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Abstract Introduction

The work was undertaken to study the ability of small Wide employmemn of polymeric additives in different
amountsof polymeric additives to the ink to suppress thebranches of industry is caused by their apiig essentially
disintegration of the ink jet in flight and consequently to chang the character of the flow. The most remarkable
remo\e the sputter To estimate the appropriate range of theproperty of polymer additive® tsuppresshe disintegration
polymer parameters the possible effeaf polymeric  of the fluid is attractive for the fgrinting becaus the flight
additives on different stages of thermal printing were  instability and the breaky of the expelled ink jet lead to the
theoreticaly analyzed. The low concentration solutions ofdecreas of the printing quality. On the other hand, it is
polyacrylamide in the standard ink andte modelsolvent  known that polymeric agents are ds& improve the
were used in the experimental investigatiofise jet of the  adhesive properties of the ink if printing is notgaper but
standardnk is disintegratedn two stages: at the first stage on smooth surface. Moreover, polymeric additives are
the thin neck between the head drop arelltimg tail is included into the composition of the dye in the application
broken and then the tail is disintegrated into a number aff jet printing to textiles.
small secondary droplet®2olymert additives cardinally
modify this process. The neck betweee Kteal drop and
the tail is stable for all investigatedolymert fluids. Effects of polymeric additives
Dependig on molecula parameters (molecular mass and
concentration) four cases are possible. Thedineiswhen  Before studying the influence of polymeric additivestioe
the tail is simultaneously disintegrated along its axis into @rocess of thermal ink jet printing it iecessar to choose
number of small droplets. The sedoras is when theend  the group of polymeric additives which may be suitable for
of the long tail is disintegrated into aMfeseconday droplets  this process. We intended to modify the droplet in-flight
wherea the main part of the tail is drawn into the prime disintegration whereas not to affeary otha process
drop.The third case is when the whole tail is drawn into theelementay stages. The following theoretical estimates
head drop without any losses of liquid and the single #ro  constitute the basis of searching foe polymerc additives
thus formed Finally, the fourth case is when the expelledthat satisfy these requirements.
drop is returnal into the nozzle wall under the action of It is commonly accepted that anomalous hydrodynamic
inner elastt stressein the tail. It was shown experimentally effects in polymer solutions are caused by the formation of
that the polymeric additives used do dfed the flow in  additional inner elastic stresses in high-strakiensional
the printheal chambe as well as the sizes of dots on the stages of flow. It is assumed tHatthe strorg extensional
paper and printhead lifetime. flow coiled flexible polymer molecute become
considerably extended, their hydrodynamic interaction leads
to high resistance to flow, drtonsequentljiquid elasticity
appears. The crude model (Oldroyd-&)nsidersjust the
gross deformation by the flow of coiled polymer [1]:
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o=-pl +2uE+G(A— |) ) is the surface tension. This slowing-down will prevére
= = = = = formation of high intensity shock waves the fluid that
DA/Dt=AeOv+0v] « A- (A— |)/9 ) cause the damage of thermoresistor.

When the bubble is growing the jet is forming. The
flow near the exit is convergent and consequently the fluid
elemens are subject to the extension in the direction of the
shear viscosityG is the elasticity modulusE is the strain  flow. The formation of elastic stresses in the convergent
- flow and their influence on ghdynamt of the ejectian were
studied by Bazilevsky et al. J4and Entov et al. [5]. The
unit tensoy t is the time,0v is the velocity gradient is influence of polymer on jet formation will be negligible if

the relaxation time. For dilute polymeheologicalconstants

where g is the stress tensop is the pressurgy is the

rate tensor,A is the elasticity deformation tensar, is the

G and 6 of Oldroyd model are usually taken to be [1] ,0d O 0D, O

G=3nkT, =2z /(KT), in which kT is the C<<PVHp H e ©®)

Boltzmann temperaturen is the number densitgf the

polymers, z is the equilibrium size of coiled wher d is the diameter of the nozzle orifice.
macromolecule. Consequenthac/ M, 80M¥2 (¢ - Droplet breakoff takes place when bubble gioug

polymer concentration igolution M - molecular mass of ceasedlIt is the most critical stage of printing process for
polymer) Thus by appropriate choice of molecular mass formation of the sputter. The expellget consiss of a
and concentration it is possible tbtan ary desirable relativey large head (prime drop) and thinning long tail [6].
values of elasticity modulus and relaxation tinfene  The cylindrical liquid volume is unstable due to the action
parameters G and 6 can also be determined ©f capillary forces and tends to brepkto droplets.For
experimentally [2, 3] the inviscoys fluid (the case of standard)ilﬂke brea_lkup_
The influence of polymeric additigeon the following ~ time is defined by the balance of capillary and inertial
stagexf thermal jet printing were considered: vapor bubbleforces and is of #orde of t, = (pd3 / a)ﬂz . It was shown
growth and collapse, formation of the ink jdisintegration
of the jet in the flight, impact of a droplet on the paper. It
was assumed that the geometry of elemgntainthead
chamber corresponds tthe standad Hewlett-Packard
printhead. All stages include the axialmare extensio of
the liquid. The forming elastic stresses can modify the - N S
processesliscussd here All estimates are based on Egs. Polymer additives can stabilize the jet if

(1)-).

[4] that axial elastic stresses in the polymeric jet prevent it
from disintegration. The jet is stable urntie axid elastic
stress is larger than the capillary pressior the jet. The
characteristic breakup time of the jet of polymer sotuifo
of the order of the relaxation time, =6 . Therefoe the

The effect of additional elastic stresses in the pgoks t,=0 =2 t,= (pd3 / a)ﬂ2 (6)
bubble growth is undesirable because they inhibit the
bubble grovvth. If the fqrmed e]asjuc stresses ?rem!ms Elastic stresss arisingin the fluid in the course of the
than 'th'e |n§rtlal forcgg in the liquid, then the influence Ofprocess of the drop breakoff slow down the motiérihe
elasticity will be negligible. It takes place if prime drop and consequentljead to a loss in the velocity of
) the drop. Estimates show that if
G<<pv’(a/D,)", (3)
v>>GOD? / (pd®)+6a /(pd?) @)
where p is the liquid densityy is the typical velocity
of jet, a isthe lateral size of thermal ink-jet heatd®, is thenthe velocity loss is negligible. When inequality (7)
the lateral size of elementary printhead chamber. is invalid the drop is unable to cemff the nozzk ard the
It also follows from the theorytha the polymeric ~ Printing process is impossible. _
additives reduce the bubble collapse at the final stage: The viscous friction is a dominaféctar in the process
of the collision of the ink drop with the paper. The effect of
GRexd-t/0 elasticity will be negligible if
Z(z/a)(i—p()ua)mo AR @
=P Eu>>2(1+2R&* -2 , (®)

where R is the currenbubbk radius R, = D, is the

hee Re=pvd/u, Eu=pV’'/ G
maximum radius of tavapa bubble p_is the pressure far W E=pVEiE, BU=P

. o Estimates(3)-(8) allow us to choose the polymer and
away from the bubblep, is the pressure insibubble, @ the molecular parameteM ard ¢ that are appropriafor
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the abowe mentiona@ goals. In numerical estimates we have Results and discussion

used the parameters whi@pproximatelycorresponde to

the standard HP ThinkJet printhead. It was concluded th®equence of frames depicting the jet generation

the most preferable polymeis polyacrylami&@ (PAM,  All possible combinations of #following parametersvere

/ - CH, - C,0ONH, -/, ) with molecular weight frm afew investigated: Molecular masM = 500,000; 2,000,000;
hundrel thousand to several million. It is well-soluble in 6,000,000. Polymer concentraticc = 0, 10, 25, 50, 100,
water, glycerin, alcohol etc., i.e. in the fluiich may be 200 p.p.m. Standard ink and water-glycerin migturere

included in the thermal ink. PAM solution ison- Uused as solvents. Opergidot frequeny f = 50, 1000
aggressive, non-toxic, time and temperature stable enougHz. Standard firing conditions were used.

For PAM of molecular mass M=500,00 6,000,00 the It was experimentally observed thidie processdoes

relaxation time 8 changes in the range of 0.0047 - 0.025not depend on the operating frequer{dy = 50 or 1000
se and ratio of elastic modulu§ and weight/weight Hz) for all investigated fluids. It was observed allsatthe

concentratia ¢ changes in the range 150000 12,000  jnfluence of the kind of the solvent (standard ink or water-
dyne/ci. Hence, the available polymersve wide range glycerin mixture) is not significant. The last statement

of rheological parameterG and 6. allows to consider the water-glycerin mixtures @
. hydrodynamic model of standard ink.
Experimental The mod typicd situations are presented on the figures

1-5. The statesof a drop correspond to different moments of

Model liquids for the experiments were preparefbdews.  time after firing. In all cases the longitudinal esiaf the
First, 1% solution of polyacrylamide was prepared by frame corresponds to 2.21 mm on real scale.
dissolving the polymer powder in distilled water during The figure 1 shows the process of #jectian of adrop
long time (one week) Just before (about one hour) the of HP standad ink. A long tail is formed. The neck between
experimers this solution was diluted to 0.1% concentration the prime drop and the tail breaks up approximately 80
and then it was added #owater-glycerinmixture (50/50 to  microsecondsfter firing and .the tail loses a contact with
obtain a desirable concentration of polymeéhe liquids the prime drop. Then during approximatelyt50
were usal once ard only during short period (1-2 days) to microseconds after firing the tail disintegrates
rule out the possibility of polymer degradation processes. simultaneously along its axes into a number of the small

The water-glycerin mixture was usedaasiodd for the  secondary droplets. As a result the prime drop is
standard ink. The viscosity of the mixélis approximately —accompanied by an extended cloud of secondary droplets.
the same as the viscosity of the standard ink - 5 cP. The figure 2 demonstrates the ejection of a drop of

Steag shea viscosity measurements were performedPAM solution of concentration ¢=50 p.p.m. and molecular
in coaxid cylinder viscometer at shear rate range ofmassof M=500,000. The prime drop and the very long tail
25-1300 s™. It was observed that the shear viscosity ofare formed Ther is no two stage disintegration as in the
PAM solutions is considerably higher than that of purec@® Of theink and the water-glycerin model fluid. The neck
solvert only at low shear rates. For the ink jet formation P€tweenthe prime drop and the tail is stable up to the

proces high shea rates are typical. They can be estimated Moment of tail disintegration. Tail gisintegratel alorg its
to be about.0°s*. Therefore the shear viscositf/the used axis simultaneouslyin approximately 400 microseconds

PAM solutions may be considered equal te #scosity of after firing_. Similar behavior of thjet takes place for
the solvent. concentrationsc=10 p.p.m. and 25 p.p.m. of the same

The experimental set up for visualizatiorf et polymer (M=500,000). I_Drobably we have the sitm_itimat
formation was used in the investigations. It allowed to correspon_ds to gxceedlng Of_ elastic _stresder capl_llar_y_
visualizz the process of droplet ejection within few pressure in the jet. These high elastic stresses finhii

millimeters from the nozzle and monitor different stages Of:llsmtegtratl;)n Olf th?_ tail mfto 'Ithet_sec?ndary (goplgﬁma

the ejection. The frame sequences were saved on the vigggement ‘ot refaxation of €lastic stresses docapillary
tape and then in the PC gmaph files for further analysis. pressue level (abogtof 400 mmrosegconds). The formathn
All experiments were carried out with jet cartridges of theOf a very long tail may be explained by the mechanism

ThinkJet model. When investigating polymsolutions the discussed in [5]: Due to low molecular masa «_ﬂlastlcny
disassembled printheads fed from the extemeservoir modulushasa large value. Consequently, the high level of
were used elastc stres is formed. High elastic stresses in the jet

stretch out the fluid from the noezhfter cessatia of vapor
bubbk growth (the ejection of the fluid from the nozzle is
lasted about300 microseconds !). To classify the possible
types of drop ejection we shaliane the ca® of tall
disintegration simultaneously along its axis ascase
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number One. This behavior is typical fomdomolecular
mas andsmall or intermediate concentrations as well as fol
very small concentrations independently of molecular mass.
However in the last situation the tail is not so long.

The PAM solution of M=2,000,000c=25 p.p.m.
demonstrates another type of in-flight disintegratimnase
number Two. Under the action of capillary aethstic
stresses the tail is drawn into the peirdrop. A few
seconday dropletsare detached from the tail end. Then
these seconday dropscontinue independent flight or unite

Copyright 1999, IS&T

with the prime drop. I t=80 s
— -
= I
t=20 ps t=100 ps
h___l—
_ [ -
=40 ps |t:120 Us
t=60 ¢ I
—OUHS t=140 ps
¢ 4 ¢
t=80 ps It=160 us
. ‘ Figure 3. Ejection of jet of PAM solution, ¢=100 p.p.m.,
. M=2,000,000.
t=100 ps B
o Formation of a single drop (case numbkhreq is
T =120 us demonstrated on Figure 3. The tail is dnawto the prime
H drop without the formation of secondary droplets. T
. of ejection is typical for intermediate concentrations and
t=140 ps high molecular masses.
The process of return of the ejectedplto a nozzle
* was observed for high polymer concentrations (case number
t=160 us Four). The elastic stresses in thd tatardthe prime drop
Figure 1. Ejection of jet standard ink. forcing the reverse motion (see estimate (7)). All high
' concentrated polymer solutions display similar behavior.
S— Figure 4showsthe type of the ejection as a function of
t=40 ps molecula parameters. It should be noted that there are no
shap boundariedbetween these cases, hence, the Figure 6
- | displays only qualitative tendencies.
t=100 us
’_/\! t=160 ps
- i
| t=300 pis
*>—_ @@ @
M t=400 ps
Figure 2. Ejection of jet of PAM solution, ¢=50 p.p.m.,
M=500,000.
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Figure 4. Influence of molecular parameters upon type of ejection. Figure 5. Flight displacement of drop PAM solution
(M=2,000,000).
Drop displacement It should be mentioned that we monitored the drop head

To estimate the influence of molecular (molecular masslisplacementlt is likely that the values of the velocity loss
ard concentration and other parameters on the values ofare less if the motion of cemtef mas is taken into
drop velocity losses the measurements of displacement atcount: while the drops of ink eaextremey extended
drop head versus time were carried .odthe drop  objects, the polymeric droplets are compact objects..
displacement is a distance betwehe nozze surfae and ) )
the head of the drop. The typical graphe presentd on ~ Dimensionless constitutive parameters
the Figure 5. The curves allow to deterethe drop flight We usel the ThinkJet printhead in present
velocity in each case. The conditiorfstioe experimen are investigations to understand the general fundamental
presented in the figures. The note “#2” means that igonformities to natural laws of influence of polymeric
additin to one measurement the experiment with anothepdditives on printing process. It seems that the
nozzle was carried out. transformation of obtained results in the case of other linear

The results display that the polymeric addisir@veno scales may be made in followgmvay. Indeed the influence
influence on the ejection process in the course of the first 500f polymersis reduced to the counteraction of arising
microseconds. It means thaetpolyme doesnot influence additional elastic forces and the surface ferttet terd to
the bubble growth and the flow inglchamber The graphs ~ disintegrate the liquid object (drop). Thus ensue the
shawv the influence of molecular parameters on velocity Similarity of the two cases wheejectel droples differ in

losses. Experimental data qualitativetgincide with the  linear sizes it is necessary i@ep the same correlation
theoretical predictions. between elastic and surface forces in both cases. Surface

The results of the measurements of the drogressure is of the order of/ d (Q-surface tensiony -jet
displacement showed also thaettot frequeny has no  diameter), elastic stress is proportional w®fthid elasticity
influence on the velocity of the drop of polymeric fluids. modulusG and the square of the fluid extension ratio.
Similarity of the results obtained for PAM solutionviter- ~ Supposing that the extensions of the fluid the sane in
glycerinmixture and in the standard ink displays that there both cases we conclude thatkeep the sane correlation
is no chemical counteraction between polynaed ink  betwea elastic and surface forces it is necessary to keep the
content. same dimensionless constitutive parameéte=Gd / o .
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Another dimensionless constitutive parameter followS2. The positive effects of polymeric additives on the jet
from the necessityof similarity of time change of the elastic disintegration process can be achieved withbetariance
stress level and time evolution of thet jébreak off, in all other printing processes stages.
disintegration, etc.). As it was noted earlighe
characteristi time of the jet evolution is of the order of

t, = (Pd3 / a)yz. The characteristic time of ehstress Acknowledgments
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Conclusions

1. The polymeric additives can modify the jet generation.
It is possible to observe the following cases of the ink
jet disintegration: simultaneous disintegration of the
drop tail into a number of small secondary droplets;
disintegration of the end of the taito afew secondary
dropletsand drawing of the rest of the tail into the
prime drop; compression of primary extended drop into
compactdrop without any loss of continuity; return of
the ejectal drop into the nozzle under the action of
elastt stresses in the drop tail. The desired positive
effectson printing processnay be achieved by a proper
choie of rheological parameters, which can be
controlledby the molecular mass and the concentration
of the polymer.
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