ABSTRACT
DING, YI. Color GamutComparison Methodology and Evaluatimn Textile Ink Jet
Printing. (Under the direction of Dr. Harold S. Freeman and Dr. Lisa Pa@fiapmar)

There is growing interest in making significant portions of the domestic @utdo
furniture soft goods production comgate with overseas producti@s this seasonabulky
product could be produced more effectively closer to the mdthkgtanticipated that
domestic productionan beincreasedy implementing new technologiesfabric printing
operations to enable a) the cesftective domestic production required for success in
servicing the retail sector; b) new product innovations not feasible using current production
technologies in this category, and c) a flexible and mesige supply chain capable of quick
respamse to customer market trend$ie development of higepeed digital printers, capable
of printing 70 m/minhas made this processmpetitive with rotary screen printing in terms
of speed and cost, while offeringgampetitive advantage when printing shorter runs or
multiple colorwa. Thus, digitally printed fabrics for outdoor furnishings would offer a
game changing strategy for the domestic textile complex. With this in mind, the
developmenof costeffective dgitally printed outdoor fabrics with high UV stability that
mat ches an end userods color gamut and are re
activated point of sale is a logical undertaking.

Thisresearch@ught to develop an understanding of curgentiedink jet printing
colorans and color managemestrategyfor the outdoor marke® he authorstudied how
colors are digitally mixed and color is controlled and matchidDelphi methodvas used
to investigate current color gamut analysis methodsiti@al componenof color

management systems (CM8)k jet printing exertswere interviewed, toinderstand how



they manage color and their process for analyzing and comparing color gamuts. A significant
result of this study was the development &bua-stage process modelr color gamut

analysis color managemeiatnd print quality evaluation for textilak jet printing. This study
alsouncoveredan industry initiative toward the improvementoolor management system

(CMS) for more accurate coloratthing, a need to stalaé variables in the manufacturing
process, and a need to create standards for re¢estisdaind evaluations. The stuadgo

revealed new CMS software and technologies developed for ink formulation and pre/post
treatment methods facilitate high quality production in textiiek jet printing.

To test and validate the process model, two experimental studies were condeted
first studycompared and analyzed the color gamut oftprated versus utteated polyester
and cotton soistrates using a sisolor pigment set. The second study compared and analyzed
the color gamut and print qualitf two different colorant sets, severcolor disperse set and
an eightcolor pigment set. The proces®delwasfound to beeffective for evalating the
two experimental studies. Results of these stughesved thal) commercially available
fabric pretreatments significantly enhance color gamut for pigrtased inket inks,2)
disperse dye based inks provide a larger color gamut and tvettkifastnesghan pigment
based inksand 3) pigmeninks afford betterlightfastnesshan disperse dye based inks.

To assist orgoing efforts to enhance the lightfastness of colorants in dispasssl
inks for textileink jet printing, a series of analgal methods were used to characterize the
molecular and excited state properties of disperse dyes for modern ¢gayinks. Results
showed that ligliastnessvasimproved by using certain dye mixtures and by eliminating

singlet oxygen formation anceted state lifetimes.
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1 Introduction

The development of highpeed digital printers, capable of printing 70 m/(dij are
competitive with rotary screen printing in terms of speed and cost, while offering a
competitive advantage when printing shorters or multiple colorways. Therefordigitally
printed fabrics for outdoor furnishings would offegame changing strategy for the domestic
textile complex.

In the currenttextile printingsupply chainrotary screeprintingis the predominant
method, and the majority of manufacturing ocdarthe Far East arg2). However, as labor
coskincrease irAsia, andconsumerslemandshorter deliveryandproductcustomization,
domestic ink jet printing is gaining momentum as a compliment or replacement for
traditional offshore screen printin@-5).

Textileink jet printing technologyffersa number obenefits including personalization
and quick response to fashion chasdmwver costdor shorer print runs and justn-time
delivery;reduced fabric inventory argloragecosts; and alower negative impacbnthe
environmendue to the reduction of energy and water consumgépn

The developmat of textileink jet printing technology compriseseveral different
research areaBor examplejnk chemistry, ink jet printing hardware, softwgmecessing
requirementsmanufacturing workflovand industrysupply chainOnce established, ink jet
printing offersopportunitiedor new and eisting textile printed product®r markets such as
apparel, garment badges and labels, interior textiles, carpets anddi@smgs, technical
textiles, flags and banners and industrial grapfisThis technologyas the potentidab

replace a significant portion of tisereerprinting marketin the future(8).



While advancements in ink jet printing are considerable, many of thereaéelgrch and
development initiatives centered on paper printing. Wioempared tonk jet printing on
paper, textile prirgd producthave additiona] more complex market specificatioasd
requirementsparticularly concerning fastness properties. Intaad to achieve the desirable
print quality and target color an increased number of variables must be condiered
example, the construction of fabrics (weave or krat)cause wicking problemseadingto a
higherink penetration that reduceslor strength on the substrgt@10) Therefore, the inks
used indigital textile printing mushave a higher concentratiofh colorantghan inks used in
graphic printing processebherefore pre and postreatmenof the substrates typically
required to improve print quality, Also, fabrics used as apparel or home textiles have to
withstand multiple washing or dry cleaning and ironing cycles without fading or changing
shadg(11).

The inks for textile ink jet printingiust exhibit keyphysical and chemical propertites
be suitable for jettingncluding: purity, viscosity, surface tension, conductivity, pH values,
foaming properties and particle sidel). Currently, the commercial available colorants in
textile ink jetinks includereactive, acidanddisperse dyes and pigments. The chemical
properties of the colorant determine the extent of the interasitbrthetextile substrate, as
well as the preand posttreatment required for printind.2-14). Four-color set comprised of
cyan, magenta, yellow and black (CMYK) has become the industry standard iferitext
jet printing15). Additionalcolors beyond the CMYK satanbealsoadded into the ink set,

to increase theange ofcolor gamut, andeduce totaink consumptior(16).



1.1 Research Objective

Theobjectiveof this study ighreefold: 1) toenhance our curreninderstandingf
developmert pertaining irtextile ink jet printing technology?) to develop a methodology
for analyzing color gamut and for evaluatirdative prirt qualities in textilank jet printing;

and3) tomake advances in the utilibf disperse dyefor ink jet printing for outdoor fabrics.

1.2 Relevancef Research

Digital printing is predicted to grow up to 21fdr 2016(4). This rapidy growing industry is
supported by research efforts in the areas of pigment and dye development, ink head
development, color gamut analysis, ink consumption analysis, printing sustainability, color
reproduction accuracy, printing speed and fastness piegekrguably, one of the most

critical research and development (R&&eas is color gamut analysis, particularly as new
colorant sets, preeatment formulas, and ink jet heads are developed. An effective and
standard method of color gamut analysisdeded for a number of R&D and manufacturing
scenariosFor example, if a companyishes to develop a siwr eightcolor ink set, using

CMYK as the base four colors, decisions must be made as to which additional colors will
provide the most impact on thelor gamut. This decision may be based on market color
trend demands, cost of each colorant, and print head type. For example, companies
developing ink sets for newer print heads that have increased capability of variable dot sizes
may not need to focus delopment efforts in paler shades such as light magenta, light cyan
or grey and could instead focus efforts on orange, blue, violet, red or green. A considerable

investment of time and money is needed for the development of each new color, so the



decisionmaking process to determine which color(s) to focus on, for example red vs orange,
or blue vs green, must be informed by credible research. Additions of colors to the basic
CMYK ink set increases the color ganfli6); howeer this addition may also decrease

printing speed. A print house, can almost double the print speed by outfitting a printer with
two sets of CMYK rathethan, for example, a CMYK, + O,R 8, To effectively make these
types of decisions, color gamut anatys needed.

Development of a process model émlor managemerand color gamut analysis will
provide industry and academia watbetter understanding ik jet textile printingcolor
reproductionA thorough review of pertinent paterasdliteraturewill help build an
understanishg of the new generatioof disperse n kstabdity toUV exposureThe
information gleaned from thesgéudies will providearoad magfor individuals who have no
prior experience or knowlee in this area, and contributethe wideradoption of color

gamut analysis and light fadye desigrfor textileink jet printing.



2 Literature Review
The review of literature covers five sections: background of textile printing development,
textile ink jet printing technology, digital tr management system, ink chemistry for textile

ink jet printing, anghotostability ofink jet inks.

2.1 Background

Textile printing is a large global industry that makes profit for fiber, fabric and fashions. It
requires time, labor, resources and gensmasste(17). Rotary screerinting is currently
the major printing midod in the textile industrgl,18) It uses a cylindrical screditted with
a squeegeto deliver the colored print paste through holes on the screen, as the fabric passes
beneath the screenhe printing speed of raty screefprinting can reacb0-100 m/min with
adequate dryingapacity

Transfer printing is another printing procesg tbavidely used in textile coloration
(1,18) In this case, the design is first printed onto a flexibleteatile substrate (e.g. paper)
and then transferred in a separate step onto the textilemiethod is competitive with direct
printing since it provides an economical and e&ayto print anddiminishes the need to
physically store the desig@n the other hand, no single trangbeinting method is
universally applicable to a wide rangetextile fibers, andlisposal othe waste paper
remains an issud9).

Much of the fundamental theory @il jet technology was first described by Lord
Rayleigh in 187820), as afinonrimpact dot matrix printing technology in which droplets of

ink are jetted from a small aperture directly to a specific position on a medium to create an



i ma ¢26,21) Most of the subsequent development for this technology started in late 1950s
to 1960s several ink jet printing devices were developed for paper printing applications.

A significant step in the development of ink jet printing technology was a method for
adjusting the gray scale, which was developed by Hertz, by controlling the number of drops
deposited in each pixé22), as well as the ink volume for each d(@R). As the
devdopment continued, Sweet from Stanford University conceived of continuous ink jet
printing, by applying a pressure wave pattern to the ink stream and breaking ink into uniform
sized droplet$24,2%5). The technology was launched and licensed on computer output
devices in the late 197(22,23) Meanwhile, dropon-demand devices were invented and
commercialized, which eliminated some comgies of continuous ink jet printer, such as
with drop charging and ink recirculation syste{26). The ink jet methods for dregn-
demand included thermal jet, pieetectric, electrostatic and acoudiy,28)

As rapid advances were made in ink jet printing technologies for home and office
systems, a system for digital ink jet printing for textile substrates was also developed in the
mid/late 1980%26). The associated data is drafted or transferred from any digital model, by
scanner from standard photographic models, or from drawings to the(28yithousands
of colars can be printedsing a cyan, mgenta, yellow and black inksah a relatively short
time, without moving substrates between machaudifferent locationg26). The first
textile printer was th#lilliken Companyd Milltron for printing carpetwhich had print
resolutiononly 10 dots per inch (dp{R9). Over the years, more textile ink jet printers were

launched, with an improvement in print resolution, as wetireing speed.



Textile ink jet printing is becoming competitive with conventional sciganting, by
offering distinct advantages for short runs, sampling and proofing. Also, no screens are
required, which means all costs to engrave screens, makesteegrecreate strikeffs are
eliminated. In addition, with ink jet printing, printer downtime and colorant and substrate
waste are eliminated. Other benefits include reduction of manufacturing space deede
the lack offilm masters, stencils, scregor plates typically required for screen printing. The
multicolor registration capability of ink jet printing makes possible an unlimited repeat size
and number. Inventory and pollution control costs are decreased tremendously, as most of the
colorants g onto the fabric. No thickener or paste is required, and water consumptions is
much lower. Also, ink jet printing enables justtime deliveries and mass customization
(19).Meanwhile, the print quality is improved sificantly. Less or no color overlap or
trapping is observed on the fabric.

Different approaches and opportunities for digital textile printing exist in apparel
fabrics, madeaip garments, garment badges and labels, interior textiles, carpets and floor
coveings, technical textiles, flags and banners and industrial graf@tixDigital ink jet
printing is expected to take the place of scrpenting in the futurg8). This techntogy was
established in production environments and has been particularly effective ferushort

prints for the massustomization markg8,31)



2.2 Textile ink jet printing technology

Various typesof textile ink jet printerswereintroducedn the 1980s.Wide formatmachines
weredesignedor printing advertisemendisplays,matchedwith suitableinks, andyielded
prints on mosttextile materialswith acceptableuality andfastnesgpropertes

Except for carpet printers, the ink jet printer used for textiles based on dye jets
controlled by solenoid valves was introduced in 1987, which was a chdirgedr
continuous ink jet (C1J) type, and operated on the binary principle with four padshe
(CMYK) that scanned across the fabric attached to a rotating drum. Print production was
very slow (about 1 hour to produce a square meter) but near continuous mode could be
achieved by controlling the amount of ink deposited at each spot in the khalgelevel
charge systems were introduced later on with a multiple array of printheads to increase
output(10). In 1999, the TIJ watdvased ink printer was launched with a 300 dpi resolution,
and the print speed coutdach 12rffhr. In 2003, Artistic 2020 printer was showed in the
ITMA expo, which was compatible with reactive, disperse, acid dyes and pigment inks. Also,
600 dpi was achieved, and the print speed was/B@nn 2011, MS Italy launched the MS
Lario printer, which improvd the print speed to 7Cihr with 600 dpi. In ITMA 2015,
several printemanufacturerrought their new single pass high resolution (1200 dpi)
printers(32).

Different ink sets consist of diffeméprimary colorsBasically, a fourcolor ink set
contains cyan, magenta, yellow and black, thealed CMYK inks The mixture of primary

inks produces thousands of colors to print on fab8ome ink manufactures have launched



their CMYK+ additional olors inkset, by using more colors to improve the print quality
(16).
2.2.1 Printer/Printhead

Most wide format ink jet printers for textiles use the printhead to carry the array of jets,
which are based on a reciprocating mecsari’). The prinhead usestepper motors, and
areindexed forward by an appropriatstnce before each subsequssgnacross the width
of the substrate being printé83). Large containers of ink are usually placed at the side of
the machine and connected to the printhead via plastic capillary t{@ing

The printing definition along the fabric weft is determined by the scanniogityebnd
frequency with which the jets can be fir&éar example,n the wap direction, it depends on
the closeness with the individual jet outlets spaced on the printhead and trex ptipdsses
the printhead mads; in theweft direction, theoutput ofa printer depends on the width of the
swatch printed on each scan across the fabric, which is determined by the number of jet
outlets per color in the printhead. Those factors set some important parameters in designing
and manufacturing of the printhas,which differin the charged drop types. The choice of
printhead is critical to their speed, replacement cost;temyg eliability and consistency; in
addition the printhead technology influences the fabric penetration, image resolution and
greyscale pgormance(19,29,34,35)

Jet printing systems used for textiles may be classified based on a selectively deflected
chargeddrop (continuous drop pradtion) principle and a drepn-demand (DOD) method
(drops produced as required by some impulse sys#f36,37) The ink can b@ressured

(3-5 MPa) for charged drop printeosit is supplied at esatially atmospheric pressurethme



most commonly used dregn-demand printheads, such as the bubble jet and-pieztric
type (1). The majority ofprintheads are manufactured in Japéih theexcepion of brands

such ad=uji Dimatix and RicohTable 2.1 provides moreletails about the printhea(32).
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Table2. 1. Printheadsisedin currentlydigital textile printers

Manufacturer

Type

Units for textile applications

Seiko Epson

DX4, DX5, DX6, DX7,
TFP(Precision core technolog!

Robustelli Mona Lisa, Mimaki
TX Series, Mutoh, DTG

Machines, Epson SureFire Dy:

Sub SGF Series

Ricoh

Gen 4, Gen 4L,

Genb5

Mimaki TX400, Durst Kappa
180 V2, Anajet DTG MP5 M
TX500,
Green G5, Aleph TXE00

Mi

ma K i

Seiko Printek(SllI)

508GS, 1024GS,

510BN, 1024BN,
RC512(JetFlow)

Zimmer Colaris, BGen Atrix
Toshin 2020, Hollanders
Colorbooster, Vutek 3250r,

Ichinose 205@eries

Konica Minolta

KM256, KM512,

KM1024i

Nassenger V, Nassenger V11
Nassenger Pro 60, Pro 120, Pi

1000, Nassenger &P

Kyocera

KJ4B

KJ4b-03T(2C)

Reggiani Renior, MS JPK, MS

La-Rio, LM QualiJet K, Atexco
Vega, Aeoon Kyseres DTG
MS JR3, MS JP5 ED, Arioli

ArioPrint ,16

Fuji Dimatix

Spectra Series
StarFire SG1024

Samba(Mems)

Agfa Aquajet, Durst Rhotex,
Kornit DTG Printers
ITE GB Series (India)

Zimmer Colaris 3

SPG Pike Single Pass

Panasonic

UN-HAS800 Series

Atexco (Honghua) Ajet Series,
DGI FD-1908, Mimaki TS300P

Panasonic

UN-HAS800 Series

Atexco (Honghua) Ajet Series,
DGI FD-1908, Mimaki TS300P
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2.2.2 Drop formation and impaction

The formation and delivery of ink drops is crucial for textile ink jet prin(B&). Ink drops
become printed dots on a substrate, which influence print resolution, print quality and speed
directly (39). Severakey points affecting drop formation and impactare concluded
below,include: drop shape, drop volume, jet speed and jet straightness.

Generally, all the bubblejet printheads tend to eject a long stream that subsequently

breaks up and produces satellitedrgf®y. The i nk airlop dommsctaedt wi

6neckdé with the drop head. The i mpact of sat

sharpness in theeft direction of some textile jet printe(36). The shape and location of the
heater in bhblejets have also been proved to affeetdlean ejection of dropblsing
modified annular heaters has been showed to eliminate the formation of satellitetdjops

A second key point is the ink drop volunhek bleedingssue will occur if drops
contain too much ink, which means ink diffuse along fiber aniebbthe desired prirdrea.
Variable drop sizes primhode eliminateghis issue significantly39,42)

The third key point is the jet speedcludingfiring speedand drop frequency. The jet
speed must be fast as well as consistent, which varies according to the printhead mechanism
and ink formulation. Meanwhile, the jet speed also edléb the productivity and production
cost impact in commercial and industrial applicati(3%).

The last key point is the jet straightnddszzlesin the printheadanust be aligned in
the optimum directionvith the substrategs well as with each other. The angle and

straightness of jet falling onto fabric account for print conseteprint accuracyyhich
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meano g or overlapped printing issueh@& ambient temperature and humidity can affect
drop formatiorand jet alignment39).

2.2.3 Drop impact on the substrate

Textile designs can be printed digitally by specifying RGB and CMYK values for pixels in
each location. Some files, such as BMP and TIFF formats, can b€3@3€ethe color of

each pixel is determined by the proportions of eastred ink which are jetted onto the
fabric surface as a matrix (usually 4*4 or 8*8) of tiny drops. In some charged drop CIJ
machines, the numbef drops and the volume of ink delivered to each location within the
superpixel can be modulated the number of different shad€extile printing requires

larger drops than rephotographics to achieve the requiredipiokink on the textile

surface Once the drops of ink impact the substrate surface drying commences, partly by
capillary absorption into the fiber and partly by surface evaporation. At slow printing speeds,
atmospheric drying is usually acceptable but some of the latest ink jet pmctygorate
forced airdrying ducts. When printing woven structures, the ink will spread preferential in
the warp and weft directions forming a fequointed star effect rather than a circular spot.
Some special pretreatment procedures are required foe tektjet printing, to avoid those
bleeding issues.

In generalthetotal averagenumberof dropsappliedperpixel bearsalinear
relationshipto the correspondingreylevelsin the patterndata.However,thevisualcolor
strengthof the print is not simply relatedwith the valueof dropsperpixel. As increasinghe
amountof ink appliedon fabric, ink penetratiorof the color into thefabric will beincreased

aswell. Ideally the color data will be modified by the application of color management
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software (CMS), which attempts to ensure that individual color printers are calibrated and
produce shades that match originally specified files.

In generalthetotal averagenumberof dropsappliedperpixel bearsalinear
relationshipto the correspondingrey levelsin the patterndata.However,thevisualcolor
strengthof the printis not simply relatedwith the valueof dropsperpixel. In fact,
microscopicexaminatiorcoupledwith color measurementshowsthatthereis little increase
in coloryield when no uncoloredextile fibersremainon the fabric surface At this point
increasinghe amountof ink appliedsimply resultsin increasegenetratiorof thecolorinto
thefabric. Themodificationof color calibrationandcolor matchingis requiredfor different

type of printing environments.

2.2.4 Textile handling

The printers have limits for the width of textiles, which have to fit ihefeedmechanisms

of the machine. A sufficient width of the fabric determines the calculation of printing trials,
and mainéins a smooth and stable process, which is also consistent with the color
management software.

Flatbed and roito-roll printers are both widely used in textile if@t printing. Fabrics
can be treated as paper and put onto a fldtirgatinting, whichare wellcut and ready for
garments, such as whole garment prin{#g). For roll-to-roll printing, thefabricroll is
unraveled tsend for printingand theroftenwound to another rolbefore printhg. This
method is easier for storage, transportation and useHart rewound, care should be taken
to ensurehe fabrics have no wrinkles puckersand tension is inform across the width of

the fabric to maintaigorrect printing registration of imagduring printing Foravery soft
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fabric such as silla stiff paperbackingis oftenlightly adherel to the pretreated fabric, to
facilitate the fabrideed intoroll-to-roll printing systemMore recentlyahigh quality bek
feeding methodvasdevelogd, which utilized a special chemiaadated tacky belt to

support fabrics, reducing distortion or shrinkadé¢he substrat€l,44)

2.3 Digital color management system

Color perception is a psychologicalgstomenon that is initiated by light reflection from a
surface or objectr light emission from a source, which is then received by eyes and
interpreted by the brain. The perception of color involves light detection; and sight and as
suchisinfluencedby he i ndi vi dual s physiology and psy

The use of color is a smce as well as an art. Humaaeact to certain colors
physiologically, which will influence the selection of colors for textile prints seasonally. The
effective use of CMS is significafor either design sample or industrial production, and also
scientific researches.

Ideally the color data will be modified by the application of color management
software (CMS), which attempts to ensure that individual color printers are calibrated and
produce shades thatatch originally specified file§45).

2.3.1 Color perception

Colorimetry is used for scientists in color science, photography, printing and graphic
communications, to quantify and describe human colorepéan, also to determine and
identify the concentrations of substances that absorb light. The technology of colorimetry is

often used in CIE (Commission on lllumination) tristimulus values and related quantities,
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which established the standards of measuprocedures for use in color and appearance
areas, also the light sources, observer response to color and geometry for reflectance
spectrophotometersuch as RGB, CMYK, CIEab, or CIH.uv color system

Two types of colomixing methods are used in cokbeory additive and subtractive.
For additive mixing, the primary colors are red, green and blue, which can be overlapped in
projected lights to form mixedolors. Different proportions of mixing red, blue or green
mixtures, can be observed by human é@s Subtractive mixing is used in textile printing.
In this case, the primary colors are yellow, magenta, and cyan. White is the absence of color
and mixing the three primaries produce bl&£K).

Correspondinglytherearetwo color reproductiormodelsin ink jet printing:
(a).CMY andCMYK, which standgor cyan,magentayellow (and black). This systemuses
subtractivemixing methodgo describecolorssuchaspigmentsanddyesto printona
substrateThecolorsperceivedoy our eyesarereflectedby inks on the printedarea.Most
desktopprintersin the printing industryuseCMY -basedcolor spacesAn additionalblackis
addedo overprintthe mixed areado give theimagesbettercontrasin CMYK.
(b). RGB, which standgor red,greenandblue, is a systemmixing colorsaslights from
emissiongo showon aviewing screenlt is anexampleof additivemixing method.The
computemonitorsstartfrom finol i gahdtthéncombinedto makemillions of colors.There
are256typesof differentvaluesfor eachprimary color, andthe maximumcolor gamutcan
beformedby usingthe phosphoto arrangethe color stimulus(10).

Colorimetic valuesof a printed image can be transferred from scanner (RGB) to

printer (CMYK) for a printed image. However, the reproduction results are very
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unsatisfactory because of the wide variation of color reproduction characteristics between
input and outpudevices. Some complex polynomial equations andlinear
transformations were used in the conversions, together with further calibration and
characterization of equipment, to achieve uniform performance on different di€j@ys

The range of color, which can be reproduced by different types of color mixing is
calledic ol or g a mu totCMYKameRG® aremyerlapped but also have some
differences. For textile digital ink jet printing, CMS helps to input thé8Rdel of design,
and transfer it to an output CMYK ink recipe. To obtain a better color matching, many
printersusél i ght 0 Vv er iaddadditohal Setdof €d, orange, purple, green and
grey to extend the range of cold6).
2.3.2 Color mixing methods
Two types of color mixing methods are usedhe color science areadditive and
subtractive. For additivenixing, the primary colors are red, green and blue, which can be
overlapped in projected Ings to form mixeecolors. Different proportionof mixing red,
blue or greemixtures can be observed by human €4é€3. Subtractive mixing isisedin
textile printing In this case, the primary colors are yellow, magentacgad. White is the
absence of color and mixing the three primaries produce (agk

Correspondinglytherearetwo color reproductiormodelsin ink jet printing:

TheCMY/CMYK systemis basedn the subtractivecolor mixture, whichis usedto
developrecipesbhasedn dyesandpigmentsto print agivencolor on asubstrateThe
colorsperceivedyy our eyesaretheresultof light reflectedfrom the surfaceafter

absorptiorandscatteringoy inks on the printedarea.Most desktopprintersin the
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printingindustryuseCMY -basedcolor spacesAn additionalblackis employedio

overprintthe mixedareado improveimagecontrastin the CMYK system.

TheRGB systemusesred,greenandblue primariesto mix coloredlights andform
projectionson a screerin anadditivemannerComputemonitorsprojectcolor by
combiningtheseprimariesto makemillions of colors.Eachprimaryvaluecanbe
adjustedrom 0- 255for an8-bit systemandthe maximumcolor gamutof 16,777,216

possiblecolors(10).

The RGB space varies with a change in several parameters, including the hue of red,
green or blue primaries, brightness of the source used in the display, hue of the white poi
and other factors. Col or -psineejGprintejandBsrime)sual |y
Sspace as -dadrer edgtaemdma space to identify the no
code/decode the tristimulus values used in imaging sys&m9)

Thesimplerelationshipbetweerthe RGB andCMY color spacesn termof digital
valuesaregivenby:

R=255CG=255M B=255Y

The RGB and CMY values for a printed image are converted in the&hp®yed by
scanners and other color reproduction devices. However, the results are often not very
satisfactory due to the wide variation of color reproduction characteristics between input and
output devices. Some complex polynomial equations andimear transformations are used
in conversions, together with further calibration and characterization of equipment, to

achieve uniform performance on different displéyg).
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The range of color, which can be reproducgdiifferent types of color mixing methods
iscalledic ol or gamut 6. The CMYK and RGB gamut ove
In textile digital ink jet printing, CMS may be used to input the RGB for a design, and
convert those to an output for the CMYnhk recipe. To obtain a better color matching, many
printersused@d i ght 6 version of CMYK, with some addi

green and grey inks to extend the color rafig.

2.3.3 Digital color spaces
The canmon color spaces can be divideto three categories: devidependent, deviee
independent and internal color spaces. A ded&gendent color space is used where the
color performance is depended on the equipment and tup sesed to reproduce them,
including RGB and CMYK. Color attributes data can be easily obtained from the device and
can be processed by software but varies between different devices and cannot provide
enough information of actual colors. Computing with 8 bits per channel for RGEit(24
color) and CMYK (32bit color), 256 grey levels for each primary can be obtained, which
leads to a theoretically possible 16.7 millioA*{Zolors.

A deviceindependent color space is used where the coordinates are specified to
produce the same colaherever they are applied, suahithe CIE colormaces. Parts &€IE
color spaces are listen Table 2.2 (47) including the merits and demerits ®eich of them.
Those spaces aveidely used in digital printing areas.

CIELab color spaceaccounts for the chromatic adaption, luminance, and color
constancy accurately. The model includes information on lightness, chroma, hue, which are

all significant for colorimetric,tiis also useful for color difference measurement. This model
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works well for many daylight illuminants and moderate illuminance levels. However, there is
no direct formulae for the direct conversion betweeBR@Gd CMYK using L*a*b* values.
Internal coloispacesuch asRGB, AdobeRGRan be used for the conversion.

A visual detailecexample is shown iRigure 2.1, the CIE L*a*b*Cas*hanis plotted
in threedimensional rectangular coordinates, in which L* specifies light/dargpatifies
red/green and b* specifies yellow/blugriiutes. Positive values @t axis indicate red color
while the negative values indicate the degree of greenness. Similarly, on the b* axis,
yellowness is shown by positive values while blueness is eyt negative values. For
both axis, zero indicates a natural grey. Chromgt, 3 the vector specifying the distance
between the achromatic point and the color, which equals to the square root of the sums of
squares of a* and b*. The longer tiistan@ s, the higher the chroma. Hue is measured in
degrees and ranges from 0 and increases in the anticlockwise direction. Taese co
distributions are shown ithe Figure 2.2. The CIELAB color space represents the full color
gamut that can be perceived visually. It was created as a more uniform model, and device

independent space through several transformations from XYZ values

20



Blue

Black

Figure2. 1. CIE Lab color space.

Cyan Red

Magenta

Figure2. 2. Huecircle.

Red: 350-360° and 0-35’
Orange: 35-70°

Yellow: 70-105°

Green: 105-195°

Blue: 195-285

Violet: 285-350°
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Table2. 2. Examplesof somecolor spaces.

Color spaces

Attributes

Merits

Demerits

X,Y,Z: imaginary

Device independent
excellent for
communicating a

CIE XY7 norrnegative color and for Perceived as nen
primaries mapping a uniform
Y: Luminance representation that
can be used for
accurate color mixing
Device independent
excellent for
Y: Luminance communicating
x andy are colors and for Perceived as nen
CIE xyY o : ;
chromaticity mapping a uniform
coordinates representation that
can be ued for
accurate color mixing
L= Luminance Color temperature
CIELAB a*=redgreen Perceived as linear b
. mustbe known
b*= blue-yellow
L= Luminance Color temperature
CIELUV U= Saturation Perceived as linear b
_ mustbe known
V= Hue angle
L= Luminance Color temperature
CIELCh C= Chroma Perceived as linear b
— mustbe known
h= Hue angle
Excellent for video .
display usage and Pgrcelved as nen
RGB Red, Green and Blu e linear. Device
color additive
dependent

properties
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2.3.4 Color Management System NGS)

Digital data can be transferré@m design workto thecomputer monitothen theprinter to

obtain color reproduction§roman observer 6s vision, the col
cones tahebrain and form images, whidanbe influenced by thdluminantand

background. Images acaptured througthe scanner or spectrophotometer, as a series of

RGB data for the computer to process. Images are then displayed through their RGB signals
and lightng system on the monitors. Finalthe RGB data ts&to be converted into CMYK

ink primaries and jetted ontbesubstrate as the irdcop matrix.

The ink jet printer and the variety of printing methods, dyestuffs and fabric all
produce and handle colors in different ways, which results in independerdrsatules color
spacesTo establish a stable conversion among different color spaces, a significastiséep
characterization of the ink jet printer, which requires enough information for full color
potential of a given set of inks and substrate withex#ic set of software parameters. The
target colors can be printed on a selected substrate, by defining the maximum range and
subtleties otones, which is conducteging a spectrophotometer and a color gamut for the
sets can be mapped as well.

The CMS assists color transferring from image capture to the final printing system,
which provides a control system to measure the color data of design, and accurately
transformed into output data for display on monitor, or as input data for pfit)eil he
color management process includes two different transformations: first, capturing the device

data (a displaydés RGB or a printerodés CMYK)
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(PCS)for specific viewing conition; second, an inverse one that take the colorimetric
description back into device color space data.

In 1993, the ICGInternational Color Consortiunmyas founded by commercial
members, concerning of the standardization of printing produd¢@éhcola management
system is commonly used as CMS, which helps to interpret dspasfic values into a
deviceindependent model, and manage the conversion between different color space
encodings and image encodings, to maintain the color consistency thineugiidr
reproduction workflow. Four main components in the ICC system are: the profile connection
space (PCS), which is the standard intermediate space that all profiles convert into and out
of; the color management mo dwelde t(h@GMM)e, mbwehdidceh
the operation system and performs all the conversion; the ICC profiles, which contains all the
information for color conversion into and out of PCS; the rendering intents, which provide
different approaches to deal with color gamatpming. Each ICC profile contains the

information for color space conversi¢lb). Their relationship is shown in tikégure 2.3.
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Color
Source profile + management Destination profile +

Rendering Intent module Rendering Intent

. C
R X L Profile X L
Input - M Output
so:)rce [» 5 > YorA I ERnHecHIn @ VorA e Y | pl’i?\t
B ZorB space ZorB K

Figure2. 3. ICC Color Conversion.

There are many commercial available software pgek@ompatible with major
textile inkjet printer to capture, display and print imag&kich use a widely accepted
standard form of ICC Color Profile. Color negement systems for textiles may selectively
include a textile design system, a color physics system for calibration, a raster image
processing (RIP) system, and a software that allows recipe predictions with different
dyef/fiber system to produce desiradar (10). There are a lot of market available RIP
software for textile ink jet printing, such as Ergosoft TexPrint, RIPMaster, Efi, AVA digital

print RIP, Caldera Tdile Pro, NeoStampa RIP.
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2.3.4.1 Color calibration,charaderization and profile creation
To avoid loss of color fidelity, it requires devices to be calibrated and characterized by CMS,
which enable color information communication between devices. An output device profile
establisheshe relationship betwegsrinter with ink recipe signals sent to thés®). Some
desktopdevices are supplied with default profiles for the typically used colooants
substrateshowever, for textile inket printer, more parameters shoulddsar in mind to
keep uniform print environment, such as pretreatment condition, substrate type and thickness,
printhead height and alignment, etc

When printers arealibratedand characterized, there are several methods to realize
conversion from RGB it CIELab, including look-up tables (LUT), artificial neutral
networks (ANN) and polynomial transforr(t80). The LUT method is normally achieved by
measuring a large number of color samgfely, which consumes a lot of time and work
(52), the ANN method is more widely used these days, especially for color desktop
publishing systems (DTP), which is using digital color media (printersjanipulate color
images(53), the input data can be transformed into output data through a transfer function
(52,53)

To create a custom output profiteflection spectrophotometers are requi@d
measure the colorimetric attributes. Sama@dheld devices, such as Barbieri Spectro Series,
Medbeth, XRite series devices are mostly used in the mafkesst target in electronic form
is sent to the printeand the printed version is then compared to the reference file. ICC

device profile is a data filmostly usedor the fomvard and inverse transformati¢tb).
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2.3.4.2 Color reproduction

The last function in the CMS oncluded asador reproductionlt is defined asithe process

by which color information from an original
conditions, is transferred to a reproduction medium, under its viewing conditions, with the
intentionoftherepoducti on having a(b9 Mestlyetheaimpfiolared pr o
reproduction in many imagingrocessing workflow isto obtaimnf ai t hf ul 6 r epr odu
However, it is impossible reproduce the whole gamutder different print environment

For example, a@esired color reduction requires to considghysical colosrelated

properties (e.g. spectral powgdistribution reflectance or transmission characteristics), the
stimulus to vVvi e wenmespasepXYDd ttisatnmukicvalyes),dhe appearance
attributes (brightness, colorfulness and hue); the context information such as the influence of
background; the media that color is applied or exhibited, such as textiles, plastic surfaces,
displays, etg alsoviewing condition, including viewers, illuminations and the spatial

arrangement of viewir(§5).

2.3.4.3 Rendering intent

Four differentcolor renderingntentsaredefinedin ICC color managementelativeintent,

absolutdantent, perceptuaintentandsaturationntent. The relative colorimetric intent maps

the media white point to the PCS white point, by allocating the media white point to PCS
ClELabvalues (100, 0, 0). This ensures that the white of the imegms its white

appearance to the eye on the new medium. All the other colors in the gamut are rescaled to

the media white point, maintaining the relative difference between vdloeabsolute
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colorimetric intent mapped the white point of the illunmhéD50, or other illuminant
adapted to it) to the PCS LAB (100, 0, 0), the media white will be mapped relative to it.
The perceptual intent is designed to produce images that are pleasing, but not
necessarilyolorimérically accurate Colorreproductios may be optimized fahe output
sourceMedium is selected to provide a limited gamut, which is useful intermediate between
many input and output color spaces. The intent typically includes adjustments to the tonal
range to map the dynamic range of tmage from source to output. Then the gamut is
warped and compressed to bring-otigamut colors inside the gamut, while preserving
relationships between coloi/hen usingperceptual intentheinput and output may be
significantly different colorimetrc accuracy is not required.
The saturation intent preserves thghest saturation of imageith possible
compromise of hue and lightne#tsis mostly used in magazine or advertisemétimages

which containing graphics obje¢tsut less suited tacaurate reproduction of natural images.

2.3.4.4 Color gamut mapping

Basing on the purpose of color reproduction, which is categorized as rendering intent,
the color gamut mapping provides the link between the appearance of an original source and
the appearanceopsible n the reproduction destination, Bgsigning colors from the
reproduction medium to colors from thaginal medium or image. The gamut boundaries
play vital roles in gamut mapping, basing on the consideration of rendering(b&gnt

Several type®f mapping methods can be usad intersection, partial overlap,
reduction and expansion, depending on the source color information and the destination they

are going to be applied. The most common sibmais that the destination gamut is smaller
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than the source gamut, which means that mapping is either appliedgaolor or pressed
into a gamut by accounting the spatial relationship. The gamut reduction can be divided into
compression and clipping,here the compression change source color that are inside the
destination gamut while the clipping can only change colors outqig®)it

Two sets of appearance attributes can be used in the gamut mappiotpprétiese
are absolute values (brightness, colorfulness and hue) and white point relative values
(lightness, chroma and hue). The choice of the attributes used depends on the desired
reproduction properties and the viewing conditions. For example, soduéd attributes will
be chosen if an artwork reproduction is viewed in the original surrounding, instead of
someoneds |iving room. However, most reprodu
which are not viewed in the original conditions.

The choiceof color space is very important for a successful gamut mappireg.
most common color spagased in the gamut mapping includ€sELab (56), which uses
L*, C* and hwas predictors. This model was developed based csutiteactive media in
1976. Another spa¢#hich is used in a smaller number of gamut mapping applications is the
CIELUV space. The shortcoming of these spaces is the-comsamination issue. Another
popular space used as a visual space in color gamyimgap the Munsell color order
system. The samples are set under the same hue but different chroma and value (lightness)
levels. It is a physical sample set, which is based on a large number of visual judgements
about reflective surface color samplas.one ofthe most aaarate appearance space now in

CMS, CIECAMO?2 is also used in the mapping transformation pro&egs
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As a conclusion, color management plays a significant role in digital printing
workflow. Consider aboutheunique featuresf textile inkjet printing it is importantto
maintain the cosistency of color reproduction, to achieve pleasant prinqualityin the

workflow.

2.4 Ink chemistry for textilank jet printing

2.4.1 Current requirements for textile ink jetinting inks and substrates

As mentioned before, textile printing has additional requirements compared to paper printing.
Because of the construction of fabrics (weave or knit), it leads to a much imiher

penetration and reduceslor strength on thsubstrate. Normally, the inks used in digital

textile printing have to have a higher concentration than inks used in graphic printing
processes to reduce the penetrakgael. Also, the length of run is much highéranin

graphic printing.

The inksfor textile ink jet printing haveequiral physical and chemical properties,
including: purity, viscosity, surface tension, conductivity, pH values, foaming properties and
particle size. Requiremenbf the substrates includedbstrate orientation, fastnesesgth,
and compatibility with conventional printing methqd4). The required properties affect
both printing and functional performances in different ways.

Yellow, magenta, cyan and black are requiigca ful-color printing setThe
absorption maxima and shape of absorption curves are key parameters to descoiloe the

performance. Ideally, marrow absorption curve indicates a bright color. Also, the ink
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concentration, pH value, ink solvents and-gubstate interactions aft# the color
performance$28).

For example, color strength of the inks must be high enough to provide high optical
densities and flexibility for the ink formulations, leaving more space for ttigiaeks (58).
Viscosity influences the printing quality and efficien@ry much, which has been
established through varioegperiment¢28). Surface tensioplays an importantle of the
droplet formation. The surface tension of commercial inks varies between 21mN/m and
48mN/m. The conductivity of ink should also be taken into consideration, which requires a
value between 6mS/cm and 12mS/m.

A dye for ink jet inks should also Y@ high solubility to minimize the possibility of
dye cwystallization leading tmozzle blockagé58). Also, particle size affeis the printing
gualities in terms oflispersion stability, optical density, color gaigioss and lightfastness
(59).

Photostablity and thermal stability are required especially for thenk@t system,
and even heagetting process, to avoid the degradatibdyes. Also, the effects on
environment, health and safety mirst also taken intaccount these yeafs8,60,61) Table
2. 3 lists most of the required properties of ;&fink jet printing and their relationships

between each other.
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Table2. 3. Importantpropertiesof digital ink jet printing (62,63)

Physical properties Printin g properties Functional properties
Viscosity Goodopticaldensity Machinecompatibility
Specificgravity No featuring Stabledropformation
Surfacetension Uniform spreading No particlecontamination
Conductivity Fastsettime No nozzlecrusting
pH Goodfadingresistance Low corrosion
Dye purity Goodsoakresistance Low corrosion
Particle size Goodrubbingresistance Long shelflife
Color Goodsmearesistance No long-termhealth
Gloss problem
Able to print ontextiles No chemicalhazards

Textile-specific requirements asdsobased on consumer expectations, witiah
differ from the demands in the graphics industry. Fabrics are used as apparel or home
textiles, which have to withstand multiple washing or dry cleaning and ironing cycles without
fading or changing shadé&1). For industrial applications, the interaction between ink
formulation, printhead and substrate properties, affects the print quality and products

properties in different ways, as shomrigure?2. 4.
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— | Substrate

* Image quality
* Image durability

* Printsharpness
/ * Colorintensity

¢ Drytime

* Wrinkle and shrinkage

Printhead Ink

s DispsiEstvele . Phy.5|caland chemical properties
e Purity

* Printresolution ) | Ink stabilit
* Print speed Y

+  Ink compatibility ® Inkebnstmpten

* Colorgamut

Figure2. 4. Factorsaffectingprinting propertiesn differentways(32).

Most of the factors are interrelated and the final ink sieleust take into account
the total system in order to provide the final textile ink print performancéregdoy the end
user The most important areas are #pplicationof the necessary chemicals by either a pre
or posttreatment. In textile ink jet prting, a fixation stage (heat or steam) is also required,
together with washing off the unfixed dye (and the removal of any excess pretreatment
chemicals) with ink systems.

2.4.2 Colorants in textile ink jet printing

Digital ink jet inks must satisfy some regeinents to print on fabrics, which determines the

ink selections for different types of substrates. The classification of colorants can be defined
according to their chemistry and applications, whictiudepigments and dyes. The dyes
currently used imnk jet printing include acid, direct, reactive and disperse dyes. The

chemical properties of the colorant determine the extent of the interaction with textile
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substrate, as well as the paad postreatment fotheir use In textile ink jet printing, ithe
first developmentgvolvedwatersoluble dyes such as reactive and acid dyes, because the
development wastatively easy and there wdge purification and filtration equipment
already available at the colorant manufactu(é#.

The development of textile ink jet inks based on dispersion technologies, famigm
and disperse dyes inks are mogeent developmesibecause of the difficulties in
developing stable dispersion based ink formulations atahescalelevel (65,66)
2.4.2.1 Acid dyes
These are anionic dyes that are relatively small in size. They form ionic bonds with the
positively charged dye sites on the fiber. The anionic groups determinadbewmus
solubility, and they caibe used for the coloration for nylon and protein (wool and silk) fibers
with the high image intensity and chroma. However, their poor image durability (wet
fastness and light fastness) has led to their use in textiletimk $pecialized areas such as
silk printing. Nowadays, photorealistic, wiflermat and other end user applications require

higher performance colorants than the acid {gé3

2.4.2.2 Direct dyes

These havahigher moleular size than the acid dyes, whigikiesaffinity for cellulosic

fabric. Direct dyes are generally soluble in waespecially at low salt level¥hey tend to

have large planar aromatic structures. They are not as bright as acid dyes but their wet
fasness and light fastness @enerallybetter. In textile ink jet printing, direct dyes have not
been used althougheiare used in other areas of ink jet printing such as desktop and wide

format ink jet printingon paper
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Some modified direct dye strucas have been developed to enhance the interaction
with media, the carboxylic acid group replaced sulfonic groups in second generatibn of
jetdyes, which enhanced theusmpus solubility at alkalinpH candition, but decreased it at
acidic pH. Later onfunctional groupsvere added teould enhance the affinity between dyes
and cellulose fabriand improvehe light fastness.
2.4.2.3 Reactive dyes
These are high chroma, watmluble colorants, containing a reactgreup, for printing on
cellulosicand protein gbstrates. The major advantage of using these colorants is that they
form a covalent link with the fibers, and produce a bright durable color print with excellent
wadh fastness on cellulose fibers.

Two major factors determine whether they are suitabldiptal ink jet printing:
reactivity and substantivity. The dichlorotriazine dytbe most reactive onesannot be used
in digital ink jet printing, due to their low stability in storage or ink paste. However,
monochlorotriazingless reactivearewidely used in ink jet printing.

Apartfrom the dye, the inks contaltygroscopic agents such as diethylene glycol,
propylene glycol and diethyleneglycol monobutyl either to avoid drying out in the nozzle.
2.4.2.4 Disperse dyes
Disperse dyes have very low solubilityirater but soluble ian organic solvent, ar@hn be
applied as finely dispeed aqueous ink jet inks to targe¢dia. With the high performance in
hue, brilliant and color strength, they are used as colorants in inks for hydrophobic substrates
(12-14), such as polyester, for both vapor phase transfer printing and direct printing (using

high temperature steam and dry heat fixation, followed bysiroti process)The
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developnentof disperse dyes used for ink jet printing is later than the vgaleble dyes.
The particle size of disperse dyes plays a significant role on printing consistent images
without nozzle cloging. Manufactures tendto produce two types of disperse dyese for
direct printing and the other for transfer printing.

Some popular disperse dyfes outdoor usenclude:

1 DisperseYellow42,Yellow86, Yellow54
1 DisperseRed60, Red91
1 DisperseBlue27,Blue56,Blue60, Blue77

The structures of tlsedyes ae shownin Figure 2.5 to Figure 2.13.

NO,

ZT

SO,NH

Figure2.5. C.I. DisperseYellow 42 molecularstructure.
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Figure2. 6. C.I. DisperseYellow 86 molecularstructure.
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Figure2. 7. DisperseYellow 54 molecularstructure.

OH o)
NH, O

Figure2. 8. C.I. DisperseRed60 molecularstructure.
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Figure2.9. C.I. DisperseRed91 molecularstructure.
CH,CH,OH
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Figure2. 10. C.1. DisperseBlue 27 molecularstructure.
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Figure2. 11 C.I. DisperseBlue 56 molecularstructure.
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Figure2.12. C.I. DisperseBlue 60 molecularstructure.

OH O OH

Figure2.13. C. |. DisperseBlue 77 molecularstructure.
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2.4.2.5 Pigments

Pigments are insoluble colorants, which must be applied as fine particulate dispersons,
similar maaner to disperse dyes. Generally, they have excellent light fastness, but there is no
affinity between pigments and textile substrates. Normally, the fastness to theusrtle
conventional screeprinting depends on the binder and other additivesdrptint past€10).

In ink jet printing, pigment inks are be dispersed in aqueous r(@slzand the

incorporation of the textile binder the ink formulation is very dependent the specific
printhead technologf67), due to the particle aggregation and nozzle blockage. Some
examples of pigments used in texii jet printing are shown frorfrigure2. 14to Figure 2.

16.

Figure2. 14. PigmentBlue 15 molecularstructure.
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Figure2. 15. PigmentRed122 molecularstructure.
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CHs

Figure2. 16. PigmentYellow 14 molecularstructure.

2.4.3 Ink formulation

The components of inks includelorantsof the typegdescribed in aboveection A solvent
carrier, which iswaterbased or otbased, s used taleliver ink drops to substrates.afér is
used to adjust thiek concentration and viscosity and a surfactsntsed to reduce the
surface tension and enable mixing of all the compon&pending on the prand post
treatment process, some other addg maybe addedo the inks, such anantroxidizing

agent, fixing accelerators, UV absorbers, disinfectants andlamtnability agents.
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Beyond the chemistry consideratgthe print production, ink durability and other
sustainability concerns arésa required for the ink formulatiof@2).
2.4.4 Substratgre/posttreatment and their effects

Figure2. 17 shows hree typical printing processusing pigmerg, disperse dyes and
reactive dgs.The pretreatment materials are hydrophilic and sensitive to moisture content in
astorage environment. Therefore tive storage of treated fabrics, humidity control is very
important. Also, the conditianused to pretreat fabrics before printingiamportant in

attaining target image quality, especially on ink spreading and absorption.

Pigment ink

Pretreatmen> Printing> sI:’?tairt'l-g >

Disperse ink

Pretreatment > Printing stt?;_g Wash-off Drying

Reactive ink

Pretreatment Printing Steaming Wash-off Drying

Figure2. 17. Textile ink jet printing procesdlow chart

Pretreatment componentange from simple to compleandinclude thickeners
which hold the colorants within a certain area for curing and fixation; alkali, which is
required by reactive dye to form a chemical bond with the fiber; anedoleshe dyestuff to

fully dissolve inwater to givea more concentrated soluti¢f?).
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Pretreatment provides a reactive surface fofj@tlprinting and prevents unduek
penetration or spready. The fabric sample should be properly desized, scoured and
bleached, in order tonprove pretreatment efféveness

Polyester and polyesteoitonblends can be treated with a hydrophilic enhancing
agent, which act as a receigitayer for the inkCommerciallypretreatedabrics for ink jet
printing can be labeled as PFP or PFDP (prepared for digitalngjnwhich is compatible

with the ink formulation, as the recommendation of ink manufact(4&js

2.4.4.1 Printing with pigment inks
Tradition textile pigmeninks with emulsiorbasedinders for ink jet printing mkes ¢ to
50% of the textile printing markethedevelopment of pigment inksr ink jet printing must
take into consideratiossuessuch as the drying and nozzle cloggiNgrmally, the pigment
inks containb0 to 150 nm crystalline particles asolloid sysem while dye inks are much
more uniformly mono molecular solutions. Tlaek of affinity between pigmestand the
substrate requirgbe use of @olymeric binder t@ive acceptablevash and crock fastness
propertiesThe binders should have adequateiltgland shelf lifetimetoward
sedimentation, hom@nd heterecoagulation and phase separation, as well as low viscosity
and Tgto avoidnozzlecloggingproblems.

A typical pigment ink formulation for ink jet textile printing includes:

1 A nanoscalepigment dispersiorfor color

1 A polymericbinder,asolublepolymeror latexfor imagedurability

1 Water,for aqueousnk jetinksi amediumto carryothercomponents

43



1 A co-solvent,helpingwaterto carryotheringredientghroughsolubility and
compatibilityandenhancinghe performancef otheringredientsan termsof

wettingandadhesiono the substrateandjetting properties.

1 Surfactantsfor nozzleandsubstratavettingandjetting reliability andalsofor
stabilizingthekeyingredientssuchasbinderandpigmentparticlesfrom

coagulation

1 Humectantsto preventink dryingwhennot printing

1 An antifoamagentto reducefoaming

1 A viscositycontrolagentfor dampingcontrolanddropletformation

1 A penetranto speeddrying on porousmediasuchaspaperandtextile

1 A biocideto preventspoilage

For textile printing, it is critical to incorporate enough binder in the inlaéoeptable
washfastnessnaintaindow viscosity, ink stability and reliable jetting, solids level. For
example, a nonionic surfactavase onpolyethylene glycol aislink stability anccontrok
wetting. The humectarsiows water evaporation and preveirtk drying near the nozzle, and
as rheology modifiecontrok the viscosity profile and therefore jetting and drip formation. A
crosslinkable and ink medium soluble but water insoluble polymer could serve as a
dispersanfor the pigment, as a binder to bind the pigment particles to the fabric for wash and
rub resistance, and a rheology modifine pigment system requires a drgat fixdion step

after printing as well.
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2.4.4.2 Printing with reactive dyes

The reactive dye inks are mbystised for cellulosic substrates, but also for wool, silk and
nylon. They produce bright shades with geaashfastness. Covalent bonds are formed
between dyes andbac under alkaline conditions.

Printing processtefs with reactive dye inkor cotton include pretreatmepédding,
drying, printing, steaming, soaping amasing The pretreatment solution should contain
watersoluble polymer, sodium carbonate aséhaslts and urea. All agents selected should
not react with the reactive dyes. Fixation of prints on fabrics is by atmospheric steaming for

10 minutes at 102 °C, followed by wasft.

2.4.4.3 Printing with disperse dyes

The pretreatment of fabric is also impottéor disperse dyes used in texiihd jet printing,
which enhances theetting of polyester, giving good image quality and smooth transport to
fiber.

Inks with disperse dye differ a lot frothose used fascreenrprinting, in terns of the
particle sizg68), the type of dispersing agent and the final viscq§®y71). The
pretreatmenagentreplaces of polymaused in the textilpaste forscreenprinting. The
dispersed colorants are usually prepared as concentrations betw2@wi® in water and
arehighly purified. The range of mean particle size is roughly from 100 to 250 nm. The
viscosity range of the concentrated dispersian  f r o m 1 €Fixation obpéintsisP a A

achieved byemperatureat 170180 °C, followed by washinrgff.
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2.4.5 Other print quality assessment

Various methods have been used for the fastness testing folltexiilg dyeing and

printing, which can be refieed from relative book&72,73) A recent study hadiscussedhe

test of large formaink jet printing products, due to the lack of established color standard and
printing qualities in the markef74). The tests include: color gamut size, color management
accuracy, print uniformity, print repeatability, registration, ink consumption, print speed, rub
resistance and weathering fastn&smne of the dailed parameters influenciminting

gualities have also been studied, for example the humidity and temperature of printhouse, the
position of fabric in steamer, and factors of thickners and other auxiliaries mightodlue

color repeatallity (75).

2.5 Photo stability for ink jet inks

2.5.1 Basic concept of color

When light strikes an object, it can be absorbed, reflected ontitad through different
medig then, when reflected ligiheaches the retina of man eyes, a photochemical process
is initiated which causes the perceptiohcolors by human eye®vhite color resultsvhen

all wavelengths of the ligharereflected from the surfacBlackis perceived whenlla
wavelengthsareabsorbed by the objedihe light mayalsobe completely transmitted
through the object, with little interactiowhich resultsn acolorless object, such as glass.
For colors such as red, yellow, blue, green and sooome svavelengths can be reflected and

others absorbed, resing in the appearance of the different col@is).
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For the dye molade, the chemical structure has a significant influence on the color

absorbedwhich determins the coloiseen.

2.5.2 Dye structure and color

Three important componenits a dye molecule plagignificant roles in thabsorptiorof
visible light, asdiscussed in the following sections.

2.5.2.1 Conjugated gstem

All dyes contain a&onjugated double bond system, whichystem of alternating double and
singlebonds(Figure 2.18). The length of the congated system influences the positain

the absorption bandh sp-hybridized molecules, an s orbital is combined with three p
orbitals. In sphybridizations, two p orbitals g@ndpy) are combined with omseorbitals,
allowingpt o form °~ bond (doubl e (7B)onldn wheé h™ aomlki
electrons are generalfyrther away from the attraaoty atomic center, which means less
energy is required to transfer electronsof m “ orhitads, which resultsiilonger
absorption wavelengthsuRhermore, if the wavelength lies in the visible region, the

compound will be colored.

R

Conjugated

/\/\/

Not Conjugated

Figure2. 18. Conjugatedandnot conjugatedstructures
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2.5.2.2 Chromophoe

Chromophores are thgroupsattachedo the conjugatedystem that make color possible.
Examples of bromophores arghown inFigure 2.19. The chromophore structures have a
significant influence on the photostability of theedyand pigment&8), which will be

discussed later.

Ar

\(‘

/ =
Ar

o) Triarylmethane

Anthraquinone

\.\1&1\\

Azo

Figure2. 19. Someexampleof chromophores

2.5.2.3 Auxochromse

Auxochrome are the grouttached talye structures and are knowncadled as fAcol or
hel per s 0.esdanbetagsified asranionic, cationic, or anionjisuch as

ammonium carboxyl, hydroxyl and subhic groupsSulfonic groups can be useddonfer

water solubility Unlike chromophors, auxochromeslo notproducecolor but they can

influence color
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2.5.2.4 Electron excitation
Every photochemical reaction begins with the absorption of a phzaasingelectronic
transitiors within a givenmolecule Based orStarkEinstein Law i \wen a photon interacts
strongly with a moleculgsothat it is absorbed, the oscillating electric field associated with
the photon perturbs the electronic structure of the molecuale &xtent that the photon
ceaseso exist and its energyg transferedto the molecule, whose structure chasigean
excited stateéd h& enegy absorbed can be exprestgdhe wave function of ground and
excited states, which determines the position of tisergition after energy transfer
oG ®» 0: O

TheLambertBeer Lawis anotheccomponentf photochemistrylt describes a
situation thabccurswhen a beam of monochromatic light of intensitpdsses through a
sample whose optical path lengthiiem), and the carentration of the absorbing molecules

is comoles liter*. The equation is simplified in the following equation.

~

N -
U € % - wa
In theaboveequation, the quantityis the molaextinction coefficient, which is a

guantitative measure of theténsity of the absorptiof. ¢ "Q is the absorban¢ehichcan

be measured directly bycammercial spectrophotometer. This value is directly proportional
to the concentration of the absorbing species.

2.5.2.5 Joblonski Diagram

Once a molecule has sdirbed energy in the form of electromagnetic radiation, there are a

number of routes by which it can return to ground stlte pathwagycan be illustrated bg
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Jablonski diagram, which is shownHRigure 2.20. Sates and transonsare shownsuch as
thesinglet ground electronic staf#o), in the first excitedingletstate(S:) andsecond

electronic excited sta(&,). Electrons can exist in a number of vibrational energy leatels
each statewhich are represented by theltiple lines in each electronic state. The spacing
between energy levels is about 1500 reciprocal centimeters, which exceeds the energy for
population of excited vibrational states by thermal energy at room temperature. The
electronic transitions are almtasstantaneous in nature, often occurring in timeframes

ranging from nano to supico seconds

4
% Vibrationz! relaxation y
— S,
tnternal conversion T
Intersystem crossing o
4 s,
— - : P
photon y
/v = 4 photon
photon /
\ fluorescence phosphorescence =
So

Figure2. 20 Jablonskidiagramillustrating electronictransitions.

As illustrated inFigure 2.20, whena moleule absorbs light energy, it can éecited
to a higher energlevel (e.g.S1or $), and rapidly relax to bbowest energy levelf a photon
emission(loss of energy) occurs between states of the same spin stata {e.8)Sthe

processs temed fluorescencé.ifetimesof fluorescence are typically four orders of
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magnitude slower than vibrational relaxat{d@®° to 108 seconds)giving the molecules
sufficient time to achieve a thermally equilibrated lowastrgy excited state prior to
fluorescence emission.

Phosphorescence decay is similar to fluorescence, except the elestnamdergoes
a spin conversion into a "forbidden” triplet state) (fistead of the lowest singlet excited
state, a process known as intersystem crossing. Emfssrarthe triplet state occurs with
lower energy relative to fluorescence, hence emitted photons have longer wavelengths. With
delayed fluorescence, the electron crosses back over into the lowest singlet excited state
before returning to the ground staftae phosphorescentgetime is longerthan
fluorescencé10* seconds to minutes or even houBoth fluorescence and
phosphorescence are radiative process

Internal conversion (IC), intersystem crossing (ISC) and vibrational relayeagon
nonradiativeprocess.rternal conversion is theonradiationtransition between energy
states of the same spitate Intersystem crossing is a nenadiationtransition between
different spin stated/ibrational relaxationndicates ahange from a neequilibrium
vibrational energy distribution in a given electronic state to an equilibrium vibrational energy
distribution of the same state. For most moleculestitasnost common of the three

transitions and itoccurs very quicklyless tharl0'? seconds).

2.5.2.6 Photofaling reactiors for textile dyes
As seen in the Jablonski diagram, the energy level of an excited singlet state is higher than
the respective triplet stateakingthe excited singlemnore reactive. However, the lifetime of

excited singlestate(1-1000 ps)s too short for efficient chemical reactioasidmost
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conventional photochemical reactions originate from triplet states. In general, textile dyes
react in the excited singlet statespite of the short lifetimeecause of the direct contact with
reactive groups on the fabric. However, the triplet state reacts mdnetvatmolecular
oxygen sincexygen diffussinto thedyed fabric(79).

Photcoxidation and reduction are two major reactions causing photofading. The
ability of dyed or pigmented fabri¢e withstand prolonged sunlight exposure without fading
or undergoing physical deterioration is determined largely by the photochemical

characteristis of the absorbing coloraitself.

2.5.2.7 Photooxidation

The lightinducel fading of dye oftelmccursin the presence of oxygel.is an irreversible
processin which the dye is degraded into colorless produdiss fading processevitably
involves the participation afingletoxygenor superoxide

Most dyes can be degredi in the presence of singlet oxygermich can be generated
by singlet oxygen sensitize(80,81) For example, both methylene blue and copper
phthalocyaning€82) are efficient singlet oxygen sensitigewhich can transfer energy from
lowest triplet states to the acceptor (molecular oxygerg.adeeptor then will beaised to an
excited stateand the original donor will revetthe ground state.

Griffiths and Hawkins studied the photooxidation of azo dyes, which are
characterized by one or more agoups(83). It was found thasingleé oxygen waghe key
componentn the fading reaction. They proposedttBinglet oxygemeacted witlthe
ketohydrazone tautombyant he &6 ene b6 r eahgdropeooxideffigure p2l)p d u c e

which decomposed to a naphthaquieamd the tolenep-diazonium ion.
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Figure2.21. 6 E n e 6 r ie aza@dyespbotooxidation.

Thephotmxidation of azo dyes is generally associated with oxidative cleavage of the
azo linkageas shown ifrigure 2.22. Singlet oxygen attds the hydrazoe form of the dye,
as an intermediatg&tep Some researehnsfoundthatelectrondonating oit withdrawing
substituentslter the electron density at the reactive aitd influence the fading rate
significantly. The electromvithdrawing grops such as Nfaccelerate the fading, while the

electrondonating groups such as Oghkhve an inhibiting effect on azo dyes fad{84-88).
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Figure2. 22. Mechansm of oxidationof azodye hydrazoneform by singletoxygen

Other dyes can also be degraded by singlet oxygen, including polymethine and
arylmethine dyes, indigo and suiffdyes(89). Superoxide can also be generated via the
electrontransfer reactions in the excited states of dyes. The subsequent reaction may lead to
decolorization of dye, which is illustrated in the scheme b¢8y

00 6 0O'C0F (F

0B "O0C OQ®é anéi QoQée

2.5.2.8 Photoreduction

At the same time, many dyasdergdfading in the absence of oxygen when a suitable
electron or hydrogen atom donor is presBhttoreduction is believed to penmostlyon a
protein substrate such as wool, atstssome hydrophobic polymers when there is no free
access to oxygeidigh-energy light (UV and near UV) is required to facilitate the cleavage

of bonds. The reaction pathway can be illustrated in theeswe below:
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The hydrogen atom was attracted by Hdm RH, the oxidiable functional group
on the substrate, to formB*and R Then, both Rand the peroxy radical R€cause the
degradation of the dye. The radica04may also react with RH to generatetHand R
There is another possibility that the dye acts as a sensitizer for photooxidation, which is

shown in the deeme below:
'OCF (O © "'00 "Q)F

This reaction helps to initiate and propagated free radicals with the substrate. The
build-up of peroxides in the substrate can cause bleaching of the dye indirectly. This type of
fading exiss in quinone dyes, which haveng-lived triplet states, which meartbat
photofading ignitiated byphotoreduction, but lorterm degradation is the product of
photooxidation(79,90)

2.5.3 Factors affectindightfastness
Besides the photochemistsymmarizedbove, there are other factors influencthg

photostability of dyesGenerally, the factorare(85,91)
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thewavelengthdistributionof radiation

the surroundingenvironmentafactors
themolecularstructuresof dyesandpigments
the physicalstateof dyesandpigments

the natureof the substrate

2.5.3.1 The wavelength distribution of incident radiation

The UV light is one of the mosignificant contributoto the photofading procesSome
colorants can also be degraded by exposuseimtight and other light sources, whigtovide
different spectrapowerdistributiors (92). Someatrtificial illuminants have also beersed

for the lightfastness assessment, such as Xenon Arc light.

2.5.3.2 Environmental factors
The environmental factors influence the fading process mainly includes the atmospheric
gasesthe content of moisture and the temperatimgestigators in 19 centuryhave already
found outthat organic colorants fade more rapidly in light when in the presence of oxygen
and moistureComparisos have been conducted by chandimg content of oxygen and
nitrogen. Also the pressurd oxygen can also influence the fadirage (93), sinceO: is the
principal agent in the breakdown of the photochemical excited dye moiedhke oxidation
process

Some researcheatsofoundthat fading of dyes susceptible to humidity when faded

may actually be moreapid on dull than on bright days, the reason coulthaebright
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sunshine heats up more than in dull conditions, and reduce the regain of th&ls$inghe
absorbed moistummayswell the fiber and facilitate the ingress of thggen of the air.

In another worg, the fiber structure itdf exerts a retarding action ¢ading, by sow
diffusion of air throughts pores Adsorbed water vapors swell the fiber and ersdileto
penetrate the intermolecular pores more rapitihe adorbed dyes have more chartoe
react with the hydrogeatons on the polymer chainsvhich leads to photofading reactions.
Also, the increase of water content will reduce the tendency for dyes aggregatmgre
energy igequired for them to do so.

The iate of fadingalsoincreass as the temperature increager mostdyes.lIt is an
accelerant ofecondary reactiafollowing the initial excitation of the dye moleculdigh
temperature facilitagthe perneability of water vapor, oxygefowever, therer@ some
anonalous results in PET, due lhigh crystallinity structurefFurther, these factoedso
depend on the size of the dye aggregates, the tightness with which they are held in the
substrate, r&d the polarity of the hogtolymer, which will be discised later.
2.5.3.3 Physical statef dyes and pigments
Researchers have observed ttiges of high lightfastnesstenshowed aggregated particles
of the dye, while those of low lightfastnesftendid not(93,94) It has also been reported
thatdyes connected with fiber ionically provided higher lightiass, compared with the
ones haing covalent bond$93,95)
2.5.3.4 Chemical mture of substrate
The substrate to which the dye is bonded is also involved in the excitdmand

participates in the photofading reaction later on. For example, the dyes in fibeesrca
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undergophotoreduction since tHeost polymer cadonatehydrogenatoms(87,96) It has
been reported thaimino acid side grogpsuch as histidine and tyrosileads tadye
photoreduction; while for the ngprotein substrate, it iselievedthat thediffusion of
oxygen, water and other atmospheric components play a role in photooxidation.

Also, the partial charges on the polar groups of the substrates tend to neutralize or
6iron outdé those on t he s thbsseducihghtesiniltencg r oup s
thosegroups have in either raising or lowering the light fastness of thdtdyeans thathe
more polar the fiber, the more uniform is the lightfastnessgfrange of dyes applied to it.
Thereis less difference between the fastnesfiefworst and best in the series thiagre is
for a less polar fibef93).
2.5.3.5 Molecularstructural factors
Some studies founithat the position and type of substitueatfectdye lightfastness
significantly. For ekample, inFigure 2.23the otho-chloro and orthanitro substituents
lowered the lightfas@ss of azo dyes; while the ortharboxy dye showegdoodlight

stability (93,97)
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HO  SO;Na

Figure2. 23. Azo dyesusedto assesegffectsof substituent®n light fastnesswhereX= Cl,
NO>COxH.

Another effecinvolves azehydrazone tautomerisifirigure 2.24). It is knownthat
the proportion of hydizoneform determineshe lightfasness property: the higher
hydrazoneazo ratio, the higher relative fading ratio for the dyes. The substituent on the dyes
influencedthe equilibrium for the reaction, tvever,it alsovarieon differentsubstrate. For
example, when measuriagphenylazel-naphthol dyes phostability on polypropylene
underanaerobiconditiors, electrondonating groups stabilize the hydrone form to
photbdegradation and shift the hyadine totheazo sidgFigure 2.25), which is in
consistent with a photaodection result. However, whehe substratevas placedn a
atmosphere thatontained oxygen, both electralonating and electrewithdrawing groups
influencethe fading rates. Atudy of these dyes on polyester indicated that the electron

withdrawing substituents increasptotostability(85,98,99)
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Figure2. 24. Azo-hydrazonetautomerism

O Azo O

Hydrazone

Figure2. 25. Azo-phenylhydrazonéautomerism

Another example is the position of the nitro groups, imitrediphenylamine dyes
(Figure 2.26). The high photostability-aitrodiphenylaminearise fromthe formation of
strong intramolecular hydrogen bond, which rapidly tragség@roton in the first excited

state(internal conversiop) which decreased the lifetime of the excited state.
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Figure2. 26. Positionof nitro groupfor hydrogenbondformation

For some azo dyelightfastness also depends the length of an alkylhain added to
the dyedo improve their washfastned3ossible reason that the alkyl chain length
influencesaggregation. In the same way, the number and distribafisnlfonic acid groups
affect lightfastnessSymmetricallyplacedsulfonic groups irmprove the statef aggregation of
dye moleculeshowever, aggregation is not a critical factor in the photostability of disperse
dyes(93).

The hydroxyl and the amino groups are two principal absxames for amtraquinone
dyes, which also make contributionsth@ photestability of anthraquino&dyes. As shown
in Figure 2.27, the hydroxy group in the 1 positiohelpsstabilizethe molecule by forming

a hydrogen bond to a nearby canogroup.
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fast

o} NH, o} NH,

Figure2. 27. Intramolecularprotontransferan anthraquinonelyes.

2.5.4 Methods to improve lightfastness

2.5.4.1 Dye mixtures

Sincedisperse dyes are widely used for dyeing or printing on pybased fabric, there
areseveral inventions that concargsing disperse dye mixtures whibave good light
fastness inextiles foroutdoor us€100,101) Examples of red, yellowandblue mixtues are
shown in theFigure 2.28 andFigure 2.29.

In the blue dye mixturehe formulae [I] and [lIformed a bluegreen color, havever,
by adding the formulae [[lin the mixture, a mieblue is obtaind (100) In a US patent
grated to Huntsman, dyes suchCak Disperse Violet 107, C.I. Disperse Blue 60, C.I.
Disperse Blue 284, C.I. Disperse Blue 295, etc. were mentioned to be rather stable in the dye
mixture applcations(102). Another pgent of azeanthraquinone dyes involve@.l. Disperse
42, C.I. Disperse 65, C.I. Disperse @868dC.l. Solvent Yellow 163, et¢103). The inventors
found that a composition comprising at least one nickel complex pigment and peesdis

dye with specific formulg@rovided a high level of light fastneg04)
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X' O HN

X2 O OH

wherein one of X! and X represents NO, and the other represents OH,
from 60 to 10 wt% with respect to the total fraction of the blue dyes

O NH, o
O NH, ©

wherein R! represents -C;HsOCHj, -C3H,OC,Hs, or -C;H,OC,H,OCHj,

from 10 to 30 wt% with respect to the total fraction of the blue dyes

O OH
L
O HN

0S0;CH;

from 20 to 0 wt% with respect to the total fraction of the blue dyes

NH, O OH

wherein R? represents a hydrogen atom or a C, or C, alkyl group,
and R represents a hydrogen atom, a C, or C, alkyl group or
a C; or C, alkoxy C; or C, alkyl group

Figure 2.28 Blue dye mixture examplg00)
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wherein R denotes a C4 to C4 hydroxyalkyl group,
from 75 to 20 wt% with respect to the total dyestuff

Figure 2.29 Yellow dye mixture exampl€LO5)

2.5.4.2 UV absorbes, light stabilizeis, and oxygen quencher

The photaegmadation process caused by plwdoation indicates the oxygen and energy
transfer, which has beentiaduced in last chapter. Based these reactions, light stabilizer
UV absorbers and oxygen quena@i06-108) have been used improve the light fastness
of disperse dye€l09,110) Yang and NaararfiL11)found out an up to-tlass increase in
AATCC lightfastnessatings by addindpenzophenamUV absorbersKigure 2.30) onto
printed fabric. A limitation of using these types of UV absorbers rgybrg yellowish color

shift. UV absorbes undergo proton transféry absorbing energy under ligetposure, which
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protects the dysgfrom photodegradatiofrigure 2.31). However, some studistiown that

some polymers be&fV absorber sucture as pendagroupdestabilize the coloran{d12)

OH (@) OH
MeO OMe
SO;H SOzH
OH @) OH
MeO OMe

Figure2. 30. Examplesof benzophenon®V absorbers

-— O
H—0 C(CHa)s /H --0 C(CHa)s
N N®
N N
- / - - /
cl N cl N
CHs CH,

Figure2. 31. Mechanisnof benzophenon&V absorbestabilization.
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More UV absorbers were mentioned in the patents reviewed, whicHougrto

improve the lght fastness properties, by usdividually or mixed with one asther(113).
UV absorbers were also recommended to be used together with the dye mixgives to
exceptional heat and light stabilif{01,103)
2.5.4.3 Molecular esign
Based on the ideaf using UV absorbers for protectidges onPET fabric, Freeman and
Posey to incorporatilJV stabilizes into disperseye structure directly, which led to
enhanced lightfastne$4). Sane researchers also fouadorrelation between oxidation and
the lightfastness ink jet prints(60,114,115)This led to improvedightfastness by avoiding
oxidation reaction®n films by increasinghe oxidation potential of dy€§0).

Chemists alsdeveloped heteroarylaztisperse dyefor polyesterprintingto achieve
higher lightfastness. By coupling the strong &l@t acceptor heterocyclic ring onto the
parentC.l. Disperse Red 6§tructure a significant bathochromic shift was ebged as well

as improvemeniightfastnessto a levelsuitable for automotive fabisg116)
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3 Methodology

This research was comprised of two malijectives For the firstobjective(O1), theauthor
soughtto gain a macro view understanding of tiiber-color interaction that occurs during
ink jet printing. In order to understand this process,Delphi method was used to gather
information from experts in the field of textile digital printiriche purposeof this
component othe projectwasto developa methodology and process moftelcolor gamut
analysis in textileink jet printing. Thetarget process model andethodology waseleloped
and tested by solicitinfpedback fromndustry experts in textile ink jet printing, ink jet
colorant and prreatment manufacturing, ink jet printer manufactuang color
management software development.

Forthe seconabjective(O2) of the research, theuthorsought toeenhance
knowledgepertaining tathe molecular nature and excited state properties of disperse dyes
developed with lightfasiess suitable for outdoor usemind. The experiments employed
included:dye purificaton, high-performance liquid chromatography, mass spectrometry,

NMR, UV-vis and fluorescence measurements, amdyxcrystallography.

3.1 O Development of the Process Model

TheDelphi method is widely used ohecisionmaking forecasting in technology, education
and other field$117-120) The research committeiarough personal contacts and the review
of literature identified experts in the field of textile ink jet printing. The level of expertise
was quantified by asking the participants to-ssless frequency and timecolor gamut

analysis. A standard set of opeended interviewguestions was developed relatteethe
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process for color gamaialysisand color managemenndividual interviews were

conductedsolelyby theauthor andin some instances tlaithorwas able to observe the

processEach interviewwvascondat ed i ndi vi dual bpmionssemad t hat t he
preferences would not influence anotbgpert andso that thearticipantavould remain

anonymous to each other, to avoid influence by reputation, authority or affil{a26h The
Delphiprotocol shownin Table 3.1, was used consistently for each intervi@@mponent

One researchhedevelopment and validation of the process model and methodatagy

carried out irthreestages.

Table3. 1. The Delphiprotocol of the C1 study.

1.Selection of a panel of textile ink jet printing experts

2.Interviewof the panel with a prepared quesinaire, based on preliminaryperiments
and literature review

3.Summarize numerical results and develop a method for galmut evaluation

4 Presem results to panel and-ieterview, asking forevaluation of the methodology fromr
the experts

5.Makeadjustmentdr the methodology and-iaterview, until maximumagreement
achieved, for a practical method for color gamut eaiin on textile ink jet printing

3.1.1 Stage One Objectives

The main objectives of Stage One were to build a vocabulary of ink jet priating that
could be used to develdpe questionnaire, chart thegdal printing process workflow
become familiawith current capabilities and limitations of color gamut analysis, and
identify potential new development areas.

The authocompleted this stage by
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1) Participating in over 80 hours of training by technicians from two ink jet printer
manufacturers, asell as a Raster Image Process(RIP) software experby using different
brands of textilenk jet printers, such as: Mutoh 1613, Mimaki JV55, MS JP5 evo and MS
JP7 printer

2) Conductingtwo experimerdl studeswith technicians fronthe textile printing
industry, that testegretreatment and ink limit effestor color gamut in textilenk jet
printing;

3) Developingthe interview questionnaitgased on the literature review, personal
training and experimealtstudy experience.

3.1.2 StageTwo Objectives

Theobjectives oktagetwo were to:1) develop a full understanding of current technologies
for color gamut analysis and print quality evaluation; ZJétermine evaluation criteria,
guantify the complexity ofhe entirgprocess, narrow the research s¢c@pe 3) to establish a
preliminary methodology, to practice and test, in order to find out limitationglantfy

areas for modification

To complete this stage, the author conduatéstviews using the Delphi method to
collect information. From Septemh2015 to May 2016, 40 experts frorarioustextile ink
jet printing areas were contacted and 15 of them deted the interviews with the author
3.1.3 StageThree Objectives
The objectives of Stage Threereto validate the methodology developed in Stage, Two
and to conducan additionakxperimeral study,using themodified methodology to analyze

color gamus fora number of inksets.
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To complete this stage, the fitbt sentthe preliminary methodology to the 15 experts
who participatd and completethe expert interviewin StageTwo. The authoasked their
approval and comments for each procedure, item explanation, and to add anything more in
the methodology. After the modification and validation of methodolaggcondexperiment
was conducted by the awth In Experimeng, two type of inksets: dispersebased and
pigmentbased, were testedhree sets of disperse dye snkere testedh four colorCMYK
set; a six colo€CMYK+ R,B; and a seven color CMYK+R,B,V whe@= cyan; M =
magenta; Y = yellow; K= black; R = red; B = blué/ = violet. Four sets of pigmeiriks
were tested: the four color CMYK set; a six c@lblYK+R,B, a seven color CMYK+R,B,G,
and an eight color CMYK+RBGQyherewhereC = cyan; M = magenta; Y = yellow; K =

black; R = red; B = blueG= greenO = orange.

3.2 02: Characterization of disperse dyes used in tekikgetinks

The inks for digital ink jet printing must meet the requirements of good print quality and be
compatible with a printer. The selection of inks determines the efigziand economy of

ink jet printing. Also, the choice of colorants determines the-tenm stability of the prints.

In this regard, inks can be divided by dyased and pigmeiiased. Preliminary results from
assessing the fastness properties of polypsiteed with the two ink types showed that
disperse dye based inks did not achieve the level of lightfastness produced by pigment inks.
With this in mind, this project was expanded to include studies aimed at enhancing our
knowledge of the molecular natuand excited state properties of disperse dyes developed

with lightfashess suitable for outdoor ugéne experimentemployed were dye purification
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high-performance liquid chromatography, mass spectrometry, NMRyis¥nd

fluorescence measurementsgd a@ray crystallography.
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4 Experiment procedures

4.1 0121 Color GamutAnalysis and Print Quality E&luation

4.1.1 Stage One Procedure
Initially, the printer manufacturer provided two expert technicians to opatarinter and
to train the authofThetraining of ®lor calibration and characterization bging RIPMaster
V11 software wasonductedvith a RIP software experbagdon aCMYK+ R,B,0,Grey
The inkset, referred to dskset A,including: cyan, magenta, yellow, blackndfour
additional colos. orange, ed, purple and grey.able 4.1 describeall inksets used in this
dissertation study.
Theoperatioml stepswere
1 Stagel: Channepagei measurenk density
1 Stage2: Virtual Channeld measureghe percentagef anylight inks. For
example greyfor thenanoepigmentsandlight magentaandlight cyanfor the
reactiveinks.
1 Stage3: Main pages measureshe percentagef all eightinks,

See AppendiA for thedetailed operatiGmanual.
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Table4. 1. Inksetsusedin thisresearch.

Code Name| Subcode | Colorant type Color Set

Inkset A Pigment Cyan, Magenta, Yellow, Black, Red, Blu
Violet, Grey
(CMYK+R,B,V,Grey)

Inkset B Pigment Cyan, Magenta, YellonBlack, Red Blue
(CMYK+R,B)

Inkset C C-4c Pigment Cyan, Magenta, Yellow, BlaogfCMYK)
C-6¢ Cyan, Magenta, Yellow, Black, Red, Blu
(CMYK+R,B)

C-7c Cyan, Magenta, Yellow, Black, Red, Blu
Green (CMYK+R,B,G)

C-8c Cyan, Magenta, Yellow, Black, Red, Blu
Green, Orange (CMYK+R,B,G,0)

Inkset F F-4c Disperse Cyan, Magenta, Yellow, Black (CMYK)
F-6¢ Cyan, Magenta, Yellow, Black, ReB|ue,
(CMYK+R,B)

F-7c Cyan, Magenta, Yellow, Black, ReBlue,
Violet (CMYK+R,B,V)

4.1.1.1 Experimerdal Sudy

A preliminary, general method for color ganaualysis was geerated by the authdased

on 1)80 hours training with two printer manufactts@nd one RIP software service
technicianand 2) practical field research where guwthorpracticed color calibration and
characterization procedwgasinganMS JP5 evo priter andhe RIPMaster V1Isoftware A
Color Table (CTB) profilewas created usiRtPMaster softwareA CTB profile is
proprietaryto RIPMaster and wsaused when printing absolute versus perceptual colors.
Absolute color is defined as maxium chroma at leg values for color reproduction, to
achieve an ink recipe that is calculated for each individual color in the image; perceptual
color is defined as colors that are adjusted to retain their visual relationship with all other

colors in the imagél21). A color blanket was generated after characterization, which
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provided physicatamples oprinted color chipswhich could be used asresource for
color-matching.After training and suassful color calibration, the thor designed an
experimento compare the pretreatment effects on polyester and cotton. fEieic
experimenincorporatedsignificant factos that affects color gamut analysis in texti& jet
printing, including the pretreatment, ink limit effectsbstrate selection, etc.

After completing Experiment 1, the auttswught to solicit color gamut analysis
information from a broader array of experts. The Delphi method was used to collect data and

aprotocolwas developed, s@@able 4.2.

Table4. 2. Protocol overviewfor developmenbf the processnodelfor color gamutanalysis.

1 Developageneraimethodfor color gamutanalysis

1 Selectionof experimerdl studiesusingthe methodl asguidance

1 Researh questiondevelopmentusingmethodl, processmodelandauthob Bk jet
printing field experience

Initial contactof participantsverecontactedvia emailto setup aninterviewtime
Individual interviewswith the expertparticipants

Analysisof dat andconversionof interviewnotesinto paragraphorm
Tabulationof dataandprocessnodel

Key informantsreviewa draft of theinterviewresults

Key informantsreviewthe processnodel

Revisionof resultshaseconp ar t i deedback t s 6

=4 =4 -4 -4 -4 -9 -9

4.1.1.2 ExperimenOne:Pretreatment effects on color gamut and color fastness properties
for textileink jetprinting

Findings from thditerature reviewijndicatedthat effective pretreatment improves print

quality (9,10) Textile printing has additional requirememtsencompared withnk jet

printing on papert-or example, the construction of fabrics (weave or knit) causacking
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issue, causing ink penetration and reducing the color intensityraridhapnesson the

substrate(Figure 4.1).

® ®

Ink drop on untreated fabric Ink drop on pretreatethbric

Figure4. 1. Ink dropeffecton pretreated/untreatddbric.

A spun fiber polyester fabrigNC1512)and a plain cotton fabric were chogen
these experimea The polyester fabric was chosen because it closely matched the
specifications of fabric used for the outdoor cushion mailtet.cotton fabric was chosen
because it is as commonly used substrate for a variety of printed §oettsainent agents
werepadded onto the fabrigsing directions provided by thek manufactuer. Untreated
polyester and cotton weseoured irthe same manner as the fabric that wadneted, and
used as a control

An MS JP5 textilank jet printer, which has the Kyocera pdropon-demand
printhead(32), was used to conduct all the printing work. The printer was installedawith
six-color nanepigmentset referred to as Inkset Bpmprised otyan, magenta, yellow,
black, red andlue.Print Mode C was used as this mode is most often used in production

settings requiring a balance between production speed and print quality. Print mode C uses
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seven variable drop sizes (4, 7, 11. 14, 16, 19, and 24); 600x600 dpi, 4 pass, Bidirattion
the carriage speed is "High. On the JP5, there are eight mekesné three carriage speeds,
HQ, High, Max (the mode and speed are intrinsically synced). The RIP can be set to either
Unidirection or Bidirection. Each mode has a different dropletedram 4 to 72 as seen in
Table 4.3.

RipMaster software wassed to build the color profiles. An-gdro reflection spectral
photometerwasused to measure the L* a* and b* values to describe the individual and
mixed colors. Afteobtaining the colorimetric data, comparisons of individual cadsraell
as the mixed colors wemonducted by OriginOrigin s asoftwarefor interactivescientific

graphinganddata analysissupporting various types of 2D/3D plots.

Table4. 3 MS JP5EVO Print ModesandDrop Sizes.

12

18

11 14 16 19 24
12 16 19

12 15 19 21 26 31 36

16 19 22 25 28 33 38 43 48

12 16 20 28 36 42 48 54

12 16 20 24 28 32 36 40 48 54 60 66 72

IOMMOUO >
00 0o~

AN D

A CTB profile wasused in the printer calibration, and cofamut plotting(122) The

mainsteps to create a color profile inclatde
Linearizationof individual colors
Printingtesttargetswith ink mixtures
Creationof CTB profile to build theconnectiorof CMYK with CIELAB color spaces
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Generatiorof color blankets.

Heat setting is necessary, because the unset color could crock or migrgtessiby
contaminate adjoining color$o avoid colorant contamination, the printed pagessheat
set for 2min in the oven at8( before the measurements.

The authoused RIPMastersoftware tarecord the ravdata, whichs the colormetric
attributes, ofndividual and mixture ofinks. The data was inputted usihy, a* and b*
values. The L¥, a*b* andC*values of the untreatexhd pretreated printed substratesre
entered into a bar chart $how a comparison of each valureaddition, a scatter plot format
was used to show the comparison ofdigribution, from 1100% density of the individual
colors. Threedimensional mdels were built byhe authousingOrigin software to compare
the gamut differencef: untreated polyester vs pteeated polyesteand cotton.

The lightfastness testvereconductedollowing AATCC test method 16-:2012(123)
The exposure tingwere set as 160 hours, 300 hours and 500 h®bes=xposed printed
substratesvere visual and instrumental assessments and compared to the standard (the
unexposed printed substrate) usingAAe CC Gray Scale for Color Changay using both.

Thecrock fastnestest waperformed following theAATCC test method 13:2010(124).
Prepared test specimens were rubbed awthite crock square under controlled air
conditiors, by using the crockmeter. &Gray Scale for Staining was used to eatd the

crock fastness

4.1.1.3 Development diterview Questions
Potential participants weirdentifiedby the authothroughconducts in industry and

academiaA snowball sampling method effestis usedo increase thaumber of expert
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participants. Sedlack and Stanligp5)statethati n s nowbal | sampling da
for study assists the researcher by identifying other relevant people and sometimes,
establitiing the initial meeting bateen the researcherandthe f er r e &incp®lors on . 0
gamut analysis is a complex developing technglagy there are a limited number of
experts in the fieldthe Delphi method was deemed the most appropriate rdeltbgy for
data sourceAnother benefit of thigroupdecision methods thatthis Delphi methodloes
not require the experts to meet physicdltyaddition, theDelphi study is flexible in its
design, amendable to folleup andfacilitates acollection of riche data for research
guestiong120) Electronic distribution allowed the participants to complete the
guestionnaire through emails, phone call meetings orttatace interviews.
4.1.2 Stage Two Procedure
Stage Two consisd offor two steps: selection of experts and the interviews with experts.
Data was collected and analyZeoim the interviews for the development of methodology for
color gamut analysis and print quality evaluation.
4.1.2.1 Selection of kperts
Theauthorlimited the participantto those who had expertigethe followingareas: textile
print manufacturing, ink manufacturing, printer manufacturgodpr management service
and software development. These areas arelglosated to each othe&vithin the textileink
jet printing complex and offerethe potential to gather x p eopiniomiHondiverse product
quality preferenc&due to varying customer requirements
Theinterviewp ar t i ci pant sd expertise was deter mi

literature review anéfom the contacts of the principal investigator. An initial 4680
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expertswereidentified from ink manufacturs, printer manufacturerand thecolor
management software and textile printing ard&efour relevant categories of experts have
important and valuable knowledge about textiik jet printing, and couldoffer different
perspectivesAmong these contacts, 19 of thamdicateda willingness to join the interview

1 expert confirmed his willingness after a second time contact. Among thqp@@se 8 of
them recommended other contacts to itfierviewas well. After that, 10 experts were added
into the KNWR sheet. Totally, 40 experts were conthc2® of them confirmed anterview,

13 of them completed thiaterview.
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Table4. 4 Thestepsof procedurdor selectingexpert(120).

Step 1 A Identify relevant disciplines or skills: textile printing,
Prepare a knowledge ink jet printing, colormanagement software
resource nomination A 1dentify relevant organizations
worksheet (KRNW) A 1dentify relevant academic and practitioner literature
Step 2 A Write in names of individuals in relevant disciplines
Populate KRNW with skills
names A Write in names of individuals in relevant orgariaas
A 1dentify relevant academic and practitioner literature
Step 3 A Contact experts listed in KRNW
Nominate additional A Ask contacts to nominate other experts
experts
Step 4 A Creategroups ofsublists, one for each discipline
Rank experts A Categorize exgrts according to appropriate list
A Rank experts within each list based on other
gualifications
Step 5 A Invite experts for each panel, with the panels
Invite experts corresponding to each discipline
A Invite experts in the order of their ranking within thei
discipline sublist
A Target size is42
A Stop soliciting experts when each panel size is reac

4.1.2.2 Interviews with Kperts

Two individuals from the list of identified experts were chosen bwthkorto take part in a
pilot interview. The pilotinterview instrument was developed and distited to the two
experts: one waslentifiedas arexpert inCMS services, the other waglentifiedas an
expertin themanufacture ofextile prins. The pild participantéresponse waanalyzed to

determine if the gestions werappropriate, or if additional questiowgreneeded.
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The two individuals who completed the piloterviewwere chosen by the author
based on their breath and depth of color gamut analysis on tektjkt printing. The
experts who worketh color management service, wassdjnatd as Pilot Expert C1, lth
greater than 15 years the in textii& jet printing CMS service and owred his own company
focusedon a specific Raster Image Processing (RIP) software application in tektjét
printing. The expert whavorked in the manufacturing of textile printsas designatkas
Expert T1, had more than 6 yearsiresearch and development department fedos new
product development for ink jet printing.

Basdon the response from the Pilot ex{s, several changes weoethe interview
guestions. For example, the definitioncolor gamut mappingndgamut analysisvere
distinguished, and for thisugstionnaire, the objectives wdoeused on thgamut analysis
method. Also, the iterquality control was used toefer to a bigger scopehichincluded
gamut amlysis After the questionnaire was amended, more experts were contacted.

Study participants were ctatted via email (se&ppendixD for a copy of the cover
letter) and asked to participatethe study by completing theterview. All correspondence
and thanterview questionnaire/ere prepared in compliance with North Carolina State
Universityods Institutional Review Board (1 RE
exempt from full reviev. Participants were asked to answer a questionnaire through email,
phonecall, Skype or facgo-face interview in their working place drpossible, were invited
to interview atNorth Carolina State University, Gege of Textiles (see AppendixfGr
interview questionnaije Collected data was recorded by handenihotesandelectronic

notes, and was transmitted using SSL encryption and data was stored on a secure,-password
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protected server accessible by the principal investigdaish participant waassigned a
capitalizedletter with analpha numeric code nanfguch as Cljhat was used to identify him
or her in the dissertation. Participantso6 id
answers with partici panidipans ometbeugseatciwvasr, and t
publisred. The names of participantgerekept confidential. The study participants were not
compensated. An indirect bendbtparticipants of the study was the knowledge that they
werecontributing toan enhancetdody ofknowledge about color gamut ansilyfor textile
ink jet printing.
4.1.3 Stage Thre®rocedures
After theexperimerdl studies, further data were collected by interviews from key
participants. Thauthordescribed the methods and showedetkgerimenrdl resultsto
experts. The information gathered assish validatingthis method and benchmarking
successful use of color gamut analysis in textikegjet printing.
4.1.3.1 ExperimenfTwa color gamut analysis to help with ink formulation by using CTB
andICC profiles
Basdon the modified Method Il for color gamut analysis and print quality evaluation,
Expeiment Two was designed by the authidris experiment wa designed to provide a side
by side comparison of pigmehaised and disperse dgased inksets on a polyesseibstrate
through visual and instrumental assessment, including color gamut analysis, wet and dry
crock fastness, and light fastness, taleate their suitability fooutdoor textile applications.

Findings of this research will help support the dot.camlgresponse, and short run
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manufacturing models for suppliers of a multinational retail corporation and others
consideringdigital printing technologies.

An MS JP5Evo printerequipped with Kyocera print heads was used. Print Mode C2
was used becausedstmost often employed in production settings requiring a balance
between production speed and print quaRiPMaster v11 and Xrite i1Profiler version 1.6.3
software were used for calibration and characterization, and for creating profiles for the ink
ard substrate combinations. Analysis of color performance and evaluation of the colorimetric
values of individual inks were measurediwéin Xrite 2nd generation i1iO
spectrophotometeAATCC Test Method 112010: Colorfastness to crocking and AATCC
Test Meéhod 162004: Colorfastness to light were used to test fastness properties. All
samples were assessed with a Datacolor SF600X spectrophotometer equipped with Xrite
Color iControl v9.4 software.

Two color profiles were used, a unique CTB profile devettdyy RIPMaster for
textile spot color prints and the ICC profile. For CTB profiles, a general color gamut model
was created through Origin software. For ICC profiles, the visible color gamut was created
and measured using ColorThink Pro v3.0.3 software.

A 7.0 oz/yd woven fabric containing 100% spun polyester (PET) yarns was prepared
for printing by scouring, and a resulting wetk up of 43% was determined. A pretreatment
formulated for digital printing on PET fabric was applied using Mathis AG model HVF
padding equipment.

The color shades from individual inks and the color garmolumes were compared

for seveninksets: CMYK CMYK+R,B and CMYK+,R,B,V disperse dydased systems and
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CMYK, CMYK+R.B, CMYK+R,B,G and CMYK+R,B,G,0 pigmerdbased system®P001
pretreated PET fabrigNC1512)was usedo print with Inkset Qpigments)and DP002
pretreatedNC1616)was used to print with Inkset(Bisperse dyes)rhe later pretreatment
contained a photostabilizer and amiigrant.

The process workflow is shown Figure 4.2. The high temperaturieeatsetting
process can cause unwanted fabric shrinkége shrinkage ratio depends on the {set
temperature and duratiomherefore, a prshrinkage step was conducted before pretreatment.
For disperse dye inks, an additional waghstep is required to remove surface dye that is
not fixed to the fabric, because it affects the perforrarcolor fastness properti@he

procedure to create ICC profile is shown in App&risli
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Pretreatment
Pigment ink Disperse ink
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Heat fixation at 205°C
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Figure4. 2. Preparationprinting andtestingprocesaisedin this study.

4.2 02: Characterization of Disperse Dyes Used @xflle Ink Jet Printing

4.2.1 Dye Isolation and &rification

Commercialdye (5g)wasstirred withDMF (50 mL) at 70 °C for 30 rnm andthe mixture
was filtered. H>O (500 mL) was added tthefiltrate and the mixturevas allowed to stand
overnight without stirring The next day, thenixturewas filtered andhe collecédsolid was
air dried,to give 1g ofdye A portion of the dg (0.5 g)was dissolved inlichloromethane

(DCM), mixed with5g of silica gelthen dried in the hoodl'he dried mixture of dye and
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silica gel was used to conduttiromatographic separat®onasilica gel 60 columnaising
DCM aseluent. Chloroform wasused as the eluent for théd analysisof collected
fractions.
4.2.2 HPLC
HPLC analysisvas performed using acetonitrile (48%) + 0.1% formic acid and water
(52%). The column was an X Bridge C18j21, 3.0 x 100 mm column. The flow rate was
0.5 mL/min and thenjection volume wasiL. Two different gradients were used. The
gradient used for disperse dyes is presentdalnte 4.5, where %B is acetonitrild.he

gradient used for solvent dyes is presentelainle 4.6, where %B is acetonitrile.

Table4. 5. Thegradientusedfor disperseadyes

%B Time (min)
48 0

70 8

70 12

48 12.5

Table4. 6 Thegradientusedfor solventdyes

%B Time (min)
48 0

95 8

95 12

48 12.5
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4.2.3 MassSpectra
Mass pectra were obtained at the NC Stsli@ss Spectrometry Facility located in the
Department of ChemistryDye samples were submitted in solid form aretestored at
room temperaturantil analyzed

LC-MS analysis was arried out on a highesolution mass spectrometethe Thermo
Fisher Scientific Exactive Plus M& benchtop fulscan Orbitraf mass spectrometér
using Heated Electrospray lonization (HESBamples were dissolved in methylene chloride
or acetonitrileand analyzed via LC injection into the mass spectrometer at a flow rate of 225
pL/min. The mobile phase was acetonitrile with 0.1% formic acid and water with 0.1%
formic acid.The gradient used is shownTable 4.6. The columnwas a Thermo Hypersil
Gold 50 x 2.1mm, particle size 1.9 p. The mass spectrometeopeated in positive ion

mode, using the conditions shownTiable 4.7.
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Table4. 7. Thegradientusedfor dyes where%B is acetonitrile.

Gradient
%B Time
48 0.0
70 5.0
70 14.5
48 15.0

Table4. 8. Parametertor HESI.

HESI Source Parameters
Spray voltage 3.5 kV
Capillary temperature 350°C
Heater temp 50°C
S Lens RF level 70V
Sheath gas flow rate 10
Resolution 70,000
Scan Range 200-1000 m/z

4.2.4 NMR Analysis

Pulsed field NMR experiments were performed on a Bruker AVANCE 500 MHz
Spectrometer (199@quippedvith Oxford Narrow Bore Magn€989), HP XW 4200 Host
Workdation,and Topspin 1.3 Software version. The instrumeas alsoequipped with three
Frequency Channels with Wave Form Memory and Amplitude Shaping Unit, three Channel
Gradient Control Unit (GRASP 1), variable Temperature Unit-@o®ling and

Temperature Stab#dation Unit. A5 mm ID 1H/BB (109A81P) TripleAxis Gradient

Probe (ID5065EB, Nalorac Cryogenic Corp.) was used forBIfH experiments. The NMR
probe was tuned to the 1H frequency of 500.128 MHz. All spectra were acquired at 294 K.
The instrument pameters for acquisition of the cdenensional proton data and are listed

in Table 4.9.
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HomonuclearH-tH) 2D COSY,TOCSY and heteronucledi{-*C )2D HSQC
experiments were recorded on a 500MHz Bruker Advandersysperatingt&500.18 MHz
for 'H nuclei and 125.5 MHz fo®C nuclei equipped withoom temperature inverse
detection probe. Topspin 3.1 Software version from Bruker was used for data processing.
HNMRand®C NMR chemical shifts (lU)TMY e repor
signal and 1HLH average coupling constants (J) are reported in Hz. Tables of chemical
shifts along with predicted chemical shift by ACD (Advancee@istry Developments)

softwareand coupling constants are provided in the Supplementary Informattars

Table4. 9. *H datacollectionparameters

Parameter H value
Spectrometer frequency (MHz) 500.128
Spectral width (Hz) and (ppm) 13.2 ppm

Number of data points 32K
Relaxation Delay (s) 1
Acquisition time (s) 2.47

Pulse width (us) and tip angle 9.5at 90
Number of transients 128
Number of dummy scans 4
Presaturation delay 2sec
Presaturation power 58db

4.2.5 UV-Visible Spectra
UV- visible (UV-VIS) spectra were recorded using an Agilent Technologies Cary 300 UV
VIS spectrophotometer coupled with Cary Win UV softwddgeswere dissolvedn

acetonitrile.

89



4.2.6 Fluorescence

Fluorescence spectra were recorded using a Horiba Jobin Yvon FluorolddL FFh&chine,
coupled with FloroEssence softwaBamplesvere dissolve@cdonitrile.

4.2.7 X-ray Crystallographic Aalysis

The X-ray crystallographicralysiswasconductedn the Chemistry Department, North
Carolina State University, using a Brukgonius X8 Apex?2 diffractometemhe frames were
integrated with the Bruker SAINT softwe packag using a narrovframe algoritim. Data

were corrected for absorption effects using the ruglin method (SADABS).
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5 Resultsand Discussion

5.1 O1: Color Gamut Aalysis andPrint Quality Bvaluation

This research was an iterative and cumulative pepdesvhich each stage was built upon the
previous one. The results are discussed by the phasereseach study:.Stage One, Stage

Two andStage Three

5.1.1 Stage On&esults

Thefirst stage of this research wiasidentify problem$asedn theliteraturereview and the

a ut heaperéersce. The literature stud@srtained tgrint quality requirements for textile

ink jet printing, including color gamut evaluation, color matching accuracy, print uniformity,

print repeatability, ink consumption, print speadb resistance, and light fastn¢g4). The

factors influencingolor reproduction in textilenk jet printing are print mode, which varies

in ink volume and drop sizes; the substrate physical properties;rimkiffation; ink color

combination; and preor posttreatment for the fabrics. Currently, most of the evaluation

methods are based on texslereenprinting and paper photographic printing, the texitilk

jet printing industrylacks quality control standas and preferences. In Stage One, Bhavas

trained by color expert from RIPMaster software for color calibration and characterization on

the textileink jet printerMS JP5 Ko, located in NC State

5.1.1.1 ExperimenOne: Pretreatment effects on color garand color fastness properties
using Pigment Inkset B

Pigment Inkset B wasvaluatedn plain woven polyester fabric and cotton with and without

pretreatment. The colorimetric attributes of the most saturated individual inks are reported in
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Table 5.1. The lightness valu@.*) decreasedbr all six inks after pretreatment, while their
chroma(C*), increased, which indicated deeper color shades were obtained after
pretreatment. Difference in a* and b* values of the inks can also hers€égure 5.1.

Magenta, red and blue inks became redder after pretreatment, while cyan became less
greenish aftefabric pretreatment. Deeper color shades were obtained and the yellow and red
became yellower (increased b*), Wehcyan and blue became bluer (largegativeb*) after

pretreatment.

Table5. 1. Colorimetricmeasurement®r the mostsaturatedolorsprintedwith individual

inks.

c S x~ o

< c 2 3] o) g

> o) 2 s x a

O g g m

=

= - - - - he]
= = = ° = ° = - = - °
o g 3 g 3 g o £ o £ £ 2
o o © o © o © o © o o il
£ = = 5 = 5 = = = = = 5
o c o c o c a8 < a8 = <] c

-] -] -] - - a =)

5 L* 4436 | 52.62| 48.95| 51.% | 87.13| 87.0 | 30.42| 40.05| 53.97| 60.84| 40.10 | 51.07
g a* -3.25| -6.44| 53.45| 52.09| -9.59| -10.10 0.55 0.51| 55.65| 45.08| 10.18 5.20
* b* | -44.24| -4289| -596| -7.00| 77.65| 66.12 1.85 1.81| 26.39| 16.15| -34.43 | -27.97

Cc* 43.25| 43.06| 53.78| 52.56| 78.24| 66.89 1.03 188 | 61.59| 47.88| 359 | 28.45
S L* 4423 | 48.44| 4851| 51.97| 88.03| 86.37| 27.42| 33.26| 53.07| 56.96| 38.85| 45.56
g a* -3.62| -5.60 | 59.15| 52.88| -9.75| -9.33 114 156 | 62.34| 55.83| 14.41| 10.86

b* | -47.76| -43.48| -9.90 | -12.07| 80.11| 70.19 191 053| 31.40 | 20.11| -41.96| -39.05

C* 4589 | 42.85| 59.97| 54.24| 80.0 | 70.81 2.22 1.64| 69.80| 59.34| 44.36| 40.53

the ink limit of untreated polyester waecreased 0% due to an ink bleeding problems.
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Figure5. 1. Colorimetricattributescomparisoramongfour print trials.

Besides the most satuedtcolor of each ink, there wemerethan 200 color chips

were measureatachievecolor linearization. Twalimensional scatters were plotted

Figure 5.2 to describehe color distribution

By looking atFigure 5.2 (1), the trajectory of prteeated polyester and cotton wer

slightly different. Color shifts happedfor cyan at especially for the lower coveragéijch
indicating a greenish shiftarger negative a*)Cyan became bluer (larger negative bm)

cotton compared with polyester. Polyestghibitedyellowish red ompared with cotton,
while magenta on cotton was bluer than on polyeBtgtooking atFigure 5.2 (1l and 111),

especially for magenta,

values

there are also differense colorlightnessbased on the L*
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trajectory of cottorwereboth above polyester, indicatiggherlightness orcotton tharon

polyester.
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Figure5. 2 L*, a*, b* distributionfor individual colorsfor pretreategolyesterandcotton

Color gamutcomparisons.

A brief comparison othe color gamut based on the CTB profile was obtained using
Origin 9.0 FromFigure 5.3 (1), most poing from pretreated cotton labovethe gamut of
polyester Cotton fabric should provide a much richer color in textikejet printing. Figure
5.3 (ll) shows a comparison between pretreated polyester and untreated fabric. Much deeper

color shades, mainly in L* direction, were obtained after pretreatment. Similar results were
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obtained for cotton fabri¢he color gamut was increased not only in L* direction, but also in

a* and b* direction, indicating an increase in colorfulness of printed colors.

. ];;é{;e_ife’d’ﬁﬁ‘ryaster
] Untreatedpolyé‘ster

o Pretreatedcotton T
® Pretreated polyaster 100 1 H

worI

T e

o Pretreated-cotton
¢ Untreated cotton

Figureb. 3. Color gamutcomparisorbetweerpretreated/untreatqublyesterand cotton.

Results from mck fastnesswaluation forprinted polyester aneportedn Figure 5.
2. As mentioned befe, the crock fastness of napgment printing wasot as good adye
based inks, since there was chemical bnding béween substrate and coloranisy and
wet crockfastness werboth tested in warp and velirections. The highest rating for

pretreated polyester wd®m red, which was 2.5. The other color gaeehigher than 2. The
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lowest grating fromn thepretreated polyestavas 1, which was theet crockfastness for

blue in warp diretion. They crock fastness rating fantreated polyester was higher than the
pretreated one by 1 or 1.5 level. The highest grating was 3.5, which was dry crock fastness
for black in both warp and weft directions, and diyebin warp direction. No ratingas

lower than 2.5. A possible explanation was the pretreatiessened the adhesionmbst

colorants on the surface of the substrate, whiade it easier to be removed

Table5. 2. Crockfastnesgreyscaleratingfor pigmentinks on polyester

Cyan | Magenta | Yellow | Black | Red| Blue

Dry| 15 15 2 21 2 2

- Wett —wetl 15 15 2 15| 2 2
Warn DY 2 2 2 21 2 2

Pwet| 15 15 15 2| 25 1

Dry| 25 25 25| 35| 3 3.

Untreated Welt et 2.5 2.5 25 25| 3 3
Warp| DY | 25 25 25| 35| 3| 35

Pwet| 25 25 25| 25| 25 3

Crock fastness oootton was measurddr thered and black colst The results are
shown inTable 5.3. Mostratings fromthe pretreated cotton we2e except for a slightly
higher rating for dry crock fastness for red. The ratingsiireated cotton we lower than
the pretreated cotton, fromet crockfastnes®f black in both directions, and wetock

fastness fored inthewarp direction.
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Table5. 3. Crockfastnes®f redandblack pigmentinks on pretreated/untreatembtton

Black Red
Weft Dry 2 2.5
Wet 2 2
Pretreated
War Dry 2 2
P Wet 2 2
Dry 2 2.5
Wett — et 1.5 2
Untreated
War Dry 2 2
P Wet 15 15

Ink bleedingwasalsoobserved on the untreated polyester, which definitely rebuce
color intensity, an@ffeciedthe color gamut volumdlretreatment of fabrics wableto
reducecolor penetratin, hotl colorants on the top of tleseibstrateimprovingcolor intensity
Further, the results showed tipaetreatmenénhanced printing dioth polyester and cotton
fabric. The color saturation for indoial ink was increased clearind the color gamut was
enlarged as welDeeper blackness was obtained on pretreated c@tonparing pretreated
polyester and cotton, col@arasmore vivid on cotton, with a larger color gamut. However, as
a common disadvantage of pigment, the crock fastness was natcaastjee dyebased

inks, which needs a solutidar wider application in textiles.

5.1.1.2 Development dinterview Questions

The authodeveloped a set of interview questions based on information learnethizom
literaturereviewand field study researciThe pradtal research anliterature review helped
the authounderstand thprocedure forcolor calibration, characterizatioprofiling and
color gamut analysig\dditionaly, moretechnical questions were generated duringpttog

study conducted iBtage Ongncludingthe purpose and relationshiptbg color
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characterization and gamut analystiegs; the selectiomprocess for print settingarametes;
description of other factors thatfectthe color gamutand state of the amethods for color
charactezation and gamut analysis steps.
Theinterview questionspannedhree pagesThe first pageonsistedf a consent
form that foll owed t he raldegview Boardn(iRB)tThe of t he F
following two pagegontained ninguestions; severegcriptive and twoperended
guestions that sought tapturet he parti ci pantsdé color gamut a
Specifically, participantsrereaskedo 1) quantifytheirwork experienceindfrequency of
color gamut analysi&) describeéher print envronment 3) provide details as to arpyint
quality requiremers 4) describan detail theprocedurausedto conduct a print quality
analysis, including the operations, purpose for each step, and how to evaluate te&)prints
explain thé& rationalefor choosng aspecific color gamut to analyz@) describe theolor
gamut analysigrocedure, including the selection of color management softaadéhe
specific functionsisedand?7), characterize thanalytical methods used to interpret results.
The last two operended questions sought to gain further insight tinéoparticiparis
understandingf current limitatiors of print quality control and color gamut analysiad
how to improve this technologfParticipants were asked to prov&leygestions and

additional commentthat would further thisesearch.
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Table5. 4. Thedescriptionof questionnaire.

Title Page # | Questions | Description of content Objective
Consent Form | 1 N/A Consent to participate in | Comply withIRB
the research
Contact 1 N/A Current position, types of | Provide
information products produced, job | background
responsibilities, business | information for
address response
Expertise 2 1,2 Lengthand frequencyf Quantifythe
identification work, participa
expetise
Experience 2 3 Description ofof print Selfassessment of
environmen@ndprint level of expertise,
quality triangulation of
expert
identification
Print quality 3 4 Procedure description, A brief overview of
analysis method for quality print quality
method assessment evaluation
procedure
Gamut 3 5 Color model selection Confirm the
information expertos
color model
methods
Gamut 3 6 Software selection, A brief overview of
mapping operation proceduse color gamut
procedure mapping procedure
Gamut analysig 3 7 Color gamut information | Methods for
analysis
Limitations 3 8 Limitation for current Expertopinionon
technology, possible current limitations
improvemerg of thistechnology
Comments and 3 9 Other information for us tq Expert opinion on
suggestions conduct this study future research
Other 3 N/A Recommendaticsof other | Increase the

experts in this field

interviewee panel
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5.1.2 Stage TwdResults

Results from theraalysis ofthecolor experté r e swere nsedd sefine the prelimingr
methodlogy for color gamut analysis. Theterviewresponse rate was 65%total 0f40
emails were sent to color gamut analysis experts in the field of tewijet printing. Of the

40respondents26 started thenterviewprocess and 18ompletedheinterview.

5.1.2.1 ExpertSelection
In thefirst round ofthe Delphi studyselection 30 experts wereontaced duringthe period
from September 2015 to May 201®6f these30 contacts, 1@xperts responded with their
willingness toparticipate after the firstontact by the Pl. Onexpert confirmed his
willingness after a secormbint of contact. Among the 20 expertsghtrecommended other
expertsresulting in an additional ten experts. In tptH) experts were contactezb
confirmed their willingness toapticipate, two individuals were deemed to not have sufficient
experienceexpertsandand13 actuallycompleted thenterview. Interviews were set and
conducted/ia email seeTable 55.
An initial list of 40 experts was idenigd by the Pfrom ink manufacturénamed as
| 1, pridtérmanufacturef named as P11, P2 ésgrvice(lcaméd@as manag
Cl, C2¢é), textile ink jet printing (named as
The fourrelevant categories okperts have important and valuable knowledge abolatr
gamut analysis itextile ink jet printing with different perspective®mong the 40 experts, 7
of them are specialized in textile printing, 4 of theerecolor scientists, Was a
photographer anginage expert, 13 of themereCMS experts, 7 of them woeki for printer

manufacturers and 8 of themere from ink manufacturers.

100



Among the B expertsfive selfreportedthat they conductecblor gamut analysis related
work once a daytwo reported thathey conducted this type of work at leaste every two
weeks,one of the expes reported that they condug color gamut analysisiore than twice a
day,one reportednce a weekonereportedonce a monthand fourstated that th frequency of
thiswork wasdepeneénton different projectsseeFigure 5.4. Two of the experts have worked
in this field greatethan 20 yearsight reported working in this field fd0 to 20 yearghree
workedin this field for 5 to 10 year@neworkedfor 3 to 5 yearsand theone started in this field

just under3 yearsago, sed-igure 5.5.
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Table5. 5. Informationcollectedfrom expertsn Round1.

Titile Area First contact Second contact Third contact First interview Second o | Comments
interview §
= = | = = = | = = z| =@ = = = z |3
E g | B 3 z | 2 3 z | 3 3 o 5 g |3
@ g -8 (9] 8‘ g @ 8‘ g (1] 8‘ (1] g a
Q = Q =1 [} =} o o i)
7] » 7] o
[v] @ @ o
2
1 | Owner RIP software for 9/22/15 email yes 9/29/15 | face to
textile digital face
printing
2 | Research textile digital 9/22/15 email yes | 10/16/ | email | no 2/19/ | email | no Job change during
and printing 15 16 the interview
Developme
nt
Associate
3 | Printer textileink jetprinte | 9/30/15 | faceto | yes | 10/1/1 | email | no
technician manufacture face 5
4 | Research & | textile digital 10/5/15 | email yes 10/14/15 | face to
Developme | printing face
nt director
5 | Research textile digital 10/9/15 email yes 10/15/15 | face to 10/25/15 | email
and printing face
Developme
nt
Associate
6 | Owner Color science 10/1/15 email no 3
7 | Color Color management | 10/1/15 email no 3
managemen| specialist
tand
imaging
specialist
8 | Professiona | Photograper 10/1/15 email no 3
|
photograph
er and
producer
9 | Color Dyeing, color 10/21/15 | faceto | yes | 10/21/ | email | no Not involved in this
scientist science face 15 area
10 | Professiona | Graphic printing, 10/20/5 | email yes 10/23/15 | skype 11/1/15 | email
| color management
photograph
er and
producer
11 | Professor of| color science 10/22/15 | email yes 10/23/15 | email Haven't been
color involved in this
science area for more than
ten years
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Table5. 5.continued.

12 | Chemical/l | ink chemistry 1/29/16 email yes 2/3/16 | email Not involved in this
nk area
Marketing

13 | President/ | media testing & 1/29/16 email no 2/5/16 | email | yes
Imagineer color profiling

14 | President textile digital 2/5/16 email yes 2/11/16 | face to 12

printing fact

15 | President textile digital 2/17/16 email yes | 3/1/16 | email | yes 3/1/16 | phone 13

printing call

20 | Digitally Digital textile 3/22/16 email yes | 3/23/1 | email | yes 4/7/16 | email 4/8/16 | email
Printed production 6
Textiles
Expert

21 | Specialist Color expert 4/1/16 email yes | 4/4/16 | email | yes conflict with
ink jet company
application intellectural

property

22 | N/A Textile printing 4/1/16 email no

23 | Specialy Textile printing 4/1/16 email no
applications
chemist,

Textile
chemistry
research

24 | N/IA Ink manufacture 4/1/16 email no

25 | CEO Printer manufacture| 4/1/16 email no

26 | Strategic Ink manufacture 4/1/16 email no
Customer
Support
Manager

27 | Global Ink manufacture 4/1/16 email no
Technical
Promotions
Manager

28 | Manager Textile printing 4/1/16 email no

29 | Director of Ink jet printer 4/2/16 email no
Marketing, | manufacture
CAO &

Clo

30 | Printand digital printing 4/2/16 email yes | 4/10/1 | email | no 4/19/ | emalil
Digital 6 16
Fabrication
Consultanc
y
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Table5. 5.continued.

31 | Manager, Ink manufacture 4/2/16 email
Ink jet
Chem, Lab
32 | Group Ink manufacture 4/2/16 email yes | 4/6/16 | email | no 4/19/ | emalil 5/2/16 email
Leader,Ink 16
jet Chem,
Lab
33 | Application | Ink jetprinter 4/4/16 email yes | 4/19/1 | email | Yes 5/3/16 Skype 25
& manufacture 6
Consumabl
es Products
director
34 | RIP Color management | 4/6/16 email Yes 4/12/16 | phone
software software call
technician
35 | RIP Color management | 4/8/16 email yes | 4/19/1 | email 21
software software 6
technician
36 | Account Ink manufacture 3/14/16 email yes | 4/8/16
Manager
37 | Inkjet Ink jet printing 4/19/16 email yes | 5/5/16
printing
expert
38 | Color Color management | 4/28/16 faceto | yes 4/28/16 face to Conduct the
scientist software face face interview together
development with expert 16
39 | Technician | Ink manufacture 5/6/16 email yes 5/10/16 phone 36
service call
engineer
40 | Manager RIP software 5/10/16 email no 39
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Figure5.5. E x p ewotkisg&xperiencen color gamutanalysis.
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5.1.2.2 Expert Interviews

Most ofthe interviewsvere conducted indidually, exceptn the instances axpert T1 and
T2,andC6 and S2, whaeompletedhe interviewsn pairs. The firsttwo questions were
expertise identification, which identified 't
activities in this field Thethird questiorasked the experts tdentify ther print
environmentTwelve of the 13 participants had extensive experience witteténk jet
printing, howeverC2 6 s e x p e r dlyeatatedtto pagesprirgirg.articipants listed
use of the prints such asMS, Mimaki, Mutoh, KornitandEpson see Hble 5.6 Eight of
participants reported usidgrge formatpaper printesas well. For the inks and substrate,
participants reported that coloraglection was based sabstrate propertiescluding acid
dye-based ink for silk, reactive dygased ink for cotton, dispersiye based ink for polyester
and pigment fom variety oftypes of textile substrateeeTable 5.6.

For the quality requirements, tfrdd s a n s wbkedigidectirdausix dategories:
physicalappearancegmage quality, fabric, ink and pretreatment requirement, printer, and
software(Table 5.7). Physicalappearancancluded checking the visible printing
performance, such as:ible dots, dithering issue, printhead alignment, banding and striping
issue, ink laydown,and registrationimage quality was categorizedtasvhatthe color
lookedlike after printing including: linearization, maximum ink limit, color gamut, ink
brightness, blackness, saturation, whiteness and print repeatathiguthor found that
physical and chemical properties of fabric, ink aretneatment also affect the print quality.
Generally, prdreatment was reported @avepositively impactedolor fastness properties

such as light crock and waskastnessand negatively affectef@bric hand and color
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(yellowing). Other responses indicated thtée ink formulation anthk/substrate
combination; therint settingparametersirop sizeand print had firing could affect the
print quality. The participants stated that color reproduction quality is largely impacted by

factors such as type &P softwareand accuracy and type of profile (ICC or CTB).
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Table5. 6. Printenvironmentidentificationwithin the experts.

m | Printer Ink Substrate
x
8 Textile printer Paper printer | Pigment | Disperse Acid | Reactive | Latex | UV | Textile Film | Paper
z ink
£
3 g o @] || Q <
o = =} =X = | 5 5
o) @ = = < @ <
2] e | 3 = 2 @

2 @

o =

=}
C1 | MS JP5, Mubh 1618, 1638, Mimaki N N | N N N [N
Cc2 Ink jet printer N
C3 | Many types HP printer N N
C4 | Mimaki HP Latex N N | N N N N N |[N [N N
C5 | Many types N N | N N N | N N N
S2
C6 | Many types N N | N N N N | N N N
T1 | MS JP5, Mutoh 1618, 1638 N N N N N [N N N
T2
T3 | MS JP5, JP7, Kornit, Mutoh 1618, 1638 HP Latex N N N N N N N

3500, HP
L2530

P1 | Kornit printer N N N N N N N
12 | Mimaki JV33, JV5, Epson 4880, MS JP N N N N [N N
13 95% piezo printhead printer HP printer N N N N N N N N N N
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Table5. 7. Print quality requirementgoncludedrom the expertresponsén Question3.
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For thefourth question, the expsrdescribed thecolor gamut analysis procedure
and how they evaluadgrint qualities.Seea summation of results ifiable 5.8.

Analysisofthep ar t i ci p aibytre duthoshosvgddahatsolor gamut analysis
procedures could be categorized into fowajor stepsink limit, linearization, calibration,
and profile creationAdditional steps were mentioned bgme of theexperts For example,
experts C1 an@3 stressed the importance afpretreatmenstep. C1 and T3 includea
visualnozzle check, alignment and ink bleediagdstressedhe need to maintain
uniformity of print made, print speed and resolutiorx@ers C2, T1, T2 and T3 used the
reflectance curveotdetermine the ink limit, in order to avaitk waste C2 and 13 usétheir
own proprietaryRIP softwardo print usingsingleand multiplechannel controlBoth experts
stated that this additional color calibration steproved color accuracynd ink Imit
control. The majorityf the experts compledeghose procedures in order to create an ICC
profile, except for expestC1, C2 and C6, whbadtheir speal profile to drive the printer
Someexperts mentioned thtteICC profile is best used fographt printingand has
limitations in textiles asthe deltaE value in &xtile printing is not uniform. Another
conclusion from the experts was that while there are rhya®s ofRIP software in the
marketplace, many are fdraditional graphic printing, wkh performs well fotCMYK
systemsutarelimited in textileprinting that often requires@VYK + additional colos.
The experts hdhdifferent preferencéor selecing parametersvhencreating ICC profils,

such as the total ink limandnumber ofcolor patches.
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Tableb. 8. Informationcollectedfrom Questiord.

Expert  Procedure Purpose Other comments
C1 Nozzle check

Alignment
Pretreatment process
Visual and instrumental assessment to ¢
the deepest/darkest/brightest colotheiut
bleeding
Test print by changing different drop
density, print mode and resolution

Measurements
Generation of ink recipe

Cc2 White calibration All the prints are printed twice, one is measured Linearization is not needed, because the
Calibration with other colors right after printing and the other is measured afte machine is uniform enough; all the
Compare color with Pantone colors  two weeks calculation is comprehensive and
Color prediction basing on calculation continuais;
Mix colors Only study 8 color system, colors are de
Color separation with individually
Match colorsagain
Generate ink recipe
C3 Pretreatment of fabric Step 3 is to avid waste of ink It is important to stabilize the print batch
Linearization establish file designs in the market, it
Maximize ink channel curve For research, there are many variables for fabric, dependn the market requirements (autd
Set total ink limit and create profile  and printer, they must meet with the needs of furniture, hospital or hotel, etc.)
Fixation customers Color patches around 2000
Measure profile, check profile table,
calculate shrinkage ICC has limitation for textiles
C4 Determine the max ink limit There are different target charts to create the pro. Sometimes its necessary to create the
RIP ink registration for CMYK it depends on what kind of color the clients want, LUT by myself;
Determine the ink registration for two e.g. fresh color, grey color, or more pop color the color fetween two points in ICC char
mixed colors need to be linear and interpolation
Determine the ink registration for four
colors
Linearization
Create ICC profile
C5&S2 Linearization ICC workflow has weakness for textilek jet Color matching is hard between differer

printing;

printers, different locations hysing ICC
profile.

Unstable deltaE value and metamerism
happened a lot in textile printing
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Table5. 8.continued.

C6

Establish the ink limit for substrate
Identify density and chroma limit
Linearization
Create an ICC profile

T1&T2

Create a profile
Test the file
Use spetrgphotometer to match color
Create linearization curve
Measure color shift after 4 weeks
Do linearization again

For step 3, delta E is an important factor for
evaluation

1200 color chips were used to create IC
profile;
400% total inKimit

T3

Play with resolution, print mode, passe:
print speed to get expected quality
Linearization
Maximize density, ink limit, get
reflectance curve
Create ICC profile

P1

Calibration
Linearization
Check the ink limit of different ink
combination
Create ICC profile

Step 1, to obtain the good resolution, purity and
color intensity on specific substrate

the number of color patches can be arol
1000~2000, if too
enough for accurate measurement; if tog
much, it will affect the measument also,
due to textile fabric structure; it also
depend on the software engineer

Ink selection: 4 colors or 6 colors
Pretreatment of fabric
Create ICC profile
Print with ICC profile
Check color accuracy
Spot color management if necessary

Sinde channel ink limit control
Double channel ink limit control
100% ink density check
Linearization
Create ICC profile

Color patches number is around 8000,
if depends on the products qualification;
Total ink limit is 400%
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In the fifth and sixth quesins, the experts were askiedprovide thedetails used for
the color gamut analysis procedure suchragerencefor typecolor modelaused to
compare gamuytnd match color®RIP and other CMS softwarand instrumental and visual
measurement procedgrseeTable 5.9.

The majorityof the expertseported using th€IELab color systenfor ink jet
printing to describe the color gamstating that this model the most universand is
accepted in different applications. Hoveeyfor traditional textilescreerprinting, the
CMYK model was reported by the expertsrawewidely accepted. To enlarge the color
gamut, extileink jet printing typically requires a colorant set consistingadflY K+
additional colorstherefore thenajority of theexperts chose to have viswaa well as
instrumental assessmentsteetcustomer requirement$he participants mentioned using
more than one bramaf RIP softwareas each RIadunique features thamight provide a
better fit for eacltustane r 6 s r e cAunumber oh profiingsoftwarewere mentioned
by the experts, howevghe X-rite seriesvas reported most frequentlyspeciallythe il
profiler. For the spectrophotometer, both Barbieri éindrere mentionedhost frequently.
For visud assessment and quantity measurements of color gamut, Color Thiwa$ro

recommended the mostsa gamutplotting tool.
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Table5. 9. Informationcollectedfrom Questionb.

Expert Color models RIP software Other CMS Spectrophotometer Other comments
C1 CIELab+addtional RIPMaster i1 profiler i1i0
colors
Cc2 Convex hull model; use Oynx, to control i1 Lightness, darkness, and colorfulness ar
Alpha shape calculatior each channel considered via single channel caitand
individually double channel control
C3 It depends on customer They are many RIP  Monaco profilers; i1 for graphic printing and éset industry, it
requirements software in the i1 profiler; Barbieri counts more on the spot color matching,
market, different Profile maker Color and looks nature;
brand has their Think Pro For textiles, LAB is used to maximize
unique functions color gamut and CMYK is used for color
separation and Photoshop adjustment
C4 LAB, it i s universal and i1 profiler Barbieri
convenient Gamut viewer
C5&S2 Calculation directly Own CMS system i1 spectro Technically, there is no need to generate
from reflectance spectr: gamut by using this CMS, but ICC profile]
data can be created by using this database.
C6 Not fixed
T1&T2 LCH model Oown Cdlor Think Pro Barbieri
T3 LAB Ergo, RIPMaster Color Think Pro Barbieri Barbieri has different functions on
different modes, to account for optical
brightness, yellow adjustment and UV
reflectance curve
P1 LAB to get good color Own i1 profiler; Barbieri
accuracy; Proofer
check densityd obtain Profile viewer
color intensity and
darkness, blackness
12 Perceptual matching Wasatch, texprint i1 publish i1
13 CMYK Caldera, Efi, Fiery i1 profiler i1 Pro2 Different inksets are compared, including

the olor information and if they are over

inking.
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The answers for the last three questiaresssummarizeth Table 5.10. The experts
were asked the expectegsults from the color gamut analysis, the limitations for current
method, and were given the opportunity to proviaaditional comments and suggestions
To concludepatrticipants stated thdte most impdantaspect of color gamut analysis is to
improvecolor-matching accuracyn addition, the main purpose of color gamuilgsis is to
guantify color gamut volume, blackness, brightness, and color intefi$igyexperts stated
that these factors have a significaffectonthe final image qualityLimitationsof the
current methodw/ere also mentioned by the expeaxtsl induded

The limitation ofthe ICC profile, which is generated from graphic printiagd isnot
alwayscompatible with textilgrinting. When using the ICC profileplor matching is not
accurate due to the transformation from reflectance spectra dav&Zi@a®d LAB data. This
issue is likely to cause metamerism.

The lack of standarchethoddo test and evaluate print quality, such as ink performance,
color intensity, color gamut volume, substrate properties, and rendering intent for color
reproductionThe difficulty in controling print consistency and repeatability, due to RIP
limitations, andmnost significantly the many variablesf the printing environmengor
example, the preparation of fabric, the print mode and speed selection, tsetheat
tempeature and duration time, the selection of inksets, color combination and ink
formulatiors, are all variable that should be controltednaintaina stable prinenvironment.
One expert stated thatone magif i nd a b a goadprintequabtyeandgoede n

production efficiency.
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Expert

Table5. 10. Informationcollectedfrom Question7,8,9.

Target results for gamut

Limitation of the method

Comments and Other comments

analysis suggestion for us

C1

Color accuracy to
reproducecolor;
Ink spreading evenly

There is no standard for
the gamut volume
measurement.

There is no standard for The gamut evaluatioimcludegamut
gamut evaluation and  analysis, profile creation and print

testing method. quality control; keep in mind that atl

of factors influence the image qual

it

C2 High color accuracy in ICC profile is generated ICC is for photographic,
different rendering intent  from LAB or XYZ spaces, not for professional color
which has metamerism, it scientst.
will be better if we create
the color spaces directly
from spectra reflectance
data (D)
Cs3 Set bench mark for It is hard to control color Compare different This process of production decided
different colorants; shift and variables in the software tools; the ink evaluations, and back to
To have correct color whole preess; Consider about hyamut quality control, everything tradeff.
matching; There is no standard righ' color accuracy
To maintain the productior now and kind of hard to
by control variables setup the standards;
C4 Maximum color gamut anc There are too many Find a balance between Textiles need to be measured with

best color, image quality

variables in digital
printing: the heaset
durable time, press
method affects color
consistency, the print
environment neexto be
stable.

speed and printuglity spectrophotometer with larger
aperture.
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Table5. 10.continued.

C5& S2

C6

To create a particular
color gamut as customer
required.

The RIP offering in the It is important to
markets nowishardto under st and
handle moe than fow  expectations, but also
color system effectively, doing some education
since they are develope to make sur¢hey

from commercial paper understand the
printing, they do not limitaions.

have the basis to

calibrate and utilize

extra colors.

T1& T2 To get a big color gamut, The change of white There is a lack of Keep 100% ink limit for black if
the blackness need to be point of substrate shoulc industry standard for  possible
low enough (<20 for be considered; selection of rendering
reactive, ~25 for pigment the ink drop size and inl intent;

formulation, especially Itis hard to play with
for grey is hard to heatset time and
understand. temperature.

T3 Color gamut volume; The LAB systemis not Test more profiles to
Consider about full proved based on learn more in this area
brightness, yellow human perceptual
adjustment and UV colors; the metamerism
reflectance happened in different

situation and hard to
control
P1 Gamut volume, color Not much limitation The products

purity and intensitybest
color without bleeding

development should
consider about the
cust omer sé
requirements.
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Table5. 10.continued.

Use the gamut to collect The print quality is not
all the components in oul consistency in different

CMYK space, if not, we
have to tell customer or
desgner that the image
cannot be printed as
designed.

printer system.

A uniform CMS system
is needed for the suppl
chain and to compare
different profiles.

The gamut of ICC
profile;

Colorfulness of diffeent
inks;

The pixel performance ol

prints;

Multiple performance of
black and grey;
Balance between ink
consumption and better
reading

There is no standard of
substrate, which makes
it hard to keep a balanc
of ink lay-down.

The gamut volume is
not the mosimportant
factor, the print
consistency, print
repeatability, and how
the blackness is
introduced, are also
very important.
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5.1.2.3 Optimal Color Gamut Analysis Method
A methodology to evaluate print quality and analyzeicghmut was developed by the
auttor based onthe expert®descrption ofthar procedure for color gamut analysis and
evaluationandthe purpose of each step. This methad developed in considerationtbé
mostimportant factors the experts stressed, the limitatioeyg currently ecounter andwas
alsoguided by the authér experimental results

Theauthod s i ni ti al mmed elglt steps, lmogever, d e mutbandensed
these into four steps for the final model. The initial eight steps incliRtetteatment of
fabric, Piinter checkPrinter parameter settinBrint and fixationLinearization and

calibrationandprofile creationColor gamut analysj$rint quality evaluation

Pretreatmenof fabric
Pretreatment wasientionedoy three experts as an important step for cgéonut analysis.
The pretreatmemwasalways conducted aftéine scouring process, to remove wasetuble
sizes, spin finishes and other lubricafits The pretreatmerggent which is typically
padded ontohefabric, reducesnk diffusionon the substratso that the color intensity is
increased and the color gamuerdarged.

Four experts mentiondtatthe pretreatment should consider abtbetnk
formulation, and the fixation mechanism between colorants and subBtyafggmentbased
ink, some pretreatment was formulated with chemicial binder to help with the colorant
fixation; for disperséased ink, some pretreatment was formulated withitdNbitor and
antiFmigrant to prevent ink migrant and improve lightfastn@ssee experts mentioned that

the ink and prareatment vendors typically supply accurate information about the pre
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treatment method needed based on substrate fiber content, weight and fabric formation
processSeven experts stressed the effects of pretreatt for the color fastness properties;

two of them especially mentioned that pretreatment also affects the fabric handle and might
yield to yellowish of the substrate.

Base on the aut h e,nméfabriqptype shduldenalpeled withleer i e n c e
item codeg(eg. Project# Fiber type Treatment_Location), to avoid confusion in the inventory.
The specific description of each substrate should be stored in a database so that the
technicians can always go back to chdaka, including fiber type, fabricrsictures,
manufacture vendor, etc

Within the BB experts, 7 expertsientioned that the shrinkagetbe substrate is a
major factorthat should be considered, especially for polyester. The ratio of shrinkage
depends on the fiber structure, the ks=itmethod (duration time and temperature), and also
the pretreatment. 8heck of fabric shrinkage is recommend&gre-shrirking stepwas
recommended together with the scouring process. From a second interview with expert C1, a
size example of the color pagesm@commended to print and haat first, to calculate the
shrinkage ratio. Then the pages to batpd should be enlarged basmdthe shrinkage ratio.

SeeTable 5.11 asan example of checklist f@retreatment conducted byetauthor
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Table5. 11. Exampleof checklistfor pretreatment.

Basic information

Fabric type NC_WM15 14 Pretreated Polyeseter
Machine information MS JP5 evo
Pretreatment agent DP0O01
Pretreatment formulation 90to 120 g/m”2formula N/A
Pretreatment temperature 275F
Pretreatment pressure 14 psi
Duration time 60s
Wet pickup 60%

Scouring and geshrunk treatmerfOptional)
Scouring formula 2g/L Soda Ash, 2g/L CLARITE JBS
Fabric shrinkage ratio N/A

Preshruk method Scour at 24€F, increase the temperaturd=Iper
minute after 188, dry at 240F
Other information

Pretreatment location Pilot Plant, College of Textiles, NCSU
Pretreatment date 1/31/2016
Contact person Yi Ding
Other

Printquality check
After pretreatment of the substragehasic print quality check iequired for the printing
environment. All the experts recommended a physical check of the pnnatiey to see ifl)
all of the print heads weff@ging correctly; 2)the substrate wainstalled successfullye. The
fabrictensionwas adjusted correctly arte fabric hado skewingwrinkles or bubbles3)
theink jet heads weralignmentwith each andhe print head heightvasaligned well with
the fabric If the print wasiot acceptalgl, hen nozzle cleanings werecomnended,
substrate tension adjustment, or the printhead height should be inspected and corrected by the

technicianSeeTable 5.12 as an example of the print quality check conducted by the PI
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Table5. 12. Exampleof print quality checls.

Basic information

Printer name MS JP5 evo
Ink type Pigment Inkset A
Inkset colors CMYKRB

Printhead height 3.5inch

Physical test

Nozzle check Pass
Fabric installation Pass
Alignment check Pass

Ot
Date and time 2/1/2016
Location Room 1102
Other

Print parametesetting
The next step it set the print mode, print speed, resolutions and ink fanihdividual
channels for this ink/substrate combinatidhe main goal bthis dep is to make sure the
inks wereregisered well with the printer, inlay-down and the printhead alignment work
normally.

This procedureequiresthe technician to tette parameterseveral timespormally
determined by visuassessmenty experienceto decidehe print mode and speed (passes,
print with unidirection or bidirection), print resolutiong:ive experts stressed to check for
ink bleeding problem®ne mentionegrinting the linearization page to vislyalhssess the
deepest/darlst/brightest colawithout bleeding; another two @d spot color files to check
ink bleeding Figure 5.6 shows an example of color bleedioigservedn untreated fabric
andFigure 5.7 shows an examplaf sharp printing on pretreated fabric. Normally, the
bleeding issue could be reduced gigantly via suitable pretreatent, if not, the ink limit

for each channel can be adjusted to avoid the bleeding.
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Figure5. 6. Bleedngissueon untreatedsubstratdin the blackcircle).

Figure5. 7. A goodexampleof sharpprinting on pretreatecgubstrate.
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Besides ink bleedindandings should be chaxkas wellColor banding is a
problem that resultis colordistortions of the printsas a result of colors bunching together
at a low resolution. Due to the undesired effect of color bunching from banding, the result of
printing is colors tha&re notsmooth.Two experts mentioned that for higésoluton printes,
it was also necessary to chdok the presence afots on the prints
Table 5.13 shows an example of printer parameter setting for a satisfactory print trial.

Once those parameters are set, the linearization pageecprinted.

Table5. 13. Printerparametersetting.

Parameter Information Parameter Information
Print mode C2 Resolution 360dpi
Print passes 8 passes Ink limit 100%
Uni-/bi-direction Uni-direction Other
Visual assessmén Visual assessmen
Visible dots No Banding No
Dithering No Ink bleeding No
Others

Printandfixation
For this research, the autts#lectedRIPMasteV11 and il profiler to conduct the
calibration and profilingTable 5.14 showed several RIP software tatre recommended

by the experts.
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Table5. 14. A widely usedRIP Softwarefor textile ink jet printing.

Software | Key advantages Website
name
RipMaster | A special CTB http://www.dpinnovations.com/
profiles for spot
color matching
Ergosoft ColorGPS http://www.ergosoft.net/ergosoft/index.ph
TexPrint profiling
14 application;
Textile specific
features: color
replacement, colo
combine;
shrinkage
correction, etc.
AVA Supportsspot http://avacadcam.com/asftware/digitad
digital printing of print-rip/

print RIP | speciality metallic

and white inks ang

inhibitors

Caldera | Supports all majorn http://www.caldera.com/product/textilepr

TextilePro textile printer

manufacturers
http://www.inedit.com/en/product/neostan

NeoStampg Managegprocess
color and spot ink al

RIP
combinations with
up to 16 colors
ONYX ChomaBoostTM | http://www.onyxgfx.com/products/onyx
Textile technology textile-edition/
edition achieve brighter

more saturated
colors even on
difficult to profile
media;
Individual ink
configurationto
reorder ink
position for textile
applications;
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As mentioneckarlier, in orde to improvemeasurement accuracy, shrinkage
correction & requied for the substrates that undergo shrinlkafter the fixation step A
practicalway to correcshrinkage was recommended by Expertdading thesecond
interview: A sized sample is printed first, with the height and width recordée size
sample is theheatset, and thelimensionsneasured again. In thvay, the shrinkage ratio
under the specific heaet environment can be calculatésblor patclpages that are printed
next will be enlarged to the corresponding ratio. $pectrophotometer will allow size
differenceoft0 . 2 5 0

Table 5.15 showsan example of the shrinkagorrection conducted by the author
From a second interview with Expert T2, the paddergperature and pressuresioploy are
variables that could influengarint consistency. It would be necessary to kieagk of these

two factors to maintain a consisteptint size

Table5. 15. Substrateshrinkagecorrection(Optional).

Shrinkage ratio calculation

Heatset temperaturet00°F Heatset duratiortmin

Before heatet After hed-set
Page Height Width Height Width
Size sample 27cm 18.4cm 26.4cm 18.1cm

Shrinkage ratio in heigh87.78% Shrinkage ratio in widtl®8.37%
Original After correction

Height | Width Height Width

Linearization
Color patches 27com 18.4cm 27.8cm 18.77cm
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Linearizationandcalibration
After print settings are determined a device calibration and profiling is required in order to
obtaining gooeuality prints.The calibration process drives the relationship betweenelevic
dependen(RGB) and devicandependenfLAB) color representations for a calibrated
printer. The output of the calibration and characterization process is a set of mappings
between devicendependent and devigkependent color descriptions, via 3x3 matri
conversion, whitgpoint normalization, onedimensiona(1D LUT) and multidimensional
(3D LUT) lookup tables. The information can be stored in a variety of formats, of which the
most widely adopted industry standard is the International Color Consol@@h grofiles.
Normally, the conversion is completed through the software driver automatically, by printing
and measuring several color patches as the software required.

The first and key step for calibrationlisearization.Linearizationis a procesthat
enables each ink channel to lay down ink in a smooth and linear fashion. Individual ink
channel is printed beginning withwhite (no ink laid down}ubstrateéo its maximum
density in smooth increments.

The process varies slightly depending on the wvare with the same end goal.
The first goal of linearization is for linear output, for example, the 40% ink laydown has
twice density as 20% laydowmhe second goal is to determine the earliest point at which
maximum density is reachelt. this way, he printer linearization redistributes the ink along
the CMYK gradation to ensure smooth color transitions.

Different RIP software hawdifferent linearizéion files to print and measure.

Basically, individual color from eadhk channel will be printeth gradatiors from 0% to
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100% ink coverage, then the spectral values will be measured by the spectrophotometer,
including L*, a*, b* and C values for individual colors. An exampleio¢érization pagef

RIPMaster isn theFigure 5.8.
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Figureb. 8. An exampleof linearizationpage.

Therearethree steps for linearizati@ndthe procedure can be colaged by the
profiling software.The purpose of each step is listed below.

1. Transition curve
The firststep depends on whether the printer has light inks (light cyan, light magenta, or grey
in additional to CMYK) or not. There is no need to create the transition curves if the printer
has no light inks. If the printer has light inks, the printer has ta@dmbw much light ink is
used b#ore introducing the dark ink and how the two types mixed. Also, if the printer has
variable dropletshe dark inks are introducedhere the variable droplet transitions are

created. The procedure is complex and ndsntakated automatically.
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2. Ink limit per channel
After establishingan optimum set of transition curves, the ink limits for each channel are
defined depending on different types of media, resolution and colorants. This process is done
by printingand measr i ng a gradation of printersd prim
normally nonlineaand isincreased as the printing densgyscaled from 0% to 100%. There
is a point that the curve begiftat, around which the ink limit should be defined
3. Linearizdion curves
After defining the optimum ink limit per channel, a new measurement should be made and a
compensation curve is generated to make the output of each channeBxasaples of

curves obtained are illustratedkigure 5.9 -Figure 5.11.

Figure5. 9. An exampleof nonlinearspectralvaluesfor C, M, Y, K inks (126).
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Figure5. 10. An exampleof the spedral valuesfor C, M, Y, K inks afterdeterminghe
individual ink limit (126)

Figure5. 11. An exampleof thespectralvaluesfor C, M, Y, K afterlinearization(126).

After completinginearization, the software will then create prafil@welve of the

thirteenparticipants in this study usé@C as the printer profile. Within the 12 expedsge
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used another type of spot coloim B profile, which was specially designed for textile
printing, to evaluate the color gamut as wehiere are several profiler software
recommended by the experts, such as il profiler, Monaco profiler, Caldera, Efi, Wasatch, etc.
The X-rite i1 profiler is selected to create the 1@(file in this methodsince we have the
11102 spectrophotometer equipped in our lab. The software has detailed selection of profile
wor kfl ow. First, the colorimetric informatio
ACMYK+ addi ti on a landb*osdlue foseach adtitiomal cbldrs, Twa *
parameters should be input to create the profile: number of color patches and total ink limit.
Printer profiles are built by printing a set of known cqlatches. A reflectance
spectrophotometer then reads ttolor patches so the software can interpret the difference
between the original file and the printed patches. This information is stored in the form of an
output profile, which is applied to images to ensure they are printed correctly. Color patches
vary depending on which level of color management suits your purpose. They can range
from 343 colors to 4,982 colo(%27) Seven of thehirteenparticipants recommended using
1000~200@:olor patchesToo manycolor patches will result color reproduction accuracy
especially for textile substrate
Total Ink limit, or total area coverage is the amount of ink in one area of the image.
For better print qualityn photographigrints it is recommendethat images haviess than
300% totaink density. The total ink density for Dwell Magazine is 280%. The lower the
total ink density, the thinnar grayer the shadows will lopknaking the image look flatter.

It is recommended to use a valuel6D0 with total ink limit 0f300% for RIPMasteV11
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software, which also differs fatifferent RIP software. The page size should be consistent
with thecolor patch page size

A shrinkage correction is required if the fabric shrunk dik@tion, especially for
polyester. The size can be adjustadtigh Photoshop. Aftdixation, the color patch pages
can be measured by ili&utomatically.The software has detailed instructiom howto
follow, until the ICC profileis generated. Some examples of using il profiler to create the

ICC profile are showim Figure 5.12to Figure 5.14.

;] Printer OOBEZDBOBO
8

Device selection:
CMYK+3 Printer

Worldflow selection:

Profiling

Figureb. 12. Screerusedto selecta printerto createlCC profile.
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Figureb. 14. UsingtheiliO2 to conductthe measuremerfor color patches.

Colorgamutanalysis
After the ICC profile is generated, further analysis can be conducted by using arsdftat
plots the gamut such as Color Think Pro, Profiler viewer, Gamut viewer, etc. Color Think
Pro was selected by the author as an example tool. A manual of the software is available

online (vww.colorwiki.com/wiki/ColorThink Pro 3 ManugplThis software has the
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http://www.colorwiki.com/wiki/ColorThink_Pro_3_Manual

AProfile I nspectoro function, i n which the
includes: gamut volume, white point and black point measurement, ink statistics fardiffer
rendering intents, etc.

The rendering intent determines how the profile is going to deal with theardiog
from a printable gamut. There are four tge rendering intent for color reproduction:
perceptual intent; saturation intent; relative mtend absolute intent.
Perceptual intent

It compresses the total gamut from one device's color space into the gamut of another
device's color spadgy preservinghe visualrelationship between colors, eithghrinking the
entire color space and shiftiadl colors, including the kgamut colors
Saturation intent

It aims atreprodicingthe original image color saturation (vividness) when converting
into the target device's color spatée relative saturation of colors is maintained from
gamut to gamufThis render intent is primarily designed for business graphics, where the
exact relationship between colors is not as important as are bright saturated colors intent
Relative intent

When a color in the current color space is out of gamut in the targetspalce, it is
mapped to the closest possible color within the gamut of the target color space, while colors
tha are in gamut are not affecteldvo colors appeang different in the source color space

canbe the same in the target coloasg.
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Absolue intent
The color matching method is similar witie relative rendering intent, except that
colors match exactly with no adjustment made for white point or black point that would alter
the image's brightness. Absolute colorimetatues arevaluable forendering "signature
colors", those colors that are highly identified with a commercial product
For textile spot color printing, the renderingintenan be set as fAabsol
however, i f photographic i magamebeiusediei med t o p
reproduction colorimetric value afdifferent rendering intent can be seen in the analysis by
Color Think Pro Figure 5.15). Also, the 2D and 3D gamut can be visually plotted and

compared against each other asvah in (Figure 5.16).

.~ Profile Inspector * Ca L = = Profile Inspector A L &

m Header Faids  Tag Table  Curves  Staustks  Emvors/Wamings 9 Owervew  HeaderFads  TagTave Curves [EFTEERN Errors/wamings
Name: L2 NCSU CMYKRS C2 101215.cm
Type: Device: Print ‘(' v 54

Device CokrSpace Profi Comnection Space

Gamut Volume: 222,020
Training Data Avalabie: No

BackSan  MaxBlack  Total Ink

236 1000 2944
SR 1ad 241 92 2850
([ e B R
- -
Wnite Point Maximum Black 16 bt table, grid points

Gamut Volume: 222,020

Figure5. 15. An exampleof usingColor Think Proto analyzecolor gamut.
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Figure5. 16. Visualizationof 2D and3D color gamutby Color Think Pro.

Color Think Pro has the function that the colors reproduced through the created
profile could be compared with the original color information, which is designed in a
standard LAB space, Adobe RGB, or sRGB, etc. The color difference between the same
colors in different profiles could be measured automatically.

Another way to evaluate the color accuracy is through visual assessment, by looking
at the reproduced sample against the original design, or to use the spectrophotometer to
measure specific colorklowever, since in most cases the output gamut is smaller than the
input gamut, the colors reproduced will be more or less different compared to the original
design. It is of course possible to use Photoshop to edit colors, or change some of the ink
recipedfor specific colors in the RIP software. For most textile prints visually acceptable
reproductions are more desirable than less visually appealing reproductions with highly

accurate colors.
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Printquality evaluation
Considering the original purpose aflor gamut analysis expert responses were examined.
Three experts stressed that achieving the best e@twhing, whichs the highest color
accuracy is the most important feature. Five experts stressed that attaining the maximum
color gamut is the priay, while 2 of the 5 mentioned the importance of getting low L* for
black inks; and 3 experts indicated that the color quality requirements of customer and prints
application was more important than the color gamut volume for textile ink jet printing and
that a balance must be struck between production cost and print quality. In addition, three
experts preferred to test the image quality by printing several different pictures to see ink
spreading performance and whether the colorfulness of image is ateelxpec

After the above analysis some other print quality evaluations were considered as well,
including the color fastness properties on textiles, print repeatability, and ink consumption.

Color fastness testwere based oRATCC test methos: AATCC Test Méhod 116
2010 Colorfastness to crocking; AATCC Test Methoek610 Color fastness to Laundering;
AATCC Test Method 182004 Colorfastness to liglBpot colorsshownin Figure 5.17
providedan example of the lightfastnessults Spot colorsvereprinted on a fabric swatch,

a cardstockvas used to covem an unexposed section.
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Fabric Swatch
2.5"x5.5"Total

Mounting Card

26" x5.6" ;

Figure5. 17. lllustrationof lightfastnesgestsample.

Cardstock coveril
the unexposed
section.

One expert indicated that in addition to conducting the lighhégs test according to

the AATCC method, and evaluating the color patches after two weeks, it is important to

leave the specimen exposed to the air. Two experts stated the color patches should be

evaluated and their color difference compared after 4 weeks

The ink consumption is another important factor that affects the manufacturer. Most

RIP software applications have the ability to determine ink consumption for each print trial.

For RIPMaster, the ink consumption can be set to be automatically recordedt h e

APr i

Opt i o n @rigureesi8). The ink consumption can be used to compare the ink recipe,

and also to determine the production cost.
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Figure5. 18. RIPMastersettingto determinank consumption.

During the interview, three experts also mentioned the importance of print uniformity
for one long yardage run. A repeat pattern is required to print on one run and determine the
relevant colorimetric attributes. This is a significant factor thast textile print customers
require, especially when large yardage production is printed which significantly depends on

the stability of the printer.
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5.1.2.4 Stage TwdConclusiors

A summation of the expertso respennpmaeticesr es ul t

for color gamut analysis and print quality evaluation. However, several of the experts made
recommendations for an improved methodology, based arettigerience with some of the
limitations and technical obstad®ef the currentmethod Fou areas of improvement were

identified.

Selectionof ICC profile

The ICC profile was created for photographic printiugddoesnot considethe unique
requirements of textilsubstratesFor examplethe structure of theubstratdi.e. type of
weave, kit or nonwovenan causék bleeding probles and lead t@ smaller color
gamut Also, the texture of the textile substrate requires a more accurate spectral reading to
achieve high quality color reproduction. Another issue that is distinct to tastilest the
ICC profileis a general perceptual modebwever, often textile printers need to prioritize
the reproduction of specific colors. For example, a six color design may contain a bright, on
trend royal blue, and preference would need to be gieehis color, rather than trying to

match the owvall colorof the print.

Metamerismssues
Metamerism issues were mentionedimee expertss the reason for not using ti@&C
profile. llluminant metamerism i phenomeno wherein two colored sampl&sgll appear to
be of the same shade under one light sofgag light bulb, daylightbut will appear to be
different shades under a second so(i@8) In other wordstwo different colors have the

same color appearameinder one light source (metameric matiglook different under
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another light source (metameric mismatdhjis is because dhe differencein the

reflection curves of two color€nly colors withthe sameeflectance curveill be perceived

as beinghe same color under various light sourdasavoid this issue, three experts chose

to formulate the ink recipe from the reflectance data of each color, instead of the generated
ICC profile. While this process increased the length of overall color ¢@mtdocalibration
procedure the experts felt that the extra time was justified as the significantly improved color

accuracy obtained.

Lack of standards
Five experts mentioned the lack of a standard test procedure during the analysis process leads
to difficulties in color reproduction and quality comparisons. Firstly, there is no standard for
measurement of color gamut volume. Various gamut plotting software currently available in
the market have their own approach to calculating the volume, which makKésuttdo
compare the profiles of different ink/printer manufacturers.

In addition, there is no specified standard textile substrate to evaluate the performance of
inks and printers. For example, photographic printing has a standard coated paper or matte
photo paper used for testing ink {dgwns. One expert commented that he found it hard to
decide the best rendering intent for the color reproduction and the large amount of variables

that had to be controlled in textile ink jet printing make it difficalset up standards.

Variables to controlduring printing
Two experts empathized the need to control every variable during printing. For example, the

pretreatment machine, pretreatment formulation, the temperature and duration of heat
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setting; the moiste and temperature of the print environment, the print speed, number of
passes, etc. All of these variables could affect the print consistency and repeatability.

In summary, the experts stated that color calibration is an important factor, especially
gamutvolume, the blackness of black ink, and the colorfulness of inks. However, the
reproduction requirements for the customer might be different due to different uses or
purposes. Compromises often need to be made to achieve the best print quality for a large
scale production, instead of for one perfect sample run. The experts stressed the need to
maintain a balance between production costs and the print quality; particularly if digital

printing will be used to support the U.S. reshoring efforts.

5.1.3 Stage Thre®esults

Stage Three resultmame fronthe analysis of the two experimental designs and consensus
approval of the expestThese results contributed tothe autha f i nal col or gamu
model.

5.1.3.1 Experiment Twotnkset F

The Inkset F is a disperslge-basel high lightfastness ink.-Ecis four-color inkset, which
contains cya, magenta, yellow and black:#€ added blue, red and purple colors. Both
pretreated and untreated falsrigere tested usirthese inkset, the pretreatment agemere
DP003 and DP004yhich werecombinatiors of UV inhibitor and ati-migrant. The
composition of the seven inksshown inTable 5.16 and compared iRkigure 5.19. It can be
seen that deeper colors (lower L* values) warained by applying the pretreatment agent
to fabric Note for black color that L* value decreased from 32 to. Z&@milarly, the chroma

for each individual colomcreased, especially for yellow, whehe C value increased from
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65 to 80 Two sets of colpprofiles were created, osing the fourcolor Inkset(F-4c¢) and

theother using theevencolor Inkset(F-7¢).

Table5. 16. Colorimetricvaluesfrom 100%coverageof individual colors

(pretreatecanduntreatecpolyestemMNC1616, InksetF).

Pretreated Untreated
L* a* b* Cc* L* a* b* Cc*
Cyan 44.69| -15.05| -28.88| 31.12| 54.09| -18.71| -24.15 30.55
Magenta| 40.31| 52.86| 18.75| 56.08] 49.51| 48.95| 11.20 50.21
Yellow 78.24 3.58| 8254 80.29| 78.52| 0.95| 64.94 64.95
Black 26.22 1.36| -1.27 1.86| 32.29 1.59 -0.46 1.65
Blue 35.83 3.11| -39.92| 40.04| 46.49| -2.44| -32.14 32.23
Red 49.9) 56.63| 40.36| 69.54| 54.41| 50.37| 32.78 60.09
Purple 29.38| 25.06| -33.11| 41.52| 39.79| 21.92| -32.05 38.82
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Figure5. 19. Comparisorof colorimetric valuesfor 100%coverageof individual colors

(pretreatecanduntreatecpolyestemNC1616,InksetF).

Figure 5.20 andFigure 5.21 show the colorimetric values of individual colors in

as well as a comparison of their color garBytlooking at the

inkset F4c and F7c

individual colorsvaluesfrom 0% to 100% and the coloagut of the Inkset#c, the

pretreatment increaséhe color gamut significantly, especially in L* direction. Howevee, th

color gamut increased more in a*dalo* directions for the Inkset-Fc, whichis probably

because the three additialcolorshave increased thewlorfulness.
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Figure5. 21 Individual colorsandcolor gamutcomparisos betweerpretreatedind
untreategpolyesterNC1616,InksetF-7c).

Figure 5.22 shows the color gamuts frofour-color and sevewolor inksetsA
dightly larger color gamut can be observed for the s@aor inkset, especially at the

bottom along L* values and b* values.
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Figureb. 22. Color gamutcomparisorbetweennksetF1 andF2 from CTB profile.

In order to have a more accurate measurement of the color gamut, the ICC profiles
were created by the il profiler $efre, and analyzed usitige Color Think Pro software.
Table 5.17 cortainesthe gamut volume resslfrom ICC profiles foinkset F4c and F7c.

Figure 5.23 showedthe 2D and 3D gamut for each of thefhe color gamut volume of

Inkset F4c was 135,687, and thelume of Inkset F7c was much larger, which was

186,533.

Table5. 17. Colorgamutvolumeof InksetF-4c andF-7c.

Inkset F Color Gamut
combination| volume

F-4c CMYK 135,687
F-7c CMYK+R,B 186,533
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Figure5. 23. ICC color gamutof InksetF-4c (left) andinksetF-7c (right) onNC1616
polyesteifabric.

The 2D cobr gamut comparison fdnkset F4c and F7c are shown irFigure 5.24.
The gamut of F7c, which has four additi@h colors, is enlarged especially in +a* driut
directions, which represents red, purple and blue color compoAdsts by looking at the

3D gamutsn Figure 5.25, F-7calso enlarged itheblackness direction (lower L* value)
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Figureb. 24. 2D gamutcomparisorbetweennksetF-4candF-7c.

Figure5. 25. 3D gamutcomparisorbetweennksetF-4c andF-7c.

148



5.1.3.2 Experiment Twotnkset C

Inkset Cis a pigmentbased inkseteformulated from Inkset Bmainly changed in magenta

and blackcontent This inkset contains eight color component: cyan, magenta, yellow, black,
blue, red, green and orange. The individual colors for eattteof wasneasured from 0% to
100%. In DP0O01 werused as the pretreatment. In order to compareffinets ofadditional

color componentsen color gamut, foucolor (Inkset G4c), six-color (Inkset G6¢), seven

color (Inkset G7c),and eightcolor (Inkset G8c) combinatiors were tested, by creatihQC

and CTB profiles.

Table5. 18. Colorimetricvaluesfor individual pigmentcolors

(PretreatedNC1512,InksetC).

L* a* b* C
Cyan 44.03 -2.87| -46.97 45.42
Magenta| 50.00 57.44 -8.19 58.02
Y ellow 87.40 | -10.80 78.2 79.04

Black 29.31 0.53 1.67 1.75
Blue 40.19 11.29| -37.27 38.94
Red 53.54 58.96 28.45 65.46

Green 68.09| -49.27 14.58 51.38
Orange 63.93 47.97 54.28 73.31
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Figure5. 26. Colorimetricvaluescomparisorof individual colorsbetweerdispersedye
basednksetF andpigmentbasednksetC.

The same six color component: cyan, magenta, yellow, black, red and blue were

b* and C values, between disperse inkset F and pigment

a*

compared in terms of their L*,

inkset C. As shown ifigure 5.26, the lightness values of colors in the pigment set were

higher than those for disperse dyes, except for cyan. Meanwhile, the chroma of yellow, red

and blue were higher for the disperse set, while the chroma of cyan and magertiaher

for the pigment set. The disperse black from Inkset F provides a lower L* value (26) than L*

value in pigment (29). The cyan ink in disperse has more green and less blue component than
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that in pigment. Disperse set has a reddish yellow whilpitreent has a greenish yellow
according to the a* values.

The gamut volumes of inksetlfy using fourcolor, sixcolor, severcolor and eight
color combinations were compared, and the results are shovable 5 19. The volume 6
six-color combination was the smallest, even though two additional colors (red and blue)
were included in that set compared to the CMYK inkKEké ICC gamuts anglotted in
Figure 5.27. By looking at the gamstplotted from tle CTB profilein Figure 5.28, the six
color gamut decreased the lightness of the gamut, which indicated an increase of the color
intensity effect from the two additional colors. However, the exgidr combination, which
had gren and orange in the inkset, increased the color gamut significantly. The effects could
also be proved by the comparison of the CTB profile comparison. The color gamut of the

eightcolor inkset was much bigger than that for the ses@ar inkset.

Table5. 19. Color gamutvolumesfor InksetC with differentcolor combinations.

Inkset C Color Gamut
combination volume

Inkset G4c CMYK 161,305
Inkset G6¢ CMYK+R,B 152,317

Inkset G7¢ CMYK+R,B,G 168,825
Inkset G8¢ | CMYK+R,B,G,0 188,426
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Figure5. 27 .2D and3D color gamutsfor InksetC with differentcolor comparisos (I: Inkset
C-4c; 1I: InksetC-6¢; llI: InksetC-7c; IV: InksetC-8c).
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Figureb. 28. Color gamutscomparsonbetweennksetC with differentcolor combinations.

Figure 5.29 shows the 2D color gamabmparison fothe four different inkset color
combinatians. Comparing of the inkset-@c, with the inkset &c shows that the formeak
lower color intensity iri a* +b* andi a*-b* directions, which stands for yellow, green and
blue component. However, the color intensity in +a*+b* area was much higher for the inkset
C-6c¢ than for G4c, which could explain the decrease of color gamwduing two
additional colors. In the inkset-T, the additional green color helps with the increase of

color gamut i a* area, which stands for green component, but decreased a little bit in the
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orange area. The inkset8¢ has the largest color gamuy, ddding the last orange ink, the

color gamut in the orange area was enlarged significantly.

Inkset G4c
Inkset G6c

Inkset G7c

Inkset G8c

Figureb. 29. 2D gamutcomparisorof InksetC with differentcolor combinations.

By comparingthe colorimetricvaluesof pretreatedabric printedwith InksetsC and
F, it canbe seenthatmostof the colorsin InksetC gavea somewhatighter color (higherL*
value)on polyestergxceptfor cyan.For black,theL* valuefrom inksetC was29 and26 for
inksetF, which deepenedolorsin the overallcolor gamut.Also, theredandmagentan
inksetC gaveslightly highera* value(59 for redand57 for magenta)thana* valuesfrom
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inksetF (57 for redand53 for magenta)The negativeb* valuefor cyanwasgreaterfrom
inksetF (-29) thanthe onefrom inksetL (-47). Themagentdrom inksetF gavea positiveb*
value,whichindicateda yellow characterwhile the magentdrom inksetL gaveanegative
b* valuethatindicateda blue charactefor this color. Generally the chromaof cyan(45) and
magentg58) werehigherfor inksetC comparedvith thosefor cyan(31) andmagentg56)
in inksetF. However the chromavaluesfor the othercolorswerehigherfor inksetF than
inksetC.

The fourcolor combinations were compared between inksét Bnd inkset €lc and
plotted by using both CTHErigure 5.30) and ICC(Figure 5.31) profiles.Pigment set has a
larger coverage for green, blue and purple areas, and disperse set has higher rsityrimte

red, yellow and orange range.

3% ® Inkset F-4c ]
oget © InksetC-4c |
K" ®5 [

Figure5. 30. Color gamutcomparisorfrom CTB profilesbetweerninksetF-4c andinksetC-
4c.
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Figure5. 31. 2D and3D ICC colorgamu comparisorbetweennksetF-4c andinksetC-4c.

5.1.3.3 Experiment TwoSeverColor Comparison betweebisperse andPigmentinksets
Thesevencolor combinationsfankset F7cand Inkset €7c were also compared through

the plot from CTB(Figure 5.32) and ICC profile(Figure 5.33). No significant changes in

color gamut are noted in the gamut from CTB. By looking at the 2D gamut from ICC profile,
the pigment ink covered more yellow and green areas compaieel dsperse set, while the
disperse set covers more red and yellow regions. The purple color of disperse tends to be

more bluish, but the one of pigment tends to be more reddish.
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Figure5. 32. Color gamutcomparisorfrom CTB profilesbetweerninksetF-7c andinksetC-
7c.
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Figure5. 33. 2D and3D ICC color gamutcomparisorbetweennksetF-7c andinksetC-7c.

5.1.3.4 Experiment Two: Lighfastness an@rock fastnes3esting
To evduate the color fastness properties of@hand F inksets, lighfastness was evaluated

at exposure levels of 160, 300, and 50@rs (h) and wet and dry crofdstness were
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measured in warp and weft directions. The rating scale was 1 (poor) to 5 (e}celit a
minimum rating of 3 acceptable.

The crock fastness ratings from Inksedrie Inkset Gareshown inTable 5.20. Most
of the colors gave a rating of 5, except for wretck fastnestor red in the warp direction,
whichwas still very goodta4.5.However,the crock fastness for Inksetvzaslow. In this
case, the highest rating was obtained from green, which was 3; for the atlet ratings
were around 20verall, these results arise from dye penmnainto the fibe structure versus
pigment occupying the surface of the fibers. Without a strong binder, pigment particles are
more subject to removal by abrasion.

The light fastness resultsom Inkset F and Inkset C asbown inTable 5.21 ard
indicate that color faded appreciably as the exposure time increased, with ratings attthe 500
exposure level no higher than 2. The highest ratings were genefaty the 30th exposure
level. However, the lighHastness ratings from Inks€twere aboe 3 even after the S5a@our
exposure, except for the orange pigment. Black and magenta gave a rating of 4 after 500 h,
while cyan, yellow ad blue gave a 3.5 after 580 Overall, these results reflect the
particulate structure of organic pigments, giviagers of molecules rather than the mono
molecular arrangement ofspperse dyes inside the fib@he latter makes the colorants more
accessible to photodegradation and the solution is Haelsorption of a suitable

photostabilizer to facilitate energysdipation from excited dye molecules.
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Table5. 20. Crock fastnessatingsfrom InksetF andInksetC.

Inkset F Inkset C
DIW Color Weft | Warp | Weft | Warp
Cyan 5 5 1.5 2
Magenta| 5 5 2 2
Yellow 5 5 2 2
D Black 4.5 5 2 2
Red 4.5 5 2 2
Blue 5 5 2 2
Orange 5 5 2 2
Green - - 2.5 3
Cyan 5 5 1.5 15
Magenta| 5 5 2.5 2.5
Yellow 5 5 2 15
W Black 4.5 5 2 2
Red 4.5 4.5 2 2.5
Blue 5 5 2 2.5
Orange | 4.5 5 2 2
Green - - 3 3
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Table5. 21. Lightfastnessesultsfrom InksetF andInksetC.

Color Exposure Inkset F | Inkset C
levels (h)
160 2.5 4.5
Cyan 300 2.5 4
500 2 3.5
160 3.5 5
Magenta] 300 3 4.5
500 2 4
160 35 4.5
Yellow 300 3 4.5
500 2 3.5
160 3.5 4.5
Black 300 2.5 4.5
500 2 4
160 3.5 3.5
Red 300 2.5 3
500 2 3
160 3 4
Blue 300 2 4
500 15 3.5
160 2.5 4
Violet 300 15 3.5
500 1 3
160 - 3.5
Green 300 - 2
500 - 1

As a conclusion nk jet printing on PET benefits from a fabric pretreatment step,
whether disperse dyes or organic pigments are used in the inks employed. This enhances
fiber receptiveness for the inks, leading to increased color intensity and color gamut. In
addition, expansion of the standard CMYK color combination (inkset) to 7 (despgge
based systems) or 8 (pigmérdsed systems) significantly increases the color gamut, as
would be anticipated. Pigmebhased inksets and disperse tygsed inksets bring

advantages and disadvantages to the table. In this regard, the particul&®hpigments
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can lead to superior liglastness over disperse dgased inks. In the present study, the
disperse dye based inkseld not give satisfactory ligfdastness at 30800 h exposure
levels, unlike the pigment systems. On the other handhalhdity of pigment particles to
diffuse into the fibers during the fixation step can lead to crock fastness problems. Compared
with the pigment inksets, the disperse dye inksets provided deeper color shades on PET, the
L* of black color was much lowen Inkset type F than in Inkset type @hich would be
helpful in increasing the color intensity for the prints, when using the black ink individually,
or when mixing it with other colors.

It should also be noted that the high temgturefixation processcould cause fabric
shrinkagé requiring a preshrinking step. For disperse dye inks, a-ofistep is required
to remove surface dye that adversely affects color fastness.

The fastness properties of the inksets used in this study merit further sthosaniaus

photostabilizers and polymeric binders to enhance disperdgtifastnesand pigmen
crock fastnesgespectivelyOf interest would be to determine whether optimum results are
obtained in a pretreatment or posatment step.
5.1.3.5 Validation
After compilingandanalyzingthe responsef om the expertinterviews,the authorsentthe
methodologyto the expertsto build consensusf the descriptionof proceduresind
commentsasto thelimitationsandareador improvementAll of theexpertsapprovel the
methodologywith no additionalcomments.

Basedon the eightstepmethodologyapprovedy the expertsn Section5.1.2.3the

P1 condensedhe methodinto a four-stageprocessmodel,shownin Figure5. 34.
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Stagel calledFabric andprinter preparation In this stagefabricis scoured,
pretreatedandpre-shrunkif neededTheprinteris preparedvith the correctsetting.Physical
appearancef printing behavioris checkedsuchasnozzlecheckandprint headalignment,
to avad bandingor ink bleedingissues.

Stage 2 calletlinearization, calibration and profilingwhichcomprisethe major
steps fomprinter color characterization. Linearization is the first step of calibration, from
which, the individual ink limit is determiile Colorimetric attributearere-distributed
evenly, with the adjustment dieink recipe. Then, the total ink limit is determined, as well
as the color patches to be printed and measured, in order to géinecaler profile. All the
printed pages s&s should be correctédsedn the shrinkage ratio.

Stage olor gamut analysidn this step, the generated ICC profile is inpiib the
gamut plotting softwaregnd avisualized 2D or 3D color gamut is generated. Related data is
collected, such as gaut volume, white point and maximum black colorimetric attributes
under different rendering intent.

Stage 4Print quality evaluation In this stepadditional related print qualities are
tested, such as light/crock/wash fastness properties, color ngasfdiuation between
origind design and reproduced printsesevariablescan be gathered frormdustry/

customer feedback, to improve process workflow, and improve product quality
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Stage 1

Fabric and printer preparation

Fabric scouring Print
Fabric pre-shrunk quality Nozzle check
Fabric pretreatment

check Alignment
Print mode Fa}b_ric installation
Print passes Visible dots
Printhead height Dithering
Uni/bi-direction Banding
Printer resolution Ink bleeding
Ink type

‘ Stage 2

Linearization, calibration, and profile creation
(characterization)

Linearization& calibration

heat-set

Shrinkage correction

L L L

ICC Profile creation

Total Ink limit

Additional color
information, except for
CMYK
Color patch numbers

Colorimetric
measurement

Color patches generation

Colorimetric measurement

Shrinkage correction

Color patches print
and heat-set

Figure5. 34. Processnodelfor color gamu analysisandprint quality evaluation.

| Stage 4 \

Print quality evaluation

Light fastness
Dry/wet crock fastness
Wash fastness

Color matching evaluatio
Ink consumption
Customization evaluation

Product evaluation
Industry feedback

2D and 3D gamut

ICC Profile visualization

Gamut volume

White point
colorimetricvalue
Maximum black
Delta E value
under different
rendering intent

Adjustment of process workflow
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5.2 0O2: Characterization of DisperseyBs Used in &xtile Ink Jet Printing

A TLC plate fromall three generatianofdisperse dyes is shown kigure 535, with
informationpertaining taheir color and generatiotype shown inTable 522. It is clear that
Generation lre not among the subsequegeeerations of dyeslowever, similar
componentsvere evidentn thered, blue and scarlétyes of Generati@® and 3Not

surprising, thélack dyewas a mixture of red, blue, yellow, purple and other components.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure5.35. TLC analysisof thethreegeneratiorof dyes,usingCHCIs aseluent.

164



Table5.22. Idenity of dyespotsin TLC plate

Dye # Dye Designation Generation
1 Disperse Yellow 42 Generation 1
2 Disperse Yellow 86 Generation 1
3 Yellow Il Generation 2
4 Yellow Il Generation 3
5 Disperse Red 60 Generation 1
6 Redll Generation 2
7 Redlll Gereration 3
8 Disperse Blue 56 Generation 1
9 Bluell Generation 2
10 Bluellll Generation 3
11 Scarlet Il Generation 2
12 Scarletlll Generation 3
13 Violet-Blue Il Generation 3
14 Cyan llI Generation 3
15 Black Ill Generation 3

5.2.1 Generation 2 Lipgtfast Disperse s

5.2.1.1 DyeBluell

Results from TLC of a concentrated solution of this blue dye revealed six blue components
(Figure 5.36). The HPLC of the dye mixture was recorded at 607Rigufe 5.37). The

major components were isolated by column chromatography and analyzads\dpectra
arising from HPLC analysis of these components are showigume 5.38 andFigure 5.39.

The major componentsyldar, were the third (35.63%) and fourth (50.19%). There were

three components at levels below 1%, which were not be visible on the Figure 5.2 TLC plate.
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Figureb. 36. TLC analysisof dyeBlue Il, usingCHCIs astheeluent.
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Figure5. 37. HPLC analysisof dyeBlue Il recordedat 607 nm.
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Figure5. 38. UV-vis spectraextractedfrom the HPLC of Blue 1 (top), Blue 2 (middle)and

Blue 3 (bottom) componenbf dyeBluell.
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Figure5. 39. UV-vis spectraextractedrom the HPLC of Blue 4 (up), Blue 5 (middle)and

Blue 6 (bottom) componenbf dyeBluell.

169



Blue 4 andBlue5:

Blue 4 and Blué& are the key components in dye Blue Based on MSHigure 5.40 and

Figure 5.41for Blue 4, andrigure 5.42 andFigure 5.43for Blue 5), it was evident that they
are are isomers of each other. Thecexaass is 376.0695, which was measured as 377.0754
in MS for M+H. Structures were established3®0 MHzNMR (Figure 5.44 andFigure 5.

45), which were also compared with the calculdtgdpectra NMRfom ChemBio Draw
software Figure 547 andFigure 5.49). The proposed chemical structures of Blue 4 and
Blue 5 are thus shown Figure 5.46 andFigure 5.48, both of which were mentioned in the

literature(100,101)as providing good ligiidstness on polyester.
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Figure5. 40. B-4 totalion chromatogranat UV 615
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152492 B4 #1335-1366 RT: 7.92-8.08 AV: 32 NL: 8.13E7
T: FTMS + p ESI Full ms [200.00-1000.00]
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Figure5. 41. B-4 scan7.92-8.08 min.
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Figure5. 42. B-5 totalion chromatogramnat UV 615
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152494 _B5 #1410-1444 RT: 8.29-8.48 AV: 35 NL: 2.66E7
T: FTMS + p ESI Full ms [200.00-1000.00]
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Figure5. 43. B-5 scan8.29-8.48min.
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Figure5. 44. B-4 500MHz *H-NMR spectrum.
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Figure5. 45. B-5 500MHz *H-NMR spectrum.
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Figure5. 46. Chemicalstructurefor the Blue 4 componenbf dyeBluelll.
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Figure5. 47. CalculatedH NMR spectum of Blue 4 (DMSO, 300MHz).
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Figure5. 48. Chemicalstructurefor the Blue 5 componenbf dyeBluelll.
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Figure5. 49. CalculatedH NMR spectum of Blue 5 (DMSO, 300MHz).

Crystak of Blue 4 and 5 were then crystallized and submitted foaycrystallographic
analysis.

Blue4
A dark blueplatelike specimen o€20H12N20s, approximate dimensions 0.138mm
x0.212mm x0.360m, was used for the-Kay crystallographic analysis.

The totl exposure time was 13.05 ihe frames were integrated with the Bruker

SAINT software package using a narriname algorithm. Théntegration of the data using a
monoclinic unit cell yielded a total of 4028&fle ct i ons t o a maxi mum d a
(0.62 A resolution), of which 695&ereindependent (average redundancy 5.794,
completeness = 99.6%, Rint = 2.56%, Rsig = 1.78%) and(5858 . 22 %) wer e gr eat
(F2). The final cell values for,d , ¢, pwere haset wpomehe reément of the XYZ
centroids of 417 refl ecti onsDaalweremrredtddfod (1) w

absorption effects using the medican method (SADABS). The ratio of minimum to
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maximum apparent transmission Wa858. The calculated minimum and maximum
transmission coeffieints (based on crystal size) wede©580and0.9840.

The final anisotropic fulmatrix leastsquares refinement on K2th 262 variables
converged at R1 #4.45%,for the observed data and wR22.58% for dldata. The
goodnesf-fit was 1.035. On the basis of the final model, the calculated density
was1.597g/cn? and F(000)776¢€.

Table 5.23 showsthe hydrogen bond distareand angle for Blue 4dye molecule.
Basedon the distance, the possible hydrogen bonds are shadvigure 5.51, whichoccur
for N2-H2-06, OtH1-06, and O4H5-0O5. Also, the packing diagram is showmFigure 5.

52 shows4 molecules irthe gystal cell of this dye

Figure5. 50. X-ray crystalstructureof the Blue 4 componentf dyeBluell.
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Table5. 23. X-ray crystaldatafor the Blue 4 component

Chemical formula C20H12N20s

Formula weight 376.32 g/mol
Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.138 x 0.212 x 0.360 mm

Crystal habit

dark blue plate

Crystal system monoclinic

Space group P121l/cl

Unit cell dimensions a=9.4763(3Q U = 90A
b=24.96806)A |b = 106.
c=6.88252)A |o = 9O0A

Volume 1565.12(8) &
Z 4

Density (calculated) 1.597 g/cm
Absorption coefficient | 0.121 mm'
F(000) 776

Table5. 24. HydrogenbonddistancegA) and angles(®) for the Blue 4 component.

DonorH AcceptorH | Donor Angle
Acceptor
O1-H1...06 0.886(15) | 1.725(15) |2.5393(8)| 151.5(14)
O5H5...04 0.924(15) | 1.675(15) | 2.5319(9)| 152.7(13)
N2-H2...01 0.863(13) | 2.635(13) |3.3672(9)| 143.4(11)
N2-H2...06 0.863(13) | 1.964(14) | 2.6381(9)| 134.1(12)
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Figure5. 51. Hydrogenbonddistancedor the Blue 4 molecule

Figure5. 52. Packng cell diagramfor the Blue 4 component.
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Blue5
A metallic purplerod-like specimen ofC20H12N20s, approximate dimensiorls056mm
x 0.106mm x0.369mm, was used for the-Kay crystallographic analysis.

The totl exposure time was 15.27TFhe frames were integrated with the Bruker
SAINT software package using a narriname dgorithm. The integration of the data using
amonoclinicunit cell yielded a total 03959r ef | ect i ons t o 2b.03haxi mum
(0.84A resolution), of whict8959were independent (average redundah©@o,
completeness £00.0%, R = 0.00%, Rig=9.34%) and2558(64.61%) were greater than
2 0 9).Fhe final cell values od, b, ¢ , abd volumeare based upon the refinement of the
XYZ-centroids oR767reflections above 20 ( | ) 4 w8 2 % A47.62°. Tk structure
was solved and refined usitite Bruker SHELXTL Software Package, using the space
groy P 1 21/c 1, with Z = 4or the formula unitCz0H12N20s. Also, thepackingcell
diagram is showm Figure 5.55.

Table 5.26 showsthe hydrogerbond distanceand angle for Blue 5 dye molecule.
Basedon the distance, the possible hydrogen bonds are shadvigure 5.54, whichoccur
for N2-H2-06, O3H3-04, and O4H5-05. Also, the packing diagram is shownFigure 5.

55 shows4 molecules irthe gystal cell of this dye
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Figure5. 53. X-ray crystalstructureof the Blue 5 componenbf dyeBluell.

Table5. 25. X-ray crystaldatafor the Blue 5 component.

Chemical formula C20H12N206

Formula weight 376.32 g/mol
Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.056 x 0.106 x 0.369 mm
Crystal habit metallic purple rod

Crystal system monaoclinic

Space group P12l/cl

Unit cell dimensions a=4.8995(4) A U = 90A
b=19.761414A |b = 96 .
c=16.2993(11)A [o = 90A

Volume 1568.0(2) &

yA 4

Density (calculated) 1.594 g/cr

Absorption coefficient 0.120 mmt

F(000) 776
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Table5. 26. HydrogenbonddistancegA) andangkes(°) for Blue 5.

Donor-H | Acceptor-H | Donor- Angle
Acceptor
O3H3-04 |0.91(5) 1.75(5) 2.560(4) 147.(5)
O3-H3-04 |0.91(5) 2.31(5) 2.763(4) 110.(4)
O5-H503 | 0.84(5) 2.45(5) 3.094(4) 134.(4)
O5H504 | 0.84(5) 1.84(5) 2.572(4) 146.(5)
N2-H2-06 | 1.00(4) 1.75(4) 2.594(5) 140.(4)

Figure5. 54. Hydrogenbonddistancesor the Blue 5 molecule
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Figure5. 55. Packingcell diagramfor the Blue 5 component.

Emisson spectra
Emissionspectrdor component8lue 4 andBlue 5 areshownin Figure 5.56, whereit can
be seenthatboth dyesdo exhibit fluorescenceHowever theintensityof the emissionband

for Blue 5 is significanty lower than thatfor Blue 4.
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Figure5. 56. Absorptionandemissionspectrgor Blue 4 and>.
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5.2.1.2 DyeRedlIl

Results from TLC and HPLC analysis of a concentrated solution of the Red Il dye is shown
in Figure 5.57 andFigure 5.58. This commercial dye contained six componeas;arlet

and 3 redThe biggest component is the second példie UV-vis spectraof R1, R2 and R3

were obtained from the HPL&halysisandare shown irFigure 5.59.

Scl
Sc2

R1 @
R2 @

Sc3 @&

R3

Figure5.57. TLC analysisof commercialdye Redll usingchloroform
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Figure5. 58 HPLC analysisof commercialdye Redll recordedat517 nm.
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Figure5.59. UV-Vis spectaof R1 (top), R2 (middle),R3 (bottom).
Redl1 andRed2

From the LGMS analysis of the commercial Red Il sample, there were quite low levels of
R1 and R2 components in this mixture. Followoodumn chromatograph, the individual
components were analyzed, and the results are shownhigie 5.60 andFigure5. 61.

From the results, R1 and R2 have a peak at RT=13.1, recorded at 517nm, which
corresponded to molecular weight of 503. MS res#iigufe 5.62 andFigure 5.63) in
combination with experimentaFigure 5.64) and calculated NMR spectra led to the

propogd chemical structure for R1 and R2 showhigure 5.65. However, they are too
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close with each other to be separated. An experiment to synthesize them was tried, based on
the patent US 2004/00550@29), in Example 1. The two isomers were synthesized

following the instruction, however, they are too closed to each in the chromatography to

separate.
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Figure5. 60. HPLC analysisof R1recordedat 517 nm.
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Figure5. 61 HPLC analysisof R2recordedat 517 nm.
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Figure5. 62 R-1 totalionchromatogranat UV 517.
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Figure5. 63. MS correspondingo theR-1 scanat12.2512.74min.
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Figure5. 64. NMR spectrum(500MHz) for R1/R2.
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Figureb. 65. Proposedstructureof R1/R2dyes.

A pure sample of the Red 3 component was obtained from column chromatography. From

theLCMS measurements, the molecular weight of Red 3 is 497. F3@dré 5.66 and

Figure 5.67), which matches the exact mass of Disperse Red 92 (m/z 496.1304). The

chemical structure of Disperse 92 is smawFigure 5.69. The experimental and calculated

NMR spectraftigure 5.68 andFigure 5.70) were also consistent with Disperse Red 92
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Figure5. 66. R-3 totalion chromatogranat UV 517.
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Figure5. 68. R3NMR spectrum
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Figure 5. 70. CalculatedH NMR predictionof DisperseRed92 (DMSO, 300MHz).

As the major component, Red 3 was selected foiis$\and fluorescence
measurements and Commercial Disperse Red 92 was compared with Red 3. Both dyes
exhibited florescencegverlapping bands for absorptiand emission. Dye 3 also had a

second (weak¢ emission band around 750n8eeFigure 5.71.

192



0.8

—— Disperse Red 92 Absorbance

;v — Red 3 Absorbance
1 v, — — Disperse Red 92 Emission | 3x10°
Vi T Red 3 Emission

0.6 (RS

o

1

I

- 2x10°

04t

Absorbance

- 1x10°

Emission Intensity (CPS)

02

0.0

1 1 — 1
400 600 800
Wavelength (nm)

Figure5. 71. Absorptionand emissionspectrador Red 3 anddisperseed 92.

5.2.1.3 DyeScarletll

TLC of the Scarlet 1l dye is shown kgure 5.72, which revealed three components (two
orange and one red). Results from HPLC analysis of this sample areisteigure 5.73,

and suggested 2 major components.-\¥ spectra for the three components are shown in
Figure 5.74 but NMR spectra were recorded only for Sc2 and Sc3, since the amount of
isolated Scivas too small. The NMR spectra are showhigure 5.75. Sc2 and Sc3

provided almost the same mass result but different NMR results.
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Figure5. 72. TLC analysisof the Scarletll commercialdye.
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Figure5. 73. HPLC analysisof the Scarletll dyerecordedat486nm.

194



14.450 Peak 8
0.050

0.040

D 264.7 o
326.4

AU

0.020

0.010

634.8 661.7

0.000

220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 400,00 420,00 440.00 460.00 480.00 500.00 520.00 540.00 560.00 580.00 600.00 £20.00 £40.00 660,00 £30.00
nm

7.850 Peak 5

AU

0.40

020

0.00
220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 400.00 420.00 440,00 460.00 480.00 500.00 520.00 540.00 560.00 580.00 600.00 £20.00 840.00 660.00 630.00
nm

B.067 Peak 11
493.5
0.60
050 324.0
el 259.9
030

AU

363.3

639.7 666.6 698.4

220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 400.00 420.00 440,00 460.00 480.00 500.00 520.00 540.00 560.00 580.00 800.00 £20.00 840.00 660.00 630.00
nm

Figure5. 74. UV-Vis spectrunof Scl(top), Sc2(middle), Sc3(bottom)

Figure5. 75. IH NMR spectia of Sc2(top) andSc3(bottom)
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