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Abstract

Adhesives used in thermalkjet printheadsare frequently

adhesive and will providebette chemicd resistance.
However increasig the modulus of the adhesive causes the
polymer to lose its ductility making it more brittle and more

exposé to ink. Product life depends on the robustness ogusceptible to cracking.
thee adhesives. One area of application is the die attach

adhesive that bonds the silicon heater chip éoptinthead
body. This adhesive is constantly in the presence ofTiné
selection of the die attach adhesive is based ngtamthe
performance of the adhesive in ink but adedhe printhead

Determination of Crosslink Density

The crosslirk density of a polymer is defined as the
ratio of the number of backbone atoms in crosslinks to the
total numbe of backbone atoms in the molec@l€rosslink

manufacturig processes. This paper focuses on optimizinglensity can be determined using several techniques:
the selection of a die attach adhesive used in a water-basediclea magneticresonance spectroscopy; dynamic mech-

ink environmentbasel on cure characteristics. Results are

anical measurements; equilibriuswelling measurements;

reportal for an epoxy system, specifically, an anhydriderheologich measurements; and mechanical stress-strain

cured diglycidyl ether of bisphend\. Crosslirk density,

modulus, density and glass transition temperature are The Mooney-Rivlin equation,

reported with respect to extent of cure. Extent ofedar
then related to the ink absorptiarharacteristis of the

adhesie ard its adhesion to the printhead body and to the

heater chip.
Background & Theory

Ink chemists must be given as rhifceedan aspossibé to
sele¢ the materias for their formulations to meet market
demands for greater inkj@rinting speed improved image
quality and durability as well as lower cost of printing,.
Unfortunately, incompatibilities betweeink components
and the adhesives used in printreathn limit which
ingredients can be includeih inks. Incompatibilities
between inks and adhesives can cause reductions
printhead reliability or changes in inkroperties tha can
adversely affect print quality.

In an inkjet printhead, the die attaadhesie plays a
critical role in meeting print quality and reliability
requirements for the pen. This adhesbondsthe silicon
heater chip to the thermoplastic body of printhead It is
expose to ink for the entire life of the printhead. If the die

measurements.

based on rubber
elasticity, can be used to determine crosslink detsised
on equilibrium stress-strain measuremérits:

0=20-A7)C+2)
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where o = engineering stress (force/unit original cross
section), A = extension ratio, Cand C are empirical

constants. Rewriting Equation (1),
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Generally, for an unswoltevulcanizeal rubbe network,

plotting the reduced stress/[2(A — )], asa function of

1/) vyields a straight line at low elongatiorhe value of C,,

in agreement with the theory of rubber elasticity, must

increase with crosslink density. For an ideal netwdk

approaches zero. It has been proposed that

G
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where N = crosslink density, R = the gas constemtT =

attach adhesive absorbs ink through SO|ubI|Ity or diffusiorthe absolute temperature‘ Tassue near-equi”brium

kinetics and it loses adhesion to the chip or the ptdhn

responsgstress-strairmeasurementare done at very slow

the pen can fail. The die attach adhesive therefore musktrain rates under swollen conditions ot alevated

haveexcellentcompatibility with the ingredients in the ink.
This study focuses on understanding the efféatrosslink

densityon ink resistance and adhesion to substrates. Thgglymer to ensure rubbery behavior.

crosslink density is dependentn oseveral parameters

temperatures. The testing temperature should be at least
20°C above the glass transition temperaturgdfithe cured

By comparison, the crosslink density ncalso be

including the adhesive cure conditions. Generally, a higherca|culated using network elasticity theory for Gaussian
degree of crosslinking will increase the modulus of the:hains using the equatibn
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G= NRT (4)  Test Methods and Equipment

where is G is the shear modulus. In this paper, the storage,, A TA model 2920 modulated Differential Scanning

; orimeter (DSC) was used to measure thefThe cured
modulus G obtained from rheometer measurements Wassamples. The samples were heated fronf&30 200C at

a scanning rate of’€/minute. The Ts from the DSC scans
Durability of Crosslinked Networks in Inks were defined as the temperatures at the inflection points of
}he scans.

When a crosslinked polymer is placed in ink, severa Stress-strain measurements were done on a Model 1123
phenomena may occur: the exposure may cause extraCtif‘)ﬁ"stron at a low extension rate of 1.25mm/minute. The
of soluble constituents from the adhesive by the ink; ' '

chemical reaction could occur between the liquid and th‘?naeTeprliZ? were tested at 120 which is above Tof the
polymer; or the polymer may swell. The potential for a ’
polymer to swell is dependent upon the interaction between A Haake Model TCS00 Controlled Stress Rheometer

the polymer and the solvent. The degree of crosslinkin was used to measure the storage modulusofGhe
i

which is a measure of the elastic potential, acts to resg&dheswe in the shear oscillation mode. The modulus

swelling. Equilibrium is reached when these two potemiagr}eios/urements n g_us study \f/velre ma.?.ﬁ at 1Hz and a strain
are equal. of 1% at a gap distance of 1mm. The temperature was

The ability of a cured adhesive to swell by absorbing él%rg)pcedlf{(()yné aln;kg%nta;o dtqgo%ffﬁ]refé %Jirﬁuzgrsngiftmgﬁ of

large amount of a low viscosity liquid depends on : X .
thermodynamic considerations. A polymer will absorb aheld at that temperature for 45 minutes while the adhesive

e : ; . curedin situ. The temperature was then ramped down to
liquid if there is a negative Gibbs free energy chadgg, %mbient within an additional 15 minutes.

tgk;\%r:ag(ﬁs place during mixing. The free energy change | Hardness was measured usi_n_g a S_hore D hardness
’ gauge as per ASTM D2240. Specific gravity measurements
AG =AH-TAS (5) were made using ASTM D792. Ink absorption data were
obtained by immersing the cured adhesive specimens in ink
where AH is the change in enthalp@S is the change in at 60°C for four weeks. The weights of the specimens were
entropy and T is temperature. Thus the requirement fomeasured each week the adhesive was in contact with the
mixing is that \S be greater thafiH. The enthalpy change ink.
is largely influenced by the value of the solubility Chloroform extraction was used to determine amount
parameters,®d) of liquid and of the polymer. The physical of solvent absorbed in a specimen. Quantitative analysis of
significance of the solubility parameter is th&tis the extracted solvents was done using a gas chromatograph/
material’'s cohesive energy density. Essentially it is amass spectrometer.
measure of the energy of attraction between like molecules. Heat of vaporization was measured using the
The solubility parameter can be calculated using thésoteniscopic method. With this technique, vapor pressure is
equatiort measured as a liquid is heated in a closed system. Using the
Clapeyron equation and assuming ideal gas behavior, the

5= /w 6 heatof vaporization is given by
m

AH, = - Rd(f—nP")
d@/T)

used to calculate crosslink density.

whereAH  is the heat of vaporization, ¥& the liquid molar Q)

volume calculated from density data. Referring to Equation _ .
5, AH will be less than &S only when certain conditions where Pis the vapor pressure and R is the gas constant. A
for & are met. For instance, & values for a polymer and a plot of In Pvs. 1/T has a slope equal to ARl

solvent are within about 2(MP&)of each other, thenG A wedge test (ASTM D3762) was used to test bond
will be negative and considerable absorption of the solverdurability. In this test, a wedge was inserted at ambient

will occur’ conditions into the bondline of a flat-bonded aluminum
specimen. This created a tensile stress in the region of the

Experimental tip of the resultant crack. The length of fracture was

measured after the initial crack came to equilibrium. The
samples were then submerged in ink and placed ir’@ 60
ven. The purpose of creating the crack was to increase the
iffusion rate of the ink into the adhesive. The crack length
was measured as a function of time and the failure mode
SRas evaluated. This test is primarily qualitative, but can be
used in determining the effects of various adherend surface
o oy on cm o preparation processes and adhesive durability when exposed
CHg'CH*CHg'O@Eg@focchHCHﬁi@iﬁofcmfCHfCH; tO |nk.
Lastly, die shear testing was performed to assess the
Figure 1. Adhesive Structure adhesion of the heater chip to the printhead body material.

Materials

The adhesive investigated in this work was
commercially available one-part epoxy system, specificallyd
an anhydride cured diglycidyl ether of bisphenol A. It is
similar to Shell Epon 828 (see Figure 1). The adhesive al
contained an acrylonitrile butadiene rubber component.
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Heater chips bonded to polyphenylene oxide plaques were

immersed in ink for 4 weeks at 60°C. The samples were Reduced Stress vs. Reciprocal of Extension
then mounted on the Instron and a force parallel to the long 2
axis of the silicon chip was applied at a speed of 20mm/min. 22

= Mﬁoec
MMM Lo

e a---A120C
‘.--‘---l-”A-'-l---A---A""

The failure mode was recorded for each sample.
Test Specimen Preparation 18
Tensile specimens were prepared and cured for 1 hour
at cure temperatures of 1) 110C, 120C, 130C and L
150°C. No post curing was done. The 12mm x 20mm X e
3.5mm specimens for density measurements were prepared gm0 em e N0 em el
using the same curing conditions as above.
. Die shear samples were prepared by bonding S'“.Cor]:igure 2 — Mooney plots of the adhesive under different cure
chips onto 30mm x 30mm x 3mm polyphenylene oxide.,iions in simple extension
plagues with a bondline thickness of 0.03mm to 0.04mm.

Wedge test samples were prepared by degreasing two
type 2024T-3 aluminum substrates with ethanol followed by
a 1 minute Qplasma etch. The adhesive was then dispensed soee, | CrOsslink Density vs. Cure Conditions
to a 0.0075-inch bondline thickness onto the cleaned
aluminum substrates. The bondline was maintained by
placing a 0.0075 inch diameter gauge wire between the two
substrates. After the adhesive was dispensed, the adherends
were bonded under pressure for the specific cure cycles.

17

16
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Results and Discussion
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Figure 2 is a plot of reduced stress vs\ bf tensile e
specimens tested at 120°C. The plot yields straight lines for Cure Time (min)
all the cure conditions studied. From Equation 2, the lines
have slopes equal ta, CThe values of Care found from the
intercepts when the curves are extrapolated/Xe= 0. It
was realized that for this system, the data followed the
Mooney-Rivlin behavior. Figure 3 presents the increase in crosslink density over
Table | lists the intercepts,@nd slopes Cfor tensile  time for each cure temperature calculated using Equation 4.
samples cured for 1 hour at various temperatures. Thiot surprisingly, the rate of crosslinking increased as the
corresponding crosslink densities,,,Nwere calculated temperature increased. By the end of the 45 minute cure
using the Mooney-Rivlin equation (Equation 3). A however, the crosslink densities of the 130°C and 150°C
comparison of the crosslink density calculated fromsamples were very similar. It is possible that the faster rate
Equation 4 using the rheometer, Nis also presented in of cure for the 150°C sample could cause its network
the Table I. The 13C and 150°C cured samples producedstructure to be different from the 130°C sample.
the highest crosslink densities. It is seen that both methods The glass transition temperature, ®f a polymer can
represent similar trends in crosslink density. Because of itse interpreted as its increase in free volume as it changes
simpler test procedure and the ease of sample preparatidrom a glassy state to a rubbery state during heating. It is
the rheometer method was chosen as the preferred technigheoretically a measure of overall molecular mobility of a
for determining crosslink density for subsequentpolymer network. The glass transition temperature of a

Figure 3. Crosslink Density vs. Cure Time Using the Rheometer

measurements. polymer tends to increase with cir&able Il presents JJ
data obtained through modulated DSC. The data suggest an
Table | — Comparison of Crosslink Densities increase in Jwith cure temperature. However, thgsTdo
Mooney-Riviin Equation Rheometer not correlate well with the calculated crosslink densities for
Cure Testing at 120C samples cured at 130°C and 150°C. Only theofT the
Temp. c, c, N,, G, N, 100°C cure sample was significantly different from the
(MPa) | (MPa) | (mollcm®) | (MPa) | (molfcm?) other T's. This lack of correlation between dnd crosslink
100°C 0.31 846 1.88E-4 275 8.86E-4 density demonstrates the point that a simple glass transition
110°C 0.32 1.17 1.96E-4 1.41 4.42E-4 temperature measurement does not fully characterize a
120°C 0.38 152 2.35E-4 thermosetting polymer’s extent of cure.
130°C 0.81 120 4.97E-4 266 7 05E-4 Table 1l also shows that the techniques used to measure
150°C 081 131 | 4934 265 7 53E-4 density and hardness were not sensitive enough to

differentiate the extent of cure.
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Table 1l — Effect of Cure on Epoxy Material Properties Epon 828. For this adhesive/solvent set, solubility
Cure Temp. T, Density | Hardness parameters appear to be a useful guide to help predict which
(g/c) (Shore D) solvents are likely to be absorbed into the adhesive. This
100°C 77°C 1.25 78 knowledge can be applied by ink formulators to either limit
110°C 85°C 1.25 79 the concentrations of ink ingredients likely to be absorbed
120°C 87°C 1.24 79 by the adhesive or to formulate using solvents with
130°C 88°C 1.25 80 solubility parameters that are significantly different from
150°C 91°C 1.25 30 that of the adhesive.
The effect of cure conditions on ink absorption is Chloroform Extractions
depicted in Figure 4. The samples were immersed in a 18

water-based ink at 60°C over a four week period. The _ o 12 Hoxanedio
amount of ink uptake was monitored through weight £ 12

change. It was apparent that the higher the crosslink density, g 10

the less the weight change. Samples cured af'C130 Bor

absorbed less ink than those cured at’@5d10°C and 2 o0s 22 Thiodiethanol

100°C. The slightly lower ink absorption of the 130°C 02
cured sample compared to the 150°C cured sample is an 100 110 120 120 140 150
interesting result. Although the two samples had similar Cure Temperature ( °C)

crosslink densities, it is possible that the faster rate of the
150°C cure created a slightly greater free volume inside t?{?

polymer network that allowed more solvent absorption t igure 5. Extractions of Solvents from Adhesives after 4 Weeks of
mmersion in ink

OcCcur.
Table Ill — Comparison of Solubility Parameters
Ink Absorption Test Material Density® v, AH, )

(g/em’) | (cm*mol) | (cal/mol) | (MPa)**
Q10
% Z . 1,2-Hexandediol 0.951 124.3 14600 21.9
6 7 110°C .
% g 150°C 2,2-Thiodiethanol 1.221 100.1 12800 22.7
g
3 3 Epon 828 21.6
c
81
o O |
o 5

Number of Weeks in Ink
. Wedge Test

110°C

Figure 4. Ink Absorption vs. Cure Conditions

The samples that had been immersed in ink were
subjected to chloroform extractions. Figure 5 presents the
amount of the two co-solvents extracted from the samples.
At all cure temperatures less 2,2-thiodiethanol was absorbed
compared to 1,2-hexanediol. The remainder of the weight Time (hours)
gain of the is due to water absorption. The solubility
parameters for the two co-solvents calculated using
Equation 6 at 25°C are shown in Table Ill. They are fairly
close to each other and also to the literature value for Epon
828’ The difference ind's between 2,2-thiodiethanol and
Epon 828 is 1.1(MP& and the difference between 1,2- The effect of cure conditions on adhesive-bonded
hexanediol and Epson 828 is 0.3(M#Balt is therefore not  structures using the wedge test is presented in Figure 6. The
surprising that a significant amount of both solvents wasamples cured at 11D appeared to have a higher rate of
absorbed into the adhesive. Also, the preferential absorptisack propagation than the ones cured af@3hd 150C.
of the 1,2-hexandiol can be understood by the differencéhese results correlate well with the crosslink density
between its solubility parameter and Epon 828 beingalculations. The 10G cured sample had a smaller crack
smaller than the difference between 2,2-thiodiethanol antgngth than the others. This was probably due to the low

Crack Lengh (mm

|
30

Figure 6. Wedge Test Results
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level of crosslinking in the sample. It is likely that the stress  Further work is planned to investigate the relationship
created by the insertion of the wedge into the specimen waetween the rate of solvent diffusion into a polymer
dissipated by the undercured matefial. network and the network’s crosslink density.

Die shear tests done on the 110°C, 130°C and 150°C
cured samples after immersion in ink for 4 weeks at 60°C
showed that the heater chip shattered before the adhesive
bond failed. This indicates the bond strength was higheFhe authors want to thank the following individuals for
than the strength of the chip. On the 100°C cured samplékeir help in generating the data used in this paper: Larry O.
however, the adhesive experienced a cohesive failure. Thisulick, Constance A Haberman, Burton L. Joyner, Thomas

Acknowledgments

is not surprising since the crosslink density was lowest of all. Smart and Robert G. Smith.

the cure conditions. The low level of cure and the high (8%)
ink uptake of this sample probably caused the cohesive
strength of the adhesive to be poor. This led to failure of the
bond. 1.

Conclusion 2.
3.
Crosslink density has been shown to be an important metric
for assessing the performance of a die attach adhesive in an
inkjet printhead. Wedge testing and the use of solubility
parameters were also shown to be useful in predicting.
adhesive performance when exposed to ink.

In order to attain robustness of the adhesive for the.
application, it appears that a curing cycle at 130°C for 45
minutes is optimal, based on crosslink density and.
resistance to the ink used for this study.

Curing at 150°C could allow a shorter cure time to bes.
used in manufacturing to the printhead without reducing
crosslink density. The ink resistance of the adhesive.
however, may be reduced. 10.

Curing this adhesive at 110°C does not produce a high
crosslink density and does not provide the best ink
resistance compared to higher temperature cures. However,
it does allow the use of a lower cost thermoplastic substrate
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