost same with unwashed cotton & recycled cotton

fabrics.
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Figure 2.13.7.: Cox response trace plot of air permeability of 6™ cycle t-shirts.
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According to 6™ cycle of air permeability test, it could be stated that while natural
cotton shows a nonlinear trend, first decreasing and then increasing, suggesting a more
complex interaction, recycled cotton has a slight negative effect, indicating that
increasing its proportion reduces the fitted response. Also, polyester remains relatively
stable, and it does not have a significant effect on model as recycled polyester. Also,
Yilmaz & Keles (2024) stated that multiple washing & tumble-drying cycles could
decrease air permeability approximately 50%, yet in this research, such a significant
change between unwashed fabrics & 6th cycle t-shirts in terms of air permeability has
not been observed.

2.14 Water Vapour Permeability Test

For water vapour permeability test, TS EN ISO 15496 standard had been followed.

Figure 2.14.1.: Water vapour permeability testing.
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Regression for Mixtures: W.V.P versus COT; RCOT, PET; RPET

Estimated Regression Coefficients for W.V.P (component proportions)

Term Coef SE Coef T P VIF

CoT 4750 138,89 * * 1,540

RCOT 5667 19¢6,4 . * 1,160

PET €139 533,5 . 1,180

RPET 4617 1%¢,4 " ¥ 1,160
COT*RCOT -2801 47,5 -2,96 0,208 1,340
COT*RPET 2500 947,85 2,64 0,231 1,340

5 = 156,434 PRESS = *

R-5q = 9¢,73% R-5q(pred) = *% R-5g(adj) = 80,41%

Analysis of Variance

for W.V.P (component proportions)

Source DF Seq S5 Adj 55 Adj MS F P
Regression 5 1143214 1143214 228643 5,93 0,302
Linear 3 443760 639555 213185 5,52 0,301
Quadratic 2 £55454 699454 3459727 9,06 0,229
COT*RCOT 1 430779 337284 337284 8,74 0,208
COT*RPET 1 268675 268675 268675 96 0,231
Residual Error 1 38586 38586 38586
Total € 1181800

Figure 2.14.2.: Regression analysis of Water Vapour Permeability of unwashed
fabrics, from Minitab.

The regression analysis of water vapour permeability of unwashed fabrics indicates
that if the F-value is greater than 1 but the p-value exceeds 0.05, the model is not
statistically significant overall. However, given that the R-squared and adjusted R-
squared values are between 80-95% and the confidence interval is 95%, the model
appears to explain a substantial portion of the variance in the dependent variable. The
discrepancy between high explanatory power and low statistical significance may

indicate issues such as overfitting, multicollinearity, or insufficient sample size.

Regression for Mixtures: W.V.P-3 versus COT, RCOT; PET; RPET

Estimated Regression Coefficients for W.V.P-3 (component proportions)

Term Coef SE Coef T P VIF

CoT 5243,¢% 82,65 * 1,540

RCOT €124,5 116,88 * 1,1€0

PET 7988,6 317,42 x v 1,180

RPET 5283,3 11€,88 * * 1,160
COT*RCOT 757,3 S€3 1,34 0,407 1,340
COT*RPET 250€,4 563,77 4,45 0,141 1,340

S = 11€,885 PRESS = *

R-5g = 98,89% R-Sq(pred) = *% R-Sq(adj) = 93,35%

Analysis of Variance for W.V.P-3 (component proportions

Source DF Seq SS Adj S5 Adj Ms F P
Regression 5 1219044 1219044 243809 17,85 0,178
Linear 3 941271 1173680 391227 28,64 0,136
Quadratic 2 277773 77773 138887 10,17 0,217
COT*RCOT 1 7745 24652 24652 1,80 0,407
COT*RPET 1 270029 270029 270029 19,76 0,141
Residual Error 1 13662 13662 13662
Total 6 1232706

Figure 2.14.3.: Regression analysis of Water VVapour
Permeability of 3™ cycle t- shirts, from Minitab.
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The regression analysis of 3rd cycle of water vapor permeability indicates that if the
F-value is greater than 1 but the p-value exceeds 0.05, the model is not statistically
significant overall. However, given that the R-squared and adjusted R-squared values
exceed 95% and the confidence interval is 95%, the model appears to explain a
substantial portion of the variance in the dependent variable. The discrepancy between
high explanatory power and low statistical significance may indicate issues such as

overfitting, multicollinearity, or insufficient sample size.

Regression for Mixtures: W.V.P-6 versus COT, RCOT; PET, RPET

Estimated Regression Coefficients for W.V.P-¢ (component proportions)

Term Coef SE Coef T P VIF
CoT 550¢ 33,35 : ¢ 1,540
RCO 3272 47,16 A * 1,160
PET 8177 128,08 y v 1,180
RPET 573¢ 47,16 . v 1,160

COT*RCOT 5320 227,48

COT*RPET 5121 227,48

3,38 0,027 1,340
2,5

1 0,028 1,340

0o o

640 PRESS = 4

= 47,16
9

1
q=99,97% R-5q(pred) = *% R-Sq(adj) = 99,83%

- wn
w

Analysis of Variance for W.V.P-¢ (component proportions)

Source DF SeqSS Adj SS Adj MS F P
Regression 5 7990223 7990223 1598045 718,40 0,028
Linear 3 5924065 6008325 2002775 900,35 0,024
Quadratic 2 2066158 206el58 1033079 4e¢4,42 0,033
COT*RCOT 1 939092 1216371 1216371 54¢,82 0,027
COT*RPET 1 1127066 1127066 1127066 506,67 0,028
Residual Error 1 2224 2224 2224
Total ¢ 7992447

Figure 2.14.4.: Regression analysis of Water Vapour permeability of 6 cycle
t-shirts, from Minitab.

The regression analysis of 6™ cycle of water vapour permeability results indicate that
the model is statistically significant, as evidenced by an F-value greater than 1 and a
p-value below 0.05. Additionally, the R-squared and adjusted R-squared values
exceeding almost 100% suggest that the model explains a substantial proportion of the
variance in the dependent variable. These findings imply a strong explanatory power

of the independent variables.
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Cox Response Trace Plot
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Figure-2.14.5.: Cox response trace plot of water vapour permeability of

According to water vapour permeability of unwashed fabrics, it could be claimed that
water vapour permeability increases with increasing recycled cotton and polyester, and
decreases with increasing natural cotton and recycled polyester. Moreover, it could be
said that increasing air permeability could cause decrease in water vapour
permeability. Badr et al. (2016) indicated that the greatest water vapor permeability
may arise from the fineness of fibers and the smoothness of the fabric, yet 100%
recycled cotton exhibits the highest water vapor permeability overall, despite lacking a
smoother surface. Fabrics produced from recycled cotton consist of shorter and thicker

fibers compared to standard cotton, leading to a denser structure with decreased air

-DI,Z 0,0 0:2 {],|4 I].IG
deviation from reference blend in proportion

unwashed fabrics.

permeability (Alp et al., 2023).
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Figure 2.14.6.: Cox response trace plot of W.V.P. of 3" cycle t-shirts.
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According to water vapour permeability of 3" cycle, it could be stated that 3 cycles of
washing increases water vapour permeability for all fabrics. Also, recycled polyester
behaves more similar to natural cotton after 3 cycles of washing on water vapour
permeability. At 3" cycle, it could be stated that water vapour permeability increases
with increasing polyester, and decreases with increasing cotton, recycled cotton, and
recycled polyester. Demiryurek et al. (2019) noted that enhanced water vapor
permeability in multiple washes results from the mechanical impact of laundering,
which leads to fiber loss in the fabric, and this could be the explanation for increased
water vapour permeability of 3rd cycle MCRC and 20C1 t-shirts.

Cox Response Trace Plot
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Figure 2.14.7.: Cox response trace plot of W.V.P of 6™ cycle t-shirts.

According to cox response plot of 6™ cycle of water vapour permeability, it could be
stated that amount of recycled cotton significantly changes the results. During washing
and drying, cotton fibers can swell and rearrange, leading to a denser structure with
reduced porosity. Repeated exposure to heat and water causes fabric shrinkage,
decreasing air and moisture permeability. Additionally, washing can result in
microfibril loss, making the fabric surface smoother and less breathable. In recycled
cotton, mechanical processing weakens fibers, increasing cross-linking during
washing and further reducing breathability, so these are the possible reasons for

reducing water vapour permeability of recycled cotton.
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To minimize these effects, low-temperature washing and drying, limited use of harsh
detergents, and air drying or low-heat tumble drying are recommended. Moreover,
since recycled pet’s dimensional stability does not change significantly during multiple
washings, water vapour permeability of pet at 6™ cycle is almost stable even the

amount of polyester increases.

2.15 Drying Rate Test

Figure 2.15.1: For drying rate test, Fabrics stay in distilled water
for 30 min.

/ >

Figure 2.15.2: Drying rate of 30C1, MCP, and MCRP before washing and drying
cycles, 1 hour after getting wet.
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Regression for Mixtures: D.R versus COT,; RCOT; PET, RPET

Estimated Regression

Term Coef
coT 7048
RCOT 7809
PET 4598
RPET 24140
COT*RCOT 2712
COT*RPET -31293

S = 24¢,851
R-Sq = 99,98%

SE Coef
174,¢6
24¢,9
€70,4
24€,9
1190,6
1190,¢6

PRESS = *
R-Sq(pred) = *%

7 3 P
x .
x *
. x
L .
2,28 0,263
€,28 0,024

VIF
1,540
1,1€0
1,180
1,160
1,340
1,340

Coefficients for D.R (component proportions)

R-Sqg(adj) = 99,8¢6%

Analysis of Variance for D.R (component proportions)

Source F Seq SS Adj SS Adj MS  § P
Regression 5 253003206 253003206 50600641 830,40 0,026
Linear 3 208815355 236737339 78912446 1295,02 0,020
Quadratic 2 44187851 44187851 22093926 362,58 0,037
COT*RCOT 1 2093628 31€182 31é€182 5,19 0,263
COT*RPET 1 42094223 42094223 42094223 €90,80 0,024
Residual Error 1 €0935 60935 €0935
Total € 2530€4142

Figure 2.15.3 : Regression analysis of drying rate of unwashed fabrics, from Minitab.

The regression analysis of drying rate results indicate that the model is statistically
significant, as evidenced by an F-value greater than 1 and a p-value below 0.05.
Additionally, the R-squared and adjusted R-squared values exceeding almost 100%
suggest that the model explains a substantial proportion of the variance in the
dependent variable. These findings imply a strong explanatory power of the

independent variables.

Regression for Mixtures: D.R-3 versus COT; RCOT, PET; RPET

Estimated Regression Coefficients for D.R-3 (component proportions)

Term Coef SE Coef T P VIF

coT 9591 3¢60,7 * * 1,540

RCOT 8638 510,1 x * 1,160

PET 4901 1385,3 * * 1,180

RPET 1e€98 510,1 N * 1,160
COT*RCOT -5248 24€0,4 -2,13 0,279 1,340
COT*RPET -5¢694 2460,4 -2,31 0,260 1,340

S = 510,107 PRESS = *

R-5q = 99,55% R-5q(pred) = *% R-5q(adj) = 97,29%

Analysis of Variance for D.R-3 (component proportions)

Source DF Seq SS Adj SS Adj MS F P
Regression 5 57386802 57386802 11477360 44,11 0,114
Linear 3 55113337 51273250 17091083 6€5,68 0,090
Quadratic 2 2273464 2273464 1136732 4,37 0,320
COT*RCOT 1 87973¢ 1183798 1183798 4,55 0,279
COT*RPET 1 1393728 1393728 1393728 5,36 0,260
Residual Error 2 260209 280209 260209
Total 6 57647011
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Figure 2.15.4 : Regression analysis of drying rate of 3" cycle t-shirts, from Minitab.



The regression analysis of 3rd cycle of drying rate indicates that if the F-value is
greater than 1 but the p-value exceeds 0.05, the model is not statistically significant
overall. However, given that the R-squared and adjusted R-squared values exceed 95%
and the confidence interval is 95%, the model appears to explain a substantial portion
of the variance in the dependent variable. The discrepancy between high explanatory
power and low statistical significance may indicate issues such as overfitting,

multicollinearity, or insufficient sample size.

Regression for Mixtures: D.R-6 versus COT, RCOT; PET; RPET

Estimated Regression Coefficients for D.R-6 (component proportions)

Term Coef 5E Coef T E VIF

COT g008 488,0 X £ 1,540

RCOT 10442 €90,2 x ¢ 1,160

PET 12074 12874,4 * « 1,180

RPET 18678 €490,2 . v 1,160
COT*RCOT -1903 332%,1 -0,57 0,66% 1,340
COT*RPET -7502 332%,1 -2,25 0,266 1,340

5 = 90,207 PRESS = *

R-5q = 95, 34% R-Sg(pred) = *% R-Sqg(adj) = 96,02%

Rnalysis of Variance for D.R-¢ (component proportions)

Source DF Seq S5 kdj ss Adj MsS F P
Regression 5 7T126€837 71266837 14253367 29,92 0,138
Linear 3 €88l2¢86 ©6e6Tel0d 22222537 4de,eé5 0,107
Quadratic 2 2454151 2454151 1227075 2,58 0,403
COT*RCOT 1 35085 155€€0 155660 0,33 0,669
COT*RPET 1 2419066 24190¢€¢ 2419066 5,08 0,266
Residual Error 1 478386 47638¢ 47¢38¢
Total 6 71743222

Figure 2.15.5 : Regression analysis of drying rate of 6™ cycle t-shirts, from
Minitab.

The regression analysis of 6™ cycle of drying rate indicates that if the F-value is greater
than 1 but the p-value exceeds 0.05, the model is not statistically significant overall.
However, given that the R-squared and adjusted R-squared values exceed 95% and the
confidence interval is 95%, the model appears to explain a substantial portion of the
variance in the dependent variable. The discrepancy between high explanatory power
and low statistical significance may indicate issues such as overfitting,

multicollinearity, or insufficient sample size.
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Cox Response Trace Plot
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Figure 2.15.6 : Cox response trace plot of drying rate of unwashed fabrics.

Based on cox response trace plot of drying rate of unwashed fabrics, it could be stated
that when amount of recycled polyester increases, drying rate increases. The faster
drying rate of recycled polyester compared to conventional polyester can be attributed
to its filament yarn structure. Unlike ring-spun yarns, which consist of twisted staple
fibers that create micro-gaps capable of retaining moisture, filament yarns are
continuous and smoother, minimizing water absorption. This smoother surface allows
moisture to spread and evaporate more efficiently. Additionally, filament-based
fabrics often exhibit greater air permeability, further accelerating the drying process.
As a result, the structural differences between filament and ring-spun yarns play a
crucial role in the moisture management properties of these fabrics. Also, Duru &
Candan (2013) claimed that tight cotton-polyamide-elastane blend fabrics could have
lower drying rate compared to slack version of same fabric, also their highest drying
rate in cotton quite closer to unwashed MCP & MCRP, and unwashed RC has 2 times
higher drying rate than their unwashed cotton drying rate, so if higher drying rate is

preferred in fabric, use of recycled cotton should be advised.

Cox Response Trace Plot
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Figure 2.15.7 : Cox response trace plot of Drying Rate of 3 cycle t-shirts.

60



According to cox response trace of 3™ cycle of drying rate, it could be said that multiple
washing cycles could decrease drying rate of recycled polyester, but drying rate of
cotton & recycled cotton does not change significantly after 3 washing cycles and even
their results become closer. Polyester again has the lowest drying rate, and it’s drying

rate is same with unwashed polyester.
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Figure 2.15.8 : Cox response trace plot of Drying Rate of 6™ cycle t-shirts.

According to cox response trace plot of 6 cycle of drying rate, it could be stated that
recycled polyester’s drying rate does not change significantly after 3 more cycles.
Increasing amount of polyester does not change drying rate at this cycle, yet drying rate
of 6™ cycle polyester is 2 times higher than 3™ cycle polyester, so polyester could
become more hydrophobic at the end of washing& tumble-drying cycles. Moreover,
drying rate of recycled cotton slightly increases between 3-6" cycles, so repeated

washing gives a more hydrophobic behavior to recycled cotton.

Cotton & recycled cotton’s drying rate is almost same with unwashed ones, so repeated
washing & drying cycles did not affect drying rate of cotton, recycled cotton and their
blends. Duru & Candan (2013) stated that their cotton-elastane-polyamide blend
fabric’s drying rate approximately 10% increased after 5 cycles of washing & drying,
yet in this master’s thesis there is approximately 30-35% increase after 6 cycles of

washing & drying, in drying rate of cotton, recycled cotton and their blends.

61



2.16 Wicking Test

For wicking test, BS 3424-18 standard had been followed.

2.16.1 Horizontal wicking test

d L~

Figure 2.16.1.1 : After 6™ cycle, horizontal wicking test of Nm 30/1
60% cot 40% pet fabric.

Regression for Mixtures: H.W versus COT; RCOT; PET; RPET

Estimated Regression Coefficients for H.W (component proportions)

Term Coef SE Coef T P VIF
coT 12,66 0,9405 * * 1,540
RCOT 15,50 1,3301 * * 1,160
PET -10,87 3,6121 . x 1,180
RPET 4,50 1,3301 ' + 1,160
COT*RCOT -47,67 €,4153 -7,43 0,085 1,340
COT*RPET -23,53 €,4153 -3,67 0,169 1,340

s = 1,33008 PRESS = *
R-Sq = 99,058 R-Sg(pred) = *% R-Sq(adj) = 94,29%

Analysis of Variance for H.W (component proportions)
Source DF Seq SS Adj SS Adj MS F P
Regression 5 184,176 184,176 36,8352 20,82 0,165
Linear 3 73,644 119,803 39,9344 22,57 0,153
Quadratic 2 110,532 110,532 55,2660 31,24 0,126
COT*RCOT 1 86,731 97,691 97,6911 55,22 0,085
COT*RPET 1 23,801 23,801 23,8010 13,45 0,169
Residual Error 1 1,769 1,769 1,7691
Total € 185,945

Figure 2.16.1.2 : The regression analysis of horizontal wicking of
unwashed fabrics, from Minitab.

The regression analysis of horizontal wicking of unwashed fabrics indicates that if the
F-value is greater than 1 but the p-value exceeds 0.05, the model is not statistically
significant overall. However, given that the R-squared and adjusted R- squared values
exceed 95% and the confidence interval is 95%, the model appears to explain a
substantial portion of the variance in the dependent variable. The discrepancy between
high explanatory power and low statistical significance may indicate issues such as

overfitting, multicollinearity, or insufficient sample size.
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Regression for Mixtures: H.W-3 versus COT; RCOT; PET, RPET

Estimated Regression Coefficients for H.W-3 (component proportions)

Term Coef SE Coef T P VIF

coT 7,40 0,7815 o 1,540

RCOT 10,21 1,1052 *+ 1,160

PET 8,92 3,0013 * * 1,120

RPET 12,15 1,1082 ¥ * 1,160
COT*RCOT -33,12 5,330 -¢,21 0,102 1,340
COT*RPET -2,91 5,3305 -0,55 0,682 1,340

S =1,10517 PRESS =

R-5q = 98,4é% R-5q(pred) = *% R-Sg(adj) = 90,73%

Analysis of Variance for H.W-3 (component proportions)

Source DF Seqg SS Adj SS Adj MS F
Regression $ 77,8513 77,8513 15,5703 12,75
Linear 3 30,6000 17,4309 5,8103 4,76
Quadratic 2 47,2513 47,2513 23,6257 19,34
COT*RCOT 1 46,8864 47,1481 47,1481 38,60
COT*RPET 1 0,3¢e49 0,3¢649 0,3649 0,30
Residual Error 1 1,2214 1,2214 1,2214
Total € 79,0727

Figure 2.16.1.3.: The regression analysis of 3rd cycle of horizontal wicking, from
Minitab.

The regression analysis of 3" cycle of horizontal wicking indicates that if the F-value
is greater than 1 but the p-value exceeds 0.05, the model is not statistically significant
overall. However, given that the R-squared and adjusted R-squared values exceed 90%
and the confidence interval is 95%, the model appears to explain a substantial portion
of the variance in the dependent variable. The discrepancy between high explanatory
power and low statistical significance may indicate issues such as overfitting,
multicollinearity, or insufficient sample size.

Regression for Mixtures: H.W-6 versus COT; RCOT; PET, RPET

Estimated Regression Coefficients for H.W-6& (component proportions)

Term Coef SE Coef T P VIF

coT 12,72 1,170 k * 1,540

RCOT 10,84 1,655 . * 1,160

PET -0,22 4,494 A * 1,180

RPET 11,71 1,655 x * 1,1€0
COT*RCOT -41,90 7,982 -5,25 0,120 1,340
COT*RPET -17,93 7,982 -2,25 0,267 1,340

S = 1,65497 PRESS = *

R-Sq = 97,07% R-Sq(pred) = *% R-Sg(adj) = 82,45%

Analysis of Variance for H.W-€ (component proportions)

Source DF Seq SS Adj S5 Adj MS F P
Regression 5 3862 90,8862 18,1772 6,64 0,286
Linear 3 968 18,3359 §€,1120 2,23 0,449
Quadratic 2 89 82,0894 41,0447 14,99 0,180
COT*RCOT 1 68,2754 75,4686 75,468¢ 27,55 0,120
COT*RPET 1 13,8140 13,8140 13,8140 5,04 0,267
Residual Error 1 2,7389 2,7389 2,7389
Total 6 93,6251

Minitab.
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Figure 2.16.1.4.: The regression analysis of 6™ cycle of horizontal wicking, from



The regression analysis of 6™ cycle of horizontal wicking indicates that if the F-value
is greater than 1 but the p-value exceeds 0.05, the model is not statistically significant
overall. However, given that the R-squared and adjusted R-squared values exceed 90%
and the confidence interval is 95%, the model appears to explain a substantial portion
of the variance in the dependent variable. The discrepancy between high explanatory
power and low statistical significance may indicate issues such as overfitting,

multicollinearity, or insufficient sample size.
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Figure 2.16.1.5.: Cox response trace plot of horizontal wicking of unwashed fabrics.

According to cox response trace plot of horizontal wicking of unwashed fabrics, it
could be said that increasing amount of all fibers except conventional polyester,
increases horizontal wicking. Cotton fibers naturally absorb and retain moisture
through capillary action, allowing water to spread more efficiently across the fabric.
In contrast, polyester fibers are hydrophobic, meaning they repel water and do not
facilitate the same level of moisture distribution. Additionally, the porous and irregular
structure of cotton fibers enhances capillary action, further increasing horizontal
wicking efficiency compared to the smoother, less absorbent surface of polyester
fibers. According to Chowdhary et al. (2019), the horizontal wicking ability of fabrics
may decrease as a result of shrinkage following washing, and this master’s thesis had
recorded high shrinkage rates for both cotton, recycled cotton and their blends.
Furthermore, it can be suggested that utilizing hydrophilic treatments on recycled
fibers might enhance their capability to absorb moisture and improve transport

efficiency.
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Cox Response Trace Plot
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Figure-2.16.1.6.: Cox response trace plot of 3rd cycle of horizontal wicking test.

According to cox response trace plot of 3™ cycle of horizontal wicking test, it could
be said that 3 cycles of washing & drying increases horizontal wicking of recycled
polyester and conventional polyester, and decreases horizontal wicking of cotton &
recycled cotton, so washing makes polyester & recycled polyester more hydrophilic,
and also repeated exposure to water causes cotton fibers to expand, which can disrupt
capillary pathways and reduce moisture transport efficiency. However, recycled cotton
typically retains higher horizontal wicking values than virgin cotton due to its shorter,
more fragmented fibers and increased porosity, so that’s why recycled cotton’s

horizontal wicking is higher than natural cotton at 3™ cycle.
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Figure-2.16.1.7.: Cox response trace plot of 6th cycle of horizontal wicking test.
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According to cox response trace plot of 6™ cycle of horizontal wicking test, it could be
stated that cotton &recycled cotton’s horizontal wicking become more similar after 6
cycles, also their horizontal wicking values are almost same with unwashed ones.
Recycled polyester’s horizontal wicking does not change significantly after 3 cycles,
and polyester’s horizontal wicking lower than 3™ cycle, so it could be stated that after
repeated washing & drying cycles, filament yarns could be more prone to permeable

than ring spun yarns.

2.16.2 Vertical wicking test

Figure 2.16.2.1: After 6" cycle, vertical wicking test of Nm 20/1 100% rec. cot.
fabric.

Regression for Mixtures: V.W - LT versus COT; RCOT; PET; RPET

Estimated Regression Coefficients for V.W - LT (component proportions)

Term Coef SE Coef T P VIF
CcoT 0,0736 0,008944 ® * 1,540
RCOT 0,0667 0,009821 ¥ + 1,160
PET 0,0076 0,026671 % * 1,180
RPET 0,0567 0,009821 ‘ * 1,160

COT*RCOT -0,2535 0,047369 -5,35 0,118 1,340
COT*RPET 0,0063 0,047369 0,13 0,91¢ 1,340

S = 0,00982093 PRESS = *
R-5q = 9¢,96% R-Sq(pred) = *% R-Sq(adj) = 81,77%

Analysis of Variance for V.W - LT (component proportions)

Source DF Seq SS Adj SS Adj MS F P
Regression 5 0,003077 0,003077 0,000615 €,38 0,291
Linear 3 0,000244 0,00052¢ 0,000175 1,82 0,488
Quadratic 2 0,002833 0,002833 0,001416 14,69 0,181
COT*RCOT 1 0,002831 0,002762 0,002762 28,63 0,118
COT*RPET 1 0,000002 0,000002 0,000002 0,02 0,91€
Residual Error 1 0,00009¢ 0,00009€¢ 0,000096
Total € 0,003174

Figure-2.16.2.2.: The regression analysis of long-time vertical wicking, from
Minitab.
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The regression analysis of long-time vertical wicking indicates that if the F-value is
greater than 1 but the p-value exceeds 0.05, the model is not statistically significant
overall. However, given that the R-squared and adjusted R-squared values exceed 90%
and the confidence interval is 95%, the model appears to explain a substantial portion
of the variance in the dependent variable. The discrepancy between high explanatory
power and low statistical significance may indicate issues such as overfitting,

multicollinearity, or insufficient sample size.

Regression for Mixtures: VW - LT versus COT, RCOT; PET, RPET

Estimated Regression Coefficients for V.W - LT (component proportions)

Term Coef SE Coef T P VIF
COT 0,073¢ 0,008944 * x 1,540
RCOT 0,0667 0,008821 . * 1,160
PET 0,007¢ 0,026€71 . * 1,180
RPET 0,0567 0,009821 . * 1,160

COT*RCOT -0,2535 0,047369 -5,3 0,118 1,340
COT*RPET 0,0063 0,0473€9 0,13 0,916 1,340

S = 0,00982093 PRESS = *
R-Sq = 96,96%  R-Sq(pred) = *% R-Sq(adj) = 81,77%

Analysis of Variance for V.W - LT (component proportions)

Source DF Seq SS Adj SS Adj MS F P
Regression 5 0,003077 0,003077 0,000€615 6,38 0,291
Linear 3 0,000244 0,000526 0,000175 1,82 0,488
Quadratic 2 0,002833 0,001416 14,69 0,181
COT*RCOT 1 5 0,002762 28,63 0,118
COT*RPET 1 - 0,000002 0,02 0,916
Residual Error 1 0,00009%¢
Total € 0,003174

Figure 2.16.2.3.: The regression analysis of 3rd cycle of long-time vertical wicking,
from Minitab.

The regression analysis of 3 cycle of long-time vertical wicking indicates that if the
F-value is greater than 1 but the p-value exceeds 0.05, the model is not statistically
significant overall. However, given that the R-squared and adjusted R-squared values
exceed 90% and the confidence interval is 95%, the model appears to explain a
substantial portion of the variance in the dependent variable. The discrepancy between
high explanatory power and low statistical significance may indicate issues such as

overfitting, multicollinearity, or insufficient sample size.
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Regression for Mixtures: V.W - LTé versus COT, RCOT, PET, RPET

Estimated Regression Coefficients for V.W - LTé (component proportions)

Term Coet SE Coet T P VIF
CcoT 0,084% 0,008819 * * 1,540
RCOT 0,0800 0,012473 * * 1,160
PET 0,0115 0,033872 x * 1,180
RPET 0,0233 0,012473 * + 1,160

COT*RCOT -0,3433 0,060159 -5,71 0,110 1,340
COT*RPET 0,063¢ 0,060159 1,06 0,482 1,340

S =0,0124726 PRESS = *
R-Sq = 97,75% R-Sq(pred) = *% R-5g(adj) = 86,48%

Analysis of Variance for V.W - LTé (component proportions)

Source DF Seq SS Adj SS Adj MS F P
Regression 5 0,006750 0,006750 0,001350 8,68 0,252
Linear 3 0,00115¢ 0,002842 0,000947 6,09 0,288
Quadratic 2 0,005594 0,0055%4 0,002797 17,98 0,lé4
COT*RCOT 1 0,005420 0,005067 0,005067 32,57 0,110
COT*RPET 1 0,000174 0,000174 0,000174 1,12 0,482
Residual Error 1 0,00015¢ 0,000156 0,000156
Total € 0,00690¢

Figure 2.16.2.4.: The regression analysis of 6™ cycle of long-time vertical wicking,
from Minitab.

The regression analysis of 6™ cycle of long-time vertical wicking indicates that if the
F-value is greater than 1 but the p-value exceeds 0.05, the model is not statistically
significant overall. However, given that the R-squared and adjusted R-squared values
exceed 90% and the confidence interval is 95%, the model appears to explain a
substantial portion of the variance in the dependent variable. The discrepancy between
high explanatory power and low statistical significance may indicate issues such as

overfitting, multicollinearity, or insufficient sample size.
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Figure-2.16.2.5.: Cox response plot of vertical wicking of unwashed fabrics.
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According to cox response plot of vertical wicking of unwashed fabrics, it could be
stated that increasing cotton & recycled cotton increases vertical wicking, and
according to results, MCRP, 20C1 and RC have same vertical wicking values, so using
recycled cotton or using cotton-recycled polyester blend did not change the vertical
vicking enormously. Also, RP’s vertical wicking is almost same with cotton & their
blends, this could be result from smooth filament yarns in fabric. Lowest vertical
wicking belongs to MCRC interestingly, so it is not advised to use MCRC, because it
behaves like a polyester fabric. Based on Duru & Candan (2013)’s study, it could be
understood that unwashed 20C1, RC, MCRP’s vertical wicking value is almost same
with their C-D-M fabric, and MCP’s vertical wicking is quite similar with their C-D-
T fabric, and their fabrics include cotton blends with polyamide and elastane threads.
Kumar and Das (2013) indicated that increased vertical wicking in cotton may be due
to a reduced machine gauge; therefore, it can be inferred that if cotton and recycled
cotton fabrics possess an equal number of loops in the course direction, their vertical

wicking results could be similar.
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Figure 2.16.2.6.: Cox response trace plot of vertical wicking of 3" cycle t-shirts.
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According to 3™ cycle results of vertical wicking, it could be stated that recycled
polyester’s vertical wicking is 20% lower than unwashed one and polyester also
became more hydrophobic during these 3 cycles, so washing & tumble drying could
affect wicking properties of synthetic fibers more adversely. While cotton’s vertical
wicking increases 14% comparing to unwashed one, recycled cotton’s vertical wicking

stays almost same with unwashed recycled cotton.

Cox Response Trace Plot

0,09 Comp:RefBlend
COT 0,2500
— — RCOT 0,2500
PET 0,2500
—— - RPET 0,2500

0,08 4

0,07 -

0,06 -
0,054

0,04 4

Atted V.W -LT6

0,03

0,014

-0,2 0,0 0,2 0,4 0,6 0,8
deviation from reference blend in proportion

Figure 2.16.2.7.: Cox response trace plot of vertical wicking of 6" cycle t-shirts.
According to 6" cycle results of vertical wicking, it could be said that while cotton’s
vertical wicking stays same with 3 cycle results, while recycled cotton’s vertical
wicking increases approximately 14 % after 3" cycle, so maybe recycle cotton’s water
permeability tend to increase more after 3™ cycle, compared to cotton. Recycled
polyester’s vertical wicking decreases 50% comparing to 3™ cycle, and decreases 60%
comparing to unwashed recycled polyester fabric while polyester’s vertical wicking
remains same with unwashed one, so multiple washing & drying cycles could affect
vertical wicking properties of recycled polyester more adversely than virgin polyester.
Duru & Candan (2013) made 5 cycles of washing & flat drying, and their vertical
wicking results of washed fabrics indicate that RC, 30C1, 20C1 and MCRC fabrics
have almost 2 times higher vertical wicking than their cotton-polyamide-elastane blend
fabrics, and washed & flat dried C-DW-T has closer vertical wicking with 6" cycle RP,
so using elastane and polyamide threads during production of cotton fabrics made the

fabric as hydrophobic as recycled polyester.
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2.17 DSC Test
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Figure 2.17.1.: DSC test of non-washed 100% recycle polyester fabric.
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Figure 2.17.2.: DSC test of 100% recycle polyester at 3™ cycle.
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Figure 2.17.3.: DSC test of 100% recycle polyester at 6" cycle.
Based on the relationship between thermophysical properties, L. Sudomova et. al
(2023) showed that DSC may be used to differentiate PET materials with varying
origins and recycling levels, so in this thesis, DSC Test was used in order to understand
thermophysical properties of recycled polyester ideally. According to above figures, it
could be said that peak degree in DSC test is becoming lower and lower with multiple

washing & drying cycles.
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According to Mirjalili & Karimi (2013)’s research, it could be understood that after
washing& tumble-drying, RP’s Delta H (Enthalpy, J/g) becomes closer to untreated
100 % normal polyester, yet still 2 times higher than normal polyester, which seems
an interesting result. Also, 6™ cycle RP’s enthalpy is almost same with 6" cycle MCP.
L. Sudomova et. al (2023) also claimed that products from recycled polyester could
have higher peak temperature and enthalphy (J/g) than normal polyester.

2.18 Thermal Comfort (Alambeta) Test Results

P ——

S -

Figure 2.18.1: Thermal Conductivity Test from 3™ cycle t-shirts.
For thermal comfort test, ISO 11092 standard had been followed.

2.18.1 Thermal resistance

Based on test results, it could be said that MCP’s thermal resistance increases 16%
between 0-6" cycles while MCRP’s thermal resistance increases 4,5%, so thermal
resistance of polyester affected by multiple washing& drying more than recycled

polyester.

2.18.2 Thermal conductivity

Based on test results, RP’s thermal conductivity 20% increased between unwashed
fabric to 6™ cycle t-shirt. MCRC’s thermal conductivity increased 33% between 0-6%"
cycles. Thermal conductivity of 20C1 increases 25% between 0-6™ cycles while
30C1’s thermal conductivity increases 5,5%, so maybe thermal conductivity of cotton
fabrics having coarser yarns affected by multiple washing & drying more than fabrics

with thinner yarns.
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W.V.P (g/m”2/day) Seam Strength (N) Air Permeability (cm”2/s) Thermal Conductivity
Quality (mMW/m.K)
0" cycle  6th cycle ] O(;*I‘e 6" cycle o cycle 6" cycle 0" cycle 6th cycle
MCRC 44444 58339 12/4,4 121,89 56,30 55,60 36,7 483
RC 5666,7 3272,2 186,7 154,27 44,41 55,10 479 43,8
MCP 5305,6 6574,3 189,7 177,26 50,10 66,80 44,1 46,1
MCRP 5416,7 6826,5 165,5 189,72 69,70 56,80 37,2 45,8
30C1 4888,9 5472,2 129,7 116,77 58,42 65 47,2 49,8
20C1 4611,1 5538,9 160,1 134,70 58,90 69 43,1 54
RP 4916,7 5735,6 268,8 233,37 135,80 107,23 34 434

Table 2.18.1 : Numeric test results of W.V.P, Seam strength, Air Permeability, and Thermal Conductivity, from Oth & 6th cycle.

75



2.19 Amount of Fiber Release

Figure 2.19.1 : Amount of fiber release of
MCRC, at the end of 1%t & 6" cycle.

Figure 2.19.2 : Amount of fiber release of RC, at the end of
1%t & 6™ cycle.

In this test, TS EN 12127 standard had been used to determine fiber weight. Almost
all fabrics’ fiber release decreased 4 times from 1% cycle to 6™ cycle. Nm 20/1 40%
preconsumer cot. 60% conv. Cot fabric has the highest fiber release in all cycles while
100% rec. cot has the lowest fiber release. According to the results, it could be said
that if recycle cotton did not blend with another fiber, it has better performance
compared to other fibers. For blended fabrics with same yarn number, amount of fiber
release was quite same, but rec. pes- cot blend fabric has slightly higher fiber release
than cot-pes blend fabric in all cycles. Also, even Nm 20/1 100%cot has higher fiber
release than Nm 30/1 in all cycles, they have same fiber release on 6" cycle.

76



3. COMPARISON OF ALL TEST RESULTS

3.1 Best Results of Unwashed Fabrics

Based on best results of unwashed fabrics, it could be pointed out that RC has the
highest water comfort and fastness properties while RP has the highest mechanical

strength properties. It could be stated that RC has better results than both 100% cotton

fabrics and MCRP, so use of RC should be advised.

3rd cycle

RC

6th cycle

Fabric

Figure 3.1.1 : Color of RC at 0", 3 and 6™ cycle.

3.2 Best Results of 3rd Cycle T-shirts

For 3rd cycle results, it could be concluded that MCRP’s fastness results seem
outstanding yet RP has better strength amongst all qualities. Since MCRP had been
dried in mixed programme, it could be said that mixed programme could protect

fastness properties of cotton-recycled polyester fabrics up to 3 cycles.
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3.3 Best Results of 6™ Cycle T-shirts

100% recycled polyester has higher better results compared to all qualities, yet if fabric
needs better fastness & water comfort properties, than Nm 30 100 % cotton could be
advised, but if fabric needs higher strength, than RP could be advised. Since 30C1 dried
in cotton-cupboard programme, it could be said that cotton cupboard program in
drying machines could protect fastness & water comfort properties of cotton fabrics.
Also, if cotton cupboard program uses less time and energy, mechanical strength

properties of RP could also protect even after multiple cycles of washing & drying.

™~

6th cycle
3rd cycle

Figure 3.3.1 : Color of 30C1 at 0", 3" and 6™ cycle.
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4. DETERMINATION OF A NEW DRYING ALGORITHM

Quality Drying Energy Drying Energy Drying Energy

time  amount time  amount time amount

(Minute, (WH, (Minute, (WH, (Minute, (WH,
coteco) coteco) Mixed) Mixed) cotton cotton
cupboard) cupboard)

MCRC 90 656 - - 130 967

30C1 90 648 - - 130 981

RC 90 677 - - 130 976

20C1 100 693 120 919
MCP 75 566 90 591 - -

RP 90 771 - - 70 495
MCRP 70 529 100 592 - -

Table-4.1.1 : Drying time & energy for all qualities and programs.

In this research, MCP & MCRP dried in karma program, MCRC, 30C1, RC, 20C1,
and RP dried in cotton cupboard program during tests. RP actually would be dried in
synthetics program but this program was only 30 min, did not dry recycled polyester
& it’s standards made for cotton-polyester blend fabrics, so a new algorithm made for
RP. According to this new algorithm, 60-70 minutes of cotton cupboard or
approximately 450-500 WH energy in cotton cupboard will be enough for drying of
recycled polyester. After all the textile quality tests were made, drying in cot eco
program was also investigated, so all t-shirts were dried in cot eco as well, yet cot-eco
dried t-shirts did not tested in lab. According to results, it could be stated that cotton
cupboard uses too much time and energy for drying, and excessive drying of cotton,
recycled cotton, and their blends could cause decrease in strength and increase in
dimensional stability (%), so using this program for recycled cotton probably decreases
life span of cloth. Moreover, significant moisture retention was seen in t-shirts
processed by the Cot Eco programme, especially on the vicinity of the collar. The
weight of the clothes after washing and drying was similar to that of the clothes before

washing, but the resulting level of dryness was not high enough to wear directly.
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Because the Cot Eco program could not attain full cupboard dryness, it cannot be
recommended for drying any type of fabric, even if it uses less energy than the Cotton
Cupboard program. On the other hand, the Mixed program effectively reached the
required level of dryness while exhibiting better advantages in cycle duration and
energy usage when compared to the Cotton Cupboard program. As a result, it is
advised that all fabric types could be dried using the Mixed program. Approximately
450-500 Wh of energy is needed to obtain ideal dryness for RP, 550-600 Wh for MCP
and MCRP fabrics, and 700-750 Wh for cotton and recycled cotton blends, according
to this master’s thesis’ findings. Therefore, it is expected that drying durations for
cotton fabrics can be further decreased without sacrificing fabric quality by altering

the settings of the Mixed and Cotton Cupboard programs.
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5. CONCLUSIONS AND RECOMMENDATIONS

To conclude, it could be stated that RC could have better fastness results than normal
cotton and their blends, and RP could have better fabric strength properties than normal
polyester and their blends. Both recycled cotton and recycled polyester perform better
in a fabric with single fiber type, their blends could have undesirable fabric properties
in terms of textile quality. RC was too thick for a summer cloth, so maybe it could be
blend with viscose or tencel to obtain a thinner t-shirt fabric. Also, only RP’s stitches
opened during seam strength test, in order to get rid of this problem, stitch type, sewing
thread type etc. could be modified, also RP could be produced from ring spun yarns
instead of filament yarn, and then it could be tested and change in strength could be
evaluated & compared. It could be stated that almost all qualities have same test results
at 0" & 6" cycle, so even the tumble drying took a lot time, recycled fabrics are not
tend to damage adversely. It is also predicted that, with this new drying programme,

recycled fabrics could protect their quality properties up to 15 cycles.

In next project, 50% viscose 50% recycled cotton, 50% viscose 50% recycled
polyester, 50% tencel 50% recycled polyester, 50% tencel 50% recycled cotton fabrics’
quality properties could be tested before & after washing & tumble drying, maybe
effect of changing washing temperature could be evaluated or effect of line drying &
tumble drying could be compared with above fabrics. Moreover, this new drying
algorithm could be also tested with these fabrics, then it could be answered that if this
new drying programme dries other fabrics properly, or if this new drying programme

protects quality properties of recycled fiber blends with viscose or tencel.
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