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Abstract

In this paper, the mechanical properties of Pl/Sif@anocomposite hybrid films with different silica doping levels are experimentally studied at
low temperature. Experimental results show that the coefficient of thermal expansion (CTE) of the RéS#@omposite hybrid films gradually
reduces when the ambiance temperature is decreased. At the liquid nitrogen temperature (77 K), the CTE value is about five times less than that
room temperature (287 K). The measured CTEs of hybrid films greatly decrease when doped with inorganic silica, especially when the silica dopin
level is more than 1wt.%. However, too high silica contents (more than 10 wt.%) can cause problem to disperse effectively and the specimen
become quite opaque. Experimental results also show that the effects of the pre-applied stress levels can be neglected on the CTE testing. When
ambient temperature changes from 287 to 77 K, the measured average values of the films’ ultimate tensile strength (UTS) and Young’s modult
increase about 60 and 90%, respectively, while the breaking elongation decreases about 42%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction their related mechanical properties at low temperature are very
critical. There are some research reports involved in the cryo-
Polyimide (PI) films have attracted great research intergenic properties of Pl filmd8—20] but not much about PI/SiO
ests because of their special properties, such as low dieleaanocomposite films.
tric constant, excellent electrical and mechanical properties, Inthis paper, we reportresearch results of cryogenic mechan-
which have broad applications in microelectronics industry ascal properties of Pl/Si@nanocomposite films doped with dif-
buffer coatings, passive layers, interlayer dielectrics and wafeflerent silica contents and provide some necessary information
scale packagefL,2]. In order to further improve the related for their applications in cryogenic engineering. Considering
mechanical properties, such as decreasing coefficient of thermtie liquid nitrogen is commonly used as the medium in cryo-
expansion (CTE) and improving fracture property, recent workgienic engineering, CTEs are measured from room temperature
have been focused on how to produce nano-structure Pl hybrigh liquid nitrogen temperature (77 K). The Young’s modulus,
organic—inorganic films which can combine desirable organi@longation and ultimate tensile strength (UTS) are only tested
and inorganic characteristics together by using different fabriat 77 K. However, related room temperature data are also intro-
cation techniquef3-8]. duced for comparison.
Besides their applications at room and high temperatures
[9-17], PI films are also regarded as important thermal an@. Preparation of Pi/SiO; hybrid films
electrical insulating materials in cryogenic engineering, such as
spacecraft, superconducting magnet devices and some relatedLike most of organic polymers, the much higher CTE of PlI
electronical components. The requirements for Pl films in thes@lms compared with that of metallic substrates is one of the
unique applications are extremely severe and complicated, andajor disadvantages for their application in cryogenic engineer-
ing. The higher CTE can cause high interfacial stresses during
thermal cycling and sometimes even lead to mechanical failures,
* Corresponding author. Tel.: +86 1051687257; fax: +86 1051682094. such as film degradation or crack and affects the reliability of
E-mail address: zhdwang@center.njtu.edu.cn (Z.D. Wang). the whole structure. Doping with inorganic material is a promis-
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ing solution to reduce PI film's CTE and improve the fracturequently stirred for about 6 h to produce a homogeneous solution.

toughness and other properties. Hybrid films are obtained through the same thermal treatment
The traditional P1/Si@ hybrid films fabricated by sol-gel as above. The formulations for the PS2 hybrid films prepared

technique possess lower CTE, higher thermal stability and betising the new processing technique are also giveiabie 1

ter mechanical properties at room temperature compared with

pure PI films. However, the PI/SiChybrid film's mechanical 3. Coefficient of thermal stress

properties will decrease quickly at higher silica doping level

because of the increased particle size. In order to improve the The mechanical properties of polymer films, such as the CTE,

properties of PI/Si@hybrid films, a new process which would the residual stresses and the elastic constants, are generally not

lead to a smaller particle size was developed for the preparatiaihe same as those of the bulk mater{@lt,22] Therefore, it is

of P1/SiQy hybrid films in this study. preferable to characterize the CTE of the films at low tempera-
ture directly. In this study, a new device was designed to test the
2.1. Materials CTE values of PI/Si@ nanocomposite hybrid films.

In our experiments, some commercial available materials-/. Testing device
are used, namely, pyromellitic dianhydride (PMDAy08205)
and dipheny'ene diamine (ODA’ 1@412’\'20) from Tec- F|g 1Sh0WS the SChematiC Of the CTE testing deVice. The
nidd Enterprise Co. Ltd., tetraethoxysilane (TEOS), ethanoppecimen (11) is fixed by four magnets and magnet-sheaths
(EtOH) and catalyst from Beijing Chemical Co. Lt&,N- (the magnet and magnet-sheath are wholly shown as part 7 in
Dimethylacetamide (DMAc, [(CB)2NCOCH;]) was desic-

cated by molecular sieve before use. 9

10

2.2. Traditional processing technique

After dissolving ODA in DMAc, PMDA is added into the
reaction mixture under a nitrogen atmosphere and stirred for 6 h
at room temperature. Then, TEOS, water and catalyst are added
to the solution, and further stirring is conducted to produce a
homogeneous solution. Spanning the transparent solution onto
a glass plate and subsequently dried for 1 h at 80, 100, 120, 150, 2 \\” ”
180, 240 and 278C. Table 1gives the formulations for the PS1 1 —
hybrid films prepared using the traditional processing technique.

. J

2.3. New processing technique
Fig. 1. Schematic depiction of the device for measuring CTE of thin films at

. . . . low temperature: (1) Dewar; (2) fixed rod; (3) foundation; (4) connecting rod;
ODA isfirstdissolved in DMAc under a nitrogen atmosphere.(S) heater: (6) supporting rod: (7) magnet and its sheath: (8) flange: (9) glass

TEOS, ethanol and catalyst are then added to form the solutiofindow: (10) temperature-controlled block; (11) specimen; (12) pulley system:
After stirring for about 30 min, PMDA are added and subse-(13) weight.

Table 1

Preparation of PI/Si@hybrid films

Sample name PAA(g) TEOS (9) HO (ml) Catalys? EtOH (ml) Silica content (wt.%) Remarks
Pl 15 0 - — — 0 T
PS1-1 15 0.035 0.012 5.0 — 1 T
PS1-3 15 0.106 0.037 5.0 — 3 T
PS1-5 15 0.182 0.063 5.0 - 5 T
PS1-8 15 0.301 0.103 5.0 — 8 S
PS1-10 15 0.385 0.132 5.0 - 10 O
PS1-15 15 0.612 0.210 5.0 — 15 (0]
pPS2-1 15 0.035 - 37 0.100 1 T
PS2-3 15 0.106 — 37 0.301 3 T
PS2-5 15 0.182 — 37 0.494 5 T
PS2-8 15 0.301 — 37 0.791 8 T
PS2-10 15 0.385 - 37 0.987 10 T
PS2-15 15 0.612 — 37 1.571 15 (0]

a 15wt.% DMACc solution.
b Weight percentage of hydrochloric acid based on the amount of water added.
¢ The appearance of hybrid films: T, transparent; S, translucent; O, opaque.
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Fig. 2. Measured CTEs of pure PI film and Pl/Sitanocomposite film with different testing temperatures: (a) Owt.% and (b) 8 wt.%.

Fig. D). The left-side magnet and magnet-sheath are installed Two parallel lines are made on the specimen before the exper-
on the foundation (3) by the supporting rod (6) and cannoiment as reference. During the testing process, the distance of
move during the experiment. The right-side magnet is conthe two reference parallel lines decreases or increases due to the
nected with the weights (13) by a wire and can move smoothlghermal deformation of the film specimen when the temperature
along the surface of the temperature-controlled block (10) bylrops or rises, which is recorded by a microscope through the
a pulley system (12). The pulley system is specially designedlass window (9). The microscope is installed in the outside of
for the application at low temperature with all parts made ofthe liquid nitrogen Dewar (1) and not shownFig. 1
same material (stainless steel) to avoid the influence caused
by different CTEs. The force level applied on the specimers.2. Experimental result and discussion
can be adjusted by selecting different weights (13) (according
to our test, the resistance caused by the pulley system can be Fig. 2(a and b) shows measured CTEs of pure PI film and
neglected). The fixed rod (2) and the foundation (3) are made1/SiO, nanocomposite film (8 wt.% silica content) verses dif-
of stainless steel and have a lower thermal conductivity thaiferent testing temperatures. The CTEs for both types of spec-
that of copper. There are two functions for the fixed rod (2).imens decrease when the temperature drops, and which shows
Its upper part is a screw-thread structure, which can ensure thagéry good linear relationship from room temperature to 100 K.
the temperature-controlled block (10) and the foundation (3Further decreasing the testing temperature, the change of CTEs
contact each other firmly. Another function is to prevent thebecomes slowly. The CTE value at liquid nitrogen temperature
testing temperature from increasing too quickly while the alti-(77 K) is less than one-fifth of that at room temperature (287 K).
tude of liquid nitrogen is lower than that of the lower surface  The average CTEs of different silica-content nanocomposite
of the foundation (3). In this experiment, liquid nitrogen wasfilms from 287 to 77 K are shown iig. 3. For the PI/SiQ film
used as cooling medium to decrease the testing temperatusgith 1 wt.% silica content, the CTE is higher than that of pure PI
However, some other cooling medium, such as liquid heliumfilm. The CTE of the composite films shows significant reduce
may also be used instead of liquid nitrogen for temperature corwhen the silica content changed from 3 to 15wt.%. However,
trol. the variation of the measured CTE values becomes very small
The specimen (11) keeps contacting with the temperature-
controlled block (10) tightly through a notch in the middle of |
the temperature-controlled block (10) so that the temperature of 184
the specimenis more homogeneous. The temperature-controlled
block (10) is made of copper which has a very high thermalcon- &
ductivity. In the experiment, every temperature point was kept 5
for 5 min for achieving good temperature stability. Considering % 16+
h
G

194

the direct contact between the temperature-controlled block (10)
and the specimen (11) and the micrometer thickness of the spec-
imen, it is reasonable to believe that there was no temperature

difference between (10) and (11). The testing temperature can 14'_ T
be controlled by a heater (5) and recorded by a thermometer, o
which is installed in the temperature-controlled block (10) and 0 2 4 6 g8 10 12 14 16
not shown inFig. 1 The power of the heater (5) is controlled by Silica content (wt. %)

a St_and_ard temperature-controller installed in the outside of theiy 3 average CTE of the PI/Sichanocomposite films with different silica
liquid nitrogen Dewar (1). contents from 287 to 77 K.
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when the silica contents increase from 10 to 15 wt.%, because it
is difficult to effectively disperse silica into PI matrix when the
silica content is too higher. From below Ed), we can theoreti-
cally explain the relationship between the CTE and doping level
[23-25] For traditional macroscopically isotropic composites,
the effective CTE value can be derived from:

(1/K) — (1/K2)
(/K1) — (1/K>2)

wherex andK represent material’s effective CTE and bulk mod-
ulus, respectively. The subscripts 1 and 2 refer to the two phases
of the composite. The lower and upper bounds can be derived
on the basis of Hashin—Shtrikman theory. According to(&Y.
the CTE of the composite is not only decided by the CTEs of
the components, but also affected by the bulk moduli of the
components. For organic—inorganic hybrid composites, the bulk
modulus of the inorganic reinforced component is often much
higher than that of inorganic matrix, which leads to a higher
composite CTE at a lower inorganic content. With increasing ofable white beads in the photographs of 15wt.% silica-content
volume fractions of the reinforced component, the CTE of thdfilms, which means that the average diameter of the dispersed
reinforced component plays a more important role than its bullsilica particles is no longer in the nano-size level. This also
modulus. Generally, the effective CTE decreases with increastemonstrates that too higher silica content can cause difficulty
ing of volume fractions of inorganic reinforcement. Although we to disperse silica into the PI matrix effectively.
cannot use Eq.l) to accurately calculate the composite CTEs The above results were obtained under fixed pre-apply stress
in our experiments due to the nano-size of the reinforcementf 3-4.5% material’s UTS (the percentage variation is due to
the basic changing tendency is coincident with the theoreticghe material's UTS changing at different temperatures). The
result. available testing techniques on CTEs are taken on a constant-
Fig. 4 shows photos of the PI/Silfilms fabricated using stressed-body or a free-body. The question asked here is that
the new processing technigue. Most of the films have light colwhether the CTEs may be affected by the pre-stress level. For
ors which imply good transparency except that of the film withbulk materials, the working stresses are normally much lower
15wt.% silica content which is quite opaque. The tensile fracthan the failure strength of materials and the stress effect can
ture surfaces of the PI/Sihybrid films are examined by SEM be neglected. However, for thin film materials, it is preferred
and the photographs are showifrigs. 5 and 6There are notice-  to investigate the CTE at different stress levels. To answer this

0 wt.%

1 wt.%

3wt%

o =02+ (01 — ap)

@)

10 wt.%

15 wi.%

Fig. 4. Photos of PI/Si@nanocomposite films.

Fig. 6. Fractured surface morphology of composite films with different silica contents at 77 K.
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Table 2
CTEs of pure Pl film at different applied stress levels
T (K) a x 1078 (K)
3.0-4.5% UTS 9.0-13.5% UTS 15.0-22.5% UTS

287 30.05 30.02 29.86
257 26.99 26.55 26.33
208 20.85 20.63 20.38
159 14.72 14.70 14.49
131 8.4 8.13 7.22
107 5.86 5.80 5.25

77 5.34 5.23 4.81
Table 3
CTEs of film with 8 wt.% SiQ at different applied stress levels
T (K) ax 107 (K)

3.0-4.5% UTS 9.0-13.5% UTS 15.0-22.5% UTS

287 27.40 27.20 27.01
257 2471 24.05 23.79
208 16.67 16.09 15.85
159 11.65 10.96 10.55
131 7.61 6.80 6.55
107 4.85 4.68 4.20

77 4.82 4.41 4.02

question, we applied different stress levels to the pure PI film
and the hybrid film (8 wt.% silica content), measured CTE val-

ues are listed ifables 2 and Fespectively. The testing results
demonstrate that the film's CTE value reduces slightly when the
pre-applied stress is increased, but the difference is very small
and can be neglected. In the testing, no further higher stress wag, g voung's moduli of PI/Si@ nanocomposite films with different silica
applied, because stress loadings of PI films are usually lowejontents.
than 10% of material’'s UTS under normal working condition.

4. Tensile properties

Tensile experiments were carried out with a Sans universaﬁ1
testing machine atarate of 2 mm/min. The measured UTS values

of the PI/SiQ hybrid films with different silica doping levels
at 287 and 77K are shown frig. 7. It is noticeable that the
UTS values increase in a range of appropriate silica doping level

Tensile strength (MPa)

160
150:
140:
130:
120:
110:
100:
90:
80:
70:
60-

\ = 287K
A o 77K

-2

. ——
4 6 8 10 12 14 16

Silica content (%)

Fig. 7. Ultimate tensile strength of PI/Si@anocomposite films with different

silica contents.
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The breaking elongations of the hybrid films at 287 and 77 K

are shown iriFig. 9. The maximum values are also obtained from
the films with 3wt.% silica content, similar as the UTS result.
ut the changing tendency of the breaking elongation is much
ore slowly with different silica contents at 77 K. It is not clear
?Nhy the measured breaking elongation for the film with 3 wt.%
silica content is much higher than the other values at 287 K.

(0-8wt.%), then it drops significantly when the doping level 21 .
is too high (more than 10wt.%). The maximum UTS values 201
are obtained from the films with 3wt.% silica content at both & 18 )
temperatures of 77 and 287 Rig. 7 also shows that the UTS X 16 LN - 287 K
values of PI/SiQ hybrid films with 3wt.% silica content have £ 1a] —e— 77K
more than 70% increase when temperature changes from 287 to f 12] i "
77K, s ]
The measured Young's moduli increase with increasing of § 104 —— ..
silica content at temperature 287 and 77 K, as showfign8. 28y \-\ """ .
At 77 K, the Young’s modulus increases dramatically when the 6 - '\
silica content changes from 0 to 5wt.%, then the value is kept 4] : : : : S

almost constant with further increase of silica content. However,
the Young’s moduli of the hybrid films with different silica con-

tents generally changes much smaller at 287 K compared to &fg.9. Elongations at break of PI/Si@anocomposite films with different silica
77K, especially in the lower silica doping level.

contents.

o -

4 6 8 10 12 14 18
Silica content (wt%)
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5. Conclusions cryogenic engineering, some necessary researches about their

cryogenic properties must be carried out.
In this paper, the mechanical properties of Pl/Si@nocom-

posite thin films at low temperature are presented. PYSiO Acknowledgement
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