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Project Goal: The goal of the research is to dgvélindamental understanding of the process
of deposition of complex mixtures by the inkjet hed. Specific objectives of
the project are to: i) identify the effects of thaid-laden ink properties on drop
formation in drop-on-demand (DOD) inkjet system$, prescribe regions of
reliable jetting behavior in DOD inkjet systemsi) idevelop a model for
prediction of the solid-laden ink properties on mlionpaction and spread on
rough and heterogeneous surfaces, including tesditiaces.

Abstract

This study will expand the scientific knowledge &dder textile inkjet technology, which will enhance
the competitiveness of the U.S. textile industryotiMation for this work results from the requirerhen
that “inks” in a growing number of textile applicats contain solid particles, typically also redugy
additives including dispersants. Characterizatibthe effects of the various components of theiplart
laden inks on drop formation and substrate intevads crucial in the utilization of the inkjet nietd.
We are developing fundamental understanding ofptioeess of deposition of complex mixtures by the
inkjet method.

Introduction

Inkjet printing is already established as a usééahnology to the textile industry. Not only is it
important in textile printing, but also has potahtior creating high-value textiles such as e-testi
Broad utilization of this flexible method faces anmber of barriers, springing from the requiremdnait t
"inks" in a growing number of textile applicatioosntain solid particles which may serve as colomnt
binder, but may also be ceramic or metallic pagiah other applications. Based on prior study, w
have identified and begun the process of surmogrnéohnical hurdles in the technology, which come i
two forms. The first is in the dynamics of droprfmtion and drop impaction of solids-laden inkheT
second is the role of the surface morphology amthee chemistry encountered in textile materialge
are utilizing this foundation to guide charactetiza of these processes at the very small-scalehagid
speed typical of application, and develop a modebiporating the material properties for depositén
complex mixtures by the inkjet method.

The NTC has funded research (C99-G08 and C02-GBWhis team in imaging of drop formation and
impingement. Under this funding, an experimentadility has been developed for imaging of drop
formation and impingement for drops from 50-micdiameter up to the millimeter scale. Significant
progress (Furbank et al. 2001, 2002, 2004a, andl®)0@as been made in understanding the effects of
particles on drop formation in drip and continugetsing of millimeter sized drops, laying a founidat

for badly needed study of drop-on-demand (DOD) doomation. Work has been initiated in DOD drop
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formation; however, much is left to be done to ustend the effects of solid-laden ink properties on
drop formation in DOD inkjet systems. Drop impaatistudies have been conducted under this NTC
funding. Also, the wetting behavior and the effeof chemical heterogeneous surfaces have been
studied by one of the investigators (Leopolded.€2@)3). The previous NTC research (Park et@d12
2002, 2003a, and 2003b) was for pure-liquid, miier-sized drops impacting smooth surfaces as well
as a rough, textile-like surface. It provided tleded background for ongoing research of the teffiec
particles on the impaction process for millimeteed drops. The research has resulted in what are
believed to be the first-ever refereed publicationghe effects of particles on drop formation @gamnk

et al. 2004) and impaction (Carr, 2003; Ok et 804), and thus the team study is at the leading efig
understanding of key issues in the process. Thikwo date provides a basis for the recently areil
research investigating the effects of particlestloa impaction process for application-scale, O(50
micron)-sized drops. Since the dimensions areeméty small (50 micron drops, containing micron
scale particles) and deformation times are shdri@@~-microseconds), research on micron-sized di®ps i
difficult; however, the advanced experimental fiagibdeveloped under this funding makes this study
possible.

Understanding of the dynamics of DOD drop format@amd micro-drop impaction on surfaces is
important in the control of inkjet deposition. Senthe dimensions are extremely small (50 micrompsiro
containing micron scale particles) and deformatiomes are short (~100 microseconds), research on
micron drops is difficult; however, the advancec@xmental facility developed under this funding
makes this study possible. In our previous workjeihdrop formation and impaction were investigated
using a pure liquid. The results are given in tléaDong et al. (2006a, 2006b, 2006¢, 2007). W a
investigated the effects of printing fabric struetfufinishing and ink on line image quality (Patk &.,
2006). Over the last year, work has been conductdzbtter understand impaction and post-impaction
dynamics of pigmented inks jetted onto textile $taiss and the role of particles in these processhs
drop impaction and spreading processes were vegghlising a high speed camera. As a comparison,
experiments were conducted on a high quality inggder under the same conditions (Wang et al. 2007)

Experimental

The equipment used for this work consists of t
following:

Piezo-electric inkjet head with thirty-twc
45-uym diameter nozzles and actuati
signal source;

High resolution digital camera and ler
(1.2 um/pixel, 10.7x magnification);

Copper solid-state laser for deliverin
pulsed laser light of 25-ns duration; —

One-dimensional translational stage wi =7
programmable traveling speed ar
scheme; and

Figure 1. High speed imaging system
A system to delay the camera and laser pulse amdpliffor imaging and to control the
translational stage for positioning and housingittkget drop.

As shown in Figure 1, the camera was arrangedve hat5 degree observation angle to the planeeof th
substrate. A laser light was projected at almbstdame angle and reflected from the substrateeto t
CCD camera. The images of DOD drop impacting gméeagling in this study were taken using this
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setup. Other images were taken with Leica DMRXAnmwscope and SEM. Properties of the three
liquids (water and two water-based pigmented inisgd in this study are listed in Table 1.

Table 1. Ink Properties

Ink Surface tension| Viscosity wt% of | Dispersion
(mN/m) (cP) pigment| mechanism
1 73 1.0 0 N/A
2 33 4.5 5 electrostatig
3 34 5.8 15 electrostatig

A flash photography technique was used for visuadizhe drop formation process. An example of the
drop formation process is shown in Figure 2. Tllmek:was started at the point of the emergencalof i

from the nozzle. The process of drc
formation was highly reproducible for thi
first 130 ps. For longer times
reproducibility of the formation of satellite:
decreases due to the long length of t
liquid ligament after the secondary breakt
(at which the primary drop and the liqui
ligament was separated as shown in Figt
2 at 75 pus). As a result, the number, siz
and velocities of satellites were different fc
each actuating signal. At 160 ps in Figu

2, six random chosen scenarios of tl 2115 25|35[45 50| 75 160 ps
contracting liquid ligament show the Figure 2. Drop formation process at actuating gita
irreproducibility of the formation of of 27 V. The liquid was the base solution
satellites at high actuating voltage (without pigment) of Ink 3

However, the size and speed of the prime
drop were highly reproducible.

In order to visualize the impaction and spreadipgasnics of DOD drops on the substrates and to have
sufficient space for the laser light to be reflecte the
camera, the distance from the nozzle to the subsivas
set to be 6.0 cm, which is much higher than t
conventional operation distance. The larger séjoara
distance affected the impact position of the sasl| but
not that of the primary drops which had a much éaigt
speed (6.1 versus less than 3.2 m/s of satellitd$jus
the satellites did not interfere with the obsew@tiof | Satelites trajectory
impact of primary drops, as illustrated in Figure 81 prmtiitghc'j?;‘tance
this study, we visualized only impaction dynamiégiee

primary drops. For studying the final distributiohink
on the surface of the fabric for varied amount ipd,
the printing distance from the nozzle to the swtstwas
maintained at 0.3 cm. At this printing distancke t
satellites and the primary drops had the samectb@®  Figure 3. Illustration of trajectories of
and impacted at the same position on the substrate. primary drops and satellites

Mozzle

Trajectory
at low printing distance

Primary drops trajectory
at high printing distance
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A train of actuating signals was designed usingraputer-programmed waveform generator and sent to
a single piezo-electrical nozzle. The number dbiatng signals was varied, which corresponds to a
varying number of primary drops impacting on thesttates. We found that for the printhead used in
this study, the drop formation process was independf the frequency up to about 7 kHz. At higher
frequency, the time interval,t, between two consecutive actuating signals wdslorg enough for
sufficient acoustic damping in the nozzle chambesulting in interaction between two consecutive
actuating signals. In this studyt, was varied, but chosen to be no less than 15@¢uency no higher
than 6.7 kHz). By using this strategy, reproduitipof primary drop formation was achieved.

The two fabrics used in this study were bleacheercerized combed cotton broadcloth and filament
polyester oxford weave. Both were obtained fromtfdorics, Inc. For comparison, Epson high quality
inkjet paper was also used. For the cotton falyaen size in both warp and filling directions w&®'s
c.c., and the thread count was 133x72, which méhatsn the warp direction, there were 133 yarms$yjn
and in the filling direction, there were 72 yarnsh. For the polyester fabric, the yarn size wa@ 2
denier in both warp and filling directions, and theead count was 56x40. The SEM pictures for both
samples are shown in Figure 4. Due to the shogtleof the cotton fibers, fibers protrude from the
surface of the cotton yarns, creating a "hairy'fitab

wp3s

(@) (b)
Figure 4. SEM pictures for: a) bleached, mercerizembed cotton broadcloth; and b) filament polgest
oxford weave

Results

Dynamics of DOD drops impacting on inkjet paper atektiles- A series of 40 primary drops made of
Ink 3 (see Table 1) was impacted on inkjet papettoo fabric and polyester fabric. The total ink
deposited in each case was 1.1 nanoliters. Thesdidiameter of 37 um and speed of 6.1 m/s) were
jetted at a frequency of 6.7 kHz, so the timg,between two consecutive actuating signals waspisd
The digital camera frame rate and the shutter wae 1000 fps and 500 ps, respectively.

Images taken at a series of times for the accumunlatf all 40 drops is shown in Figure 5. Time was
measured starting at the last frame prior to tre¢ impaction on the substrate. Due to the unieytaf
when the first drop hits the substrate, the firatfe with drops may contain one to seven drops.eWh
time reaches 6 ms, all 40 drops will have impathedsubstrate.

For all three substrates, as drops accumulatedjiftmeter of liquid mass increased and the edges we
confined by the local surface morphology. The munid mass on inkjet paper (Figure 5, (a)) appear
oval for all 6 images. Note that the camera waar@ed to have a 45 degree observation angle to the
plane of the substrate. Thus the actual vertizakdsion isv2 larger than appears in the photograph.
When the vertical dimension is increased by thidig the liquid mass resembles an irregular circle
For the cotton fabric (Figure 5, (b)), the dropsrevdeposited on a warp yarn (running in the velrtica
direction of the images). The fibers acted asiéerifor spreading. Due to the fibers’ orientatiorihe
vertical direction, the liquid mass spread mor¢hizit direction. For the polyester fabric (Figurg®),

the drops were deposited on a weft yarn (runninghe horizontal direction of the images) with a
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position very close to the intersection betweenaapwarn and a weft yarn. As shown in Figure 2 at
ms, the accumulated liquid spread to the fiberthénwarp yarn, but further spreading in that dicect
was inhibited by the vertically oriented warp fisewhich acted as barriers. As a result, the déegubsi
drops spread more to the left direction in the iezaghere there were no such barriers.

Figure 6. Further spreading of the 40 primary draps
the final position on: a) high quality inkjet
paper, b) cotton fabric and c) polyester
fabric, respectively.

Figure 5. First 6 ms of accumulation of a seried®@fprimary drops on: a) high quality
inkjet paper, b) cotton fabric and c) polyesteri@glrespectively.

When time reached 6 ms, all 40 drops have impatttedsubstrate, and the impact process driven by
inertia was over. Liquid movement was then dribgrcapillary forces until the ink reached to itsdi
position. Images of the substrate surface at uariimes are shown in Figure 6. The area coloyethd

ink increased with time for all substrates, butctesl the final value much quicker for the inkjepgea

For inkjet paper, ink spread over the surface liiabctions and wicked into the substrate. ThHwits

had a much higher mean surface roughness withithdil/ fibers tending to run in the directions oéth
warp and weft yarns which affected the directioncapillary flow and the pigment distribution (as
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shown in Figure 6, 121 ms). For both fabrics, itleon the warp yarn flowed in the vertical directi
while the ink on weft yarn flowed in the horizonthtection. For polyester fabric (as shown in Fey6,
part (c)), at 6 ms, much of the liquid mass wastmosed on a weft yarn (on left) which intersecteith

a warp yarn (on right). A small amount of the ldjwas on a few fibers in the warp yarn. When time
reached 121 ms, however, more liquid mass washlistd on the warp yarn.

Final ink distribution on inkjet paper and textiles Figure 7 shows a SEM picture of a 43-um (41.6
picoliter, no satellite, Ink 2) single DOD drop @sjted on inkjet paper and on cotton fabric. Tineles

in the middle of the pictures indicate the sizethed DOD drop. The ink distributions on inkjet pape
resembled an irregular circle with diameter apprately doubled that of the impacting drop. The ink
distribution for the cotton fiber is not circulaihe cotton fiber size is about 20 £ 10 um andytue
size is about 200 um. Consequently, the sizeeD®D drop is about the size of 2 to 3 fibers, idahg

the gap between neighboring fibers, and the yama isi about 4.7 times bigger than the ink drope Th
distribution of the pigment on the surface of theefs gives a hint for the direction of spreadimggess.
The impacting ink drops spread further along therfidirection than in the transverse direction.e Th
fibers acted as a barrier for transverse spreadifigis observation agrees well with the phenomena
discussed below for the cases of multi-drop imjpaictin fabrics.

Figure 8. Varied amount of ink deposited on high
quality inkjet paper. The number of drops
deposited is shown below the image.

Figure 7. Optical microscope picture (a) and SEbtye (b) of a single DOD drop of
43-um diameter deposited on high quality inkjet graiop) and cotton
fabric (bottom). The dashed circles represensibe of a single drop.

Final ink distribution was studied varying the ambwf Ink 3 deposited on cotton fabric and inkjet
paper. The printing distance between the nozalktlha substrate was 0.3 cm so that primary drogds an
satellites were deposited on the same positiogurgi8 shows the dried pattern of 20, 40, 60, 8d, a
100 drops (approximately 1.1, 2.2, 3.3, 4.4, 5.6aliters, including satellites) deposited on thkjeh
paper, and Figure 9 shows 20, 60, 100 drops (appataly 1.1, 3.3, 5.5 nanoliters, including sated)
deposited on the cotton fabric. The jetting fretgpyewas 1 kHz.

The final ink distributions on inkjet paper reseawlirregular circles, with their size increasingtias
number of drops increased. The final ink distiitmiton the cotton fabric was greatly affected bg th
fabric structure, that is, the yarn direction antbisections. The ink tended to stay on one yariraps
accumulated until excess ink moved to neighborimay. As the number of drops increased, the change
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in the ink distribution on the cotton fabric wasinia the increasing distance over which the inkesyr
along the yarns.

Figure 9. DOD drops deposited on the cotton €afdrhe number of drops deposited
is shown next to the image.

Figure 10. Three random chosen cases of 100 dinglading satellites) depositing
on cotton fabri.

Figure 10 shows three randomly chosen picturesOff drops deposited onto the cotton fabric after
drying. The distribution of ink depended on thgauation location on the fabric, and the patternshen
three fabrics were different. While the patterregenvdifferent, in all three cases, the movemerigofd
was along yarns. Sometimes when yarns intersestede of the ink moving along the yarn changed
directions and moved along the intersecting yarn.

Role of yarn hairiness on digital printing on texties- As mentioned earlier, due to the short length of
the cotton fibers, fibers protrude from the surfatehe cotton yarns, creating a "hairy" fabrichege
fibers can affect the final ink distribution. Frgull shows inkjet printed water drops (Ink 1) capd by

a surface fiber. In case 1, the captured wateraheldm-shell shape (Mahale, 2002), and remaingtien
fiber. In some instances, the accumulated watkfréen the fiber onto the fabric, as illustrated tase 2

in Figure 11.

In both cases shown in Figure 11, ink distributivas affected by a surface fiber. In case 1, ink
remained on the fiber and did not reach the intdnideation. While for case 2, depending on the
orientation, length and stiffness of the fiber, fimal location of the accumulated ink would be dam.
Figure 12 gives several examples for the two cabssrved in jetting of Ink 2 onto cotton fabricll the
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pictures were taken after the ink was dry. Forgesa(a) and (c), 4 and 6 drops, respectively, were
captured and remained on surface fibers. As dtrebe fibers were coated with pigment. For image
(e), it appears that only part of the captured sirapmained on the fiber and the rest fell downhe t
fabric. The portion left on the fiber dried andrfed a barrel-shape (Mahale, 2002) pigment body, an
the part that fell can be seen as a blue regiotherfabric. As a comparison, images (b), (d), éhd
show final ink distribution when the drops were agifed directly to the fabric.

Figure 11. DOD drops captured by surface fibertendotton fabric. Case 1: images (a), (b) and (c)
show before, intermediate and after the accumulaifacaptured drops on a fiber,
respectively. Case 2: images (d), (e) and (f) saogumulation of liquid drops,
maximum captured drop volume, and surface fibaraftop has fallen down onto the
cotton fabric, respectively.

Figure 12. Effect of surface fiber on final ink wibution on cotton fabric. All the scale bars &imo
in the images represent 100 um
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Work in Progress

Drop-on-demand (DOD) inkjet printing has been idtroed into various industrial areas where high
volumes of functional materials are needed. Shasecosity usually increases as the loading of
functional material is increased. Research effarésbeing directed at increasing the volume foactf
functional materials in inkjet ink for higher proativity while keeping the shear viscosity in thenge
suitable for commercially available inkjet printidea However, information on the effect of shear
viscosity of inkjet ink on DOD drop formation isnydimited, especially for inkjet ink with high madtal
loading. For these inks, non-Newtonian behavioexpectable at high shear rate (up to 1,000,000 s
when inkjet ink is jetted from the nozzle. Thusasgrement of the apparent shear viscosity of inkjet

at low shear rate (< 100%sis not sufficient for understanding the effectsbiar viscosity on DOD drop
formation. To address this problem, a capillargceimeter has been designed for measuring shear
viscosity of inkjet ink at ultra-high shear raté. flash photography technique developed previouslly

be used for imaging the DOD drop formation processparticle-laden ink. The effects of material
loading and shear viscosity on DOD drop formatiall lae studied. Other problems related to DOD
drop formation will also be addressed.

The effects of fabric material, yarn structure audface chemistry of fabrics on DOD impaction and
post-impaction dynamics and final ink distributiosll be investigated. As a comparison, experiments
under the same conditions will be conducted bygisiticon-based grooved structures with featuressiz
in the scale of inter-fiber structures of the yaifrhe surface chemistry of the physically patterrmdyh
surfaces grooves will be varied to show the eftécdurface energy.

Web Sites for CO5-GTO7:http://www.ntcresearch.org/projectapp/?project=C05GT07

http://www.tfe.gatech.edu/faculty/carr/ntcproject.htm
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