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Abstract: Kinetics of the formation of residual atmosphere in vacuum devices with internal adhesive joints and the application of

the mass spectral and chromatographic methods to measure the specific outgassing rate of volatile compounds from the cured ad-

hesives are considered in this paper. The outgassing comparison data for the various types of adhesives are given and the effec-

tiveness of the outgassing of adhesive joints is demonstrated. The possible options to provide vacuum in the various devices are

considered. At moderate requirements to the residual pressure (about 1072 Pa), it is enough to degass the adhesive joints dur-

ing a few hours. It is much more difficult to provide vacuum in devices with internal adhesive joints at the level of about 10™*

Pa. This requires the use of the built-in getter and the high temperature degassing. It is expedient to provide deep vacuum

(107°—107" Pa) in the rare-used or once-used devices by short (a few minutes) activation the built-in getters before operating

the vacuum devices. This allows to remove the main residual gas hydrocarbons component from the vacuum house and provide

the necessary level of vacuum for a certain interval of time.
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0 Introduction

Using adhesives to assemble vacuum and microe-
lectronics devices significantly simplifies the assemble
technology and reduces the manufacturing cost of the
products. The adhesives allow to joint parts manu-
factured from different materials easily and firmly.
The adhesives have advantages over different solders
as they do not require to use flux or carry the assem-
bly in inert medium or under high temperature
(300—5 000 C).

The main disadvantage of the adhesive joints is gas
emission of volatile components from the adhesive
surface. Outgassing into the vacuum house of the de-

vice forms residual atmosphere that may disturb its
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function. Usually technical specifications of the adhe-
sive producers include information about temperature
mass loss (TML) of the adhesive only, sometimes,
and the data about the total amount of extracting vol-
atile components. However for many applications,
chemical analysis of the evolved gas is of prime im-
portance. There are some data in Refs. [1-3], but
these results are obtained by different methods and
do not allow to define the partial pressure of the vola-
tile components into the vacuum devices with internal
adhesive joints during their lifetime. From the prac-
tice point of view, researching outgassing from the
different adhesives and forming the residual atmos-
phere in the vacuum devices are of interest to develop

optimal adhesive technology and provide the long life-
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time for these devices.

The main purpose of this research is to measure
outgassing from different cured adhesives and define
the residual atmosphere into the vacuum devices with

the internal adhesive joints.

1 Kinetics of outgassing from cured ad-
hesive surface

Outgassing from the cured adhesive surface may be
characterized by specific rate y, that is by ratio the e-
mitted mass of gas m from the area to the time of the
process ¢
m
= <. (D

X s

If a volatile component i is emitted into volume V'
during the time #, then the partial pressure of the
component P; is

SIRT
P, = X2, (2)
M.V
where M; is the molecular weight of this component,
T is temperature, R is the universal gas constant,

The specific outgassing rate of the component i de-

pends on the initial concentration of this component

¢o; in the cured adhesive and the diffusion coefficient
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D;. The temperature dependences y; (T) and D; (T)

are adequately described by'"
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where E; is the effective energy of activation, y,; and

3

D,; are coefficients.

Over time the concentrations of the volatile compo-
nents in the near-surface zone decrease due to outgas-
sing, therefore the specific outgassing rates of these
components decrease. According to the Fick first law
for thickness of adhesive layer [, the time dependence
of the specific outgassing rate y, (¢) at the tempera-
ture T may be described by

_ 2coM.D; - ~ D:Cn+1D7r"t
xi () = — Zex [ R } 1)

n=0

Under high temperature the concentrations of the
volatile components decrease sufficiently fast and the
high temperature degassing of the adhesive joints ba-
ses on this.

Assume the adhesive layer is degassed during time
7 at temperature T). After this degassing the time
dependence of the specific outgassing rate at some

temperature T is given by

)<2n+1>2 l(rexp<E E; )+¢)

5

[

n=0

According to Eq. (5) the high temperature degas-
sing of the adhesive joints during a few hours leads to
the same decrease in the specific outgassing rate as
being of these joints in normal conditions for several
years. For the calculations it is necessary to know
D;(T) and c,.

Ref. [ 5], however due to small value of the diffusion

An example of such calculation is in

coefficient of the volatile components in the cured ad-
hesive, one can only use the Egs. (1)—(3) in most
cases. In this case we consider that the specific out-
gassing rate is constant and equal to the initial one.
Then a calculation error will not exceed 20% —30%
for the ten-year period of time.

Degassing is effective but not the only way to pro-
vide vacuum in the devices with internal adhesive

joints. The emitting volatile components from the

RT RT,
407

adhesive may be removed from vacuum houses by
means of built-in getters. World industry produces a
large number of various types of getters, which differ
in capacity, design, composition of the getter materi-
al and activation temperature. A common feature of
all of the getters is their ability to absorb active gas-
ses (hydrogen, oxygen, nitrogen oxide and carbon
dioxide, water vapor, etc. ), and practically does not
absorb non-polar hydrocarbons C,H,, although these
compounds are typical components of many adhe-
sivest™. As a result the residual atmospheres of vac-
uum devices with internal adhesive joints and built-in
getters will mainly consist of hydrocarbons released
from these joints, which should be taken into account
in the calculation of the residual atmosphere parame-

ters.
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2  Measurement of outgassing from the
cured adhesive

Outgassing from the modern adhesives is very
small, so the measuring method must have high sen-
sitivity and selectivity. The most accurate results for
outgassing is possible to obtain mass-spectral meth-
od. However, despite of the high sensitivity of the
mass spectrometer, measuring the outgassing from
the cured adhesives at room temperature is difficult.
Therefore, to increase the gas flow, surface of the
adhesive must be sufficiently large. For instance, in
Ref. [ 5] each researched adhesive was applied on the
internal surface of 20 glass tubes and the total surface
of the each cured adhesive sample is about 200 cm?.

To research degassing of the cured adhesive, one
can use the kinetic thermodesorbtion mass spectrom-
etry method which is widely used for quantitative

(73

studies of gas emission from solids The measure-

ment procedure includes the quantitative analysis of
volatile compounds (H,O, CO,, CO, H,, HCI, Cl,,
H,S, SO,, COS, O,, N;, NO, NO,, NH;, HF,
F,. BF;, SiF,, C,H,. CH;OH, C,H;OH) emitting
from the adhesive in a vacuum at stage heating of the
adhesive sample in the temperature range of 80 C to
150 °C. During each isothermal stage, the flow of
products with M/Z from 2 to 220 is measured,
wherein the ampoule with the adhesive sample is con-
tinuously pumped out. The amount of volatile impu-
rities is determined by integrating the kinetic depend-
ences of the ion current intensity for each impurity u-

sing the experimentally determined calibration coeffi-

P

cient, Then the activation energy of outgassing for
each volatile component is determined and the calcu-
lated specific outgassing rate corresponds to 25 °C.
The advantage of this method is the high accuracy of
determining specific speed of outgassing, however i-
dentification of hydrocarbon components is difficult.
Usually, the contents of hydrocarbon components are
less than the others by several orders of magnitude,
which are difficult to measure on this background.
Thereby we have to restrict the definition of the aver-
age specific outgassing rate for all hydrocarbon com-
ponents, even though they, as stated above, play a
decisive role in the formation of the residual atmos-
phere in the vacuum devices.

To determine the hydrocarbon components, chro-
matographic method is used. As practice shows, the
sensitivity of the flame ionization detector of the gas
chromatograph in relation to hydrocarbons is very
high and allows to determine their content up to
107" mol. In respect of other components, sensitivi-
ty of the detector is lower by several orders of magni-
tude, that is, the chromatographic method allows to
track the allocation of only hydrocarbons. Identifica-
tion of the released hydrocarbon components is car-
ried out based on their keeping time in a chromato-
graphic column. In contrast to the mass spectral
method, the preparation of the gas sample is per-
formed by accumulation of volatile components for a
sufficiently long time, which greatly increases the
sensitivity of this method. The scheme of such accu-
mulation system for measuring volatile hydrocarbon

components of the adhesives is given in Fig. 1.

1-Adhesive sample; 2—-Pyrex reactor; 3—Electric furnace; 4—Controller; 5-Tap; 6-Gas cylinder;
7-Gas chromatograph; 8—Analog to digital convrter; 9-Computer; 10-Tap; 11-Vacuum gauge

Fig. 1 Accumulation system for preparing gas sample in chromatographic analysis
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The adhesive sample 1 (the glass tube with 70 mm-
length, 7 mm-diameter; the investigated adhesive ap-
plies to its inner surface) is placed in a pyrex reactor
2 and inserted in the electric furnace 3. Maintaining
the selected temperature of the furnace is carried out
by the controller 4. The heating is done in an envi-
ronment with neutral gas (nitrogen) during 30 —
60 min. During this time the evolved gaseous prod-
ucts accumulate in the reactor. By means of the tap 5
the contents of the reactor 2 is sent to the gas chro-
matograph 7 with the flame ionization detector by
carrier gas of nitrogen (gas cylinder 6). The analog
to digital converter 8 records the output signal of this
detector and sends the information to the computer
9. This equipment also allows to accumulate emitted
volatile components of the adhesive under vacuum. In
this case by means of the tap 10, the reactor 2 is e-
vacuated with a vacuum pump. The vacuum level in
the reactor 2 is controlled by the vacuum gauge 11.
After pumping the reactor 2 with the sample adhesive
1 is disconnected from the vacuum pump by tap 10.
Then the adhesive sample is heated to a required tem-
perature for 30—60 min, and then the content of the
reactor is directed to the chromatograph for analysis.
The advantages of the method are high sensitivity to
hydrocarbons, the hardware simplicity and the ability
to get results quickly. The disadvantages are the
need for calibration of flame ionization detector for
hydrocarbons, as well as possible measurement error
due to the adsorption of some hydrocarbons on the
walls of the reactor and connecting tubes. In general,
these methods complement each other and can be

used together.

3 Outgassing from different types of
adhesives and formation of residual
atmosphere in vacuum devices

World industry produces many different types of

adhesives: epoxy, cyanoacrylate, inorganic, etc.
They differ in chemical composition, thermophysical
and strength characteristics, polymerization condi-
tions, etc. The outgassing specific rates of volatile
components and their compositions are also different

for various types of adhesives.

We measured the kinetics parameters of outgassing
process for some Russian and foreign adhesives: ep-
oxy (Epotek H74UNF, H77S, 353ND-*, K-400-),
ceramic ( Resbond 940LE, 989F"%),
618N ), organo-silicon ( OS-5287 ),
(Anaterm-106"1) , inorganic (VK-21NM!). The data

are given in Table 1 for the room temperature. For

Cerambond

anaerobic

another temperature T the specific outgassing rate

can be recalculated according to

(D =T F (7 —1) ] ®©

All these adhesives are heat-resistant, they are
characterized by low shrinkage during drying, low
coefficient of thermal linear expansion, high strength
and can be used to joint parts of vacuum devices.
However, it is seen that their outgassing is very dif-
ferent in both general and on hydrocarbons. Each
type of adhesive has its advantages and disadvanta-
ges, so the choice of the most suitable adhesive is
carried out in each case individually based on the
technical requirements of the adhesive joint.

Let us consider, as an example, the possibility of
using the epoxy adhesive Epotek H74UNF to joint
internal parts of the vacuum devices, which is heat
resistant (250 °C) two-component adhesive with the
little TML (0. 05% —0. 07%) and successfully used
in electronic and optical industry. We measured out-
gassing of the volatile components from this adhesive
after additional vacuum degassing at temperature
T,=150 °C and 200 C and during z = 24 h and
144 h. Based on this data we calculated the partial
pressure of volatile components in a vacuum device
with the Epotek H74UNF joints for S=1 mm*, V=
1 cm® and 1=10 years. Table 2 gives results of this
calculation for the different regimes of vacuum degas-
sing of this adhesive joints after curing.

These estimates show the outgassing is able to cre-
ate sufficiently high pressure into the vacuum devices
by the end of their service life. If the devices have
getters, the residual atmosphere will almost entirely
consist of hydrocarbons with the specified pressure in
Table 2.

These calculations show that degassing reduces the

outgassing very strongly. Also, it completely re-
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moves chemically aggressive components, which can
interact with the internal parts of the device. If the

area S of the adhesive joints is small, the adhesive

Epotek H74UNF can be successfully used to assembe

various vacuum devices with vacuum at the level of
0.01—0.1 Pa.

Table 1 Outgassing specific rate at T, =298 K and effective energy of activation

Volatile component

Adhesive Parameter Total
H20 CO CO HF CH3;OH C:HsOH H2 HCl H2S SOz 02 C.Hy
. E(K]/moD 46.8 60. 2 49.1 - — — — — — — - - 47.5
Epotecny P102 ) . . . .
y (kg/s+m?) 2.2e—11 2.4e—13 5.6e—13 - - - - - - — — — 2.3e—11
E(Kk]/mol) 42.5 63.3 63. 4 21.3 — — 319 — — — 88.7 45.5 68. 1
Epotck H74UNF 20/ moP >
x (kg/s+m?) 5.0e—11 1.6e—12 1.9e—12 1.1e—13 — — 9.4e—13 — — — 1.6e—15 1.le—11 6.6e—11
E(KJ/moD 44. 4 112.4 - 59.9 53.1 53.9 42.3 33.4 31.1 - - 51.0 54.9
Epotecny E207 i , -
X (kg/s*m?) 6.0e—11 2.9e—14 — 1.0e—14 2.8e—11 4.1le—13 6.2e—13 3.0e—13 3.2¢—14 — — 8.5e—11 1.7¢—10
. _ E (kJ/moD 33.5 57.0 35.8 35.7 — 22.9 30.1 — — — 28.5 32.5 35.4
Epotek 353ND ) . o .
x (kg/s+m?) 1.6e—10 4.0e—12 2.0e—11 3.5e—14 - 9.7e—12 4.4e—13 - - - 8.2e—14 1l.le—11 2.0e—10
_ E (kJ/moD 25.0 59.7 37.3 23.9 — 58.1 315 20. 6 24.0 — 19.9 28.9 30. 1
Epotecny E505 i _
x (kg/s+m?) 1.7¢e—10 2.0e—12 1.7e—11 8.2¢—14 — 1.3e—13 2.9e—13 6.le—14 8. 2¢—15 — 2.6e—13 1.8e—11 2.1le—10
. E (K/moD 68. 4 89.8 - 3.4 - 17.2 11.7 - 32.5 - - 11.6 38.8
Epotek H77S _ - -
x (kg/s»m?) 2.2e—12 4.5e—13 — 7.9¢—13 — 5.6e—11 1.3e—11 — 1. 5e—13 — — 9.5e—10 1.0e—9
K—400 E (kJ/moD 3L.3 - - - 55.7 — 35.2 22.0 — — - 3L.6 3L.9
x (kg/s+m?) 1.0e—9 - — - 1.1le—11 - 1.3e—12 6.5e—11 - - - 5.0e—10 1.6e—9
Resbond E (&J/moD  71.0 123.1 - - - - - - - - - - 72.0
989F x (kg/s+m?) 3.8e—11 5.6e—15 — — — — — — — — — — 3.8e—11
Cerambond  E (kJ/moD)  59.4 44.1 — — — 32.9 30.6 — — — — 15.9 32.5
618N x (kg/s*m?) 4.9e—13 1.6e—12 — — — 8.5e—12 6.5e—14 — — — — 6.4e—11 7. 4e—11
Resbond E (kJ/moD 40. 4 72.3 47.9 38.8 — — 29.7 56.0 68. 1 50. 3 34.1 54.2 41.0
940LE x (kg/s+m?) 1.9e—10 2.6e—13 4.9e—13 1.9e—14 - - 4.6e—13 4.5e—15 3.0e—16 4.7e—15 2.3e—13 1.le—13 1.9¢—10
VK2IN E (kJ/moD 35.8 36.1 53.8 56. 1 — — 61.8 61.9 51.3 — 58.5 39.3 35.9
B x (kg/s+m?) 6.6e—10 1.9e—12 6e—13 1.3e—14 — — 2.3e—14 2.3e—14 1.2¢—15 — 6.3¢—14 1.8e—12 6.6e—10
0552 E (kJ/moD 49.1 46. 6 39.4 - 45.2 33.6 24.0 - - - - 40. 4 44. 4
7 y (kg/sem?) 1.le—11 2.9e—13 1.9e—12 — 8.9e—14 1.1le—13 8. 6e—13 — — — — 2.0e—12 1.3e—11
E (kJ/moD 64.9 70.1 - 47.3 33.7 83.0 36. 6 — — 70.0 - 3L.7 42.5
Anaterm-106 ) .
y (kg/s+m?) 3.7e—12 2.6e—12 — 3.le—14 3.3e—11 3.0e—14 2.4e—12 — — 1.7¢—13 — 1.4e—10 1.8e—10

Table 2 Partial pressure of volatile components into vacuum device with internal adhesive joints in 10 years after manufacturing

Partial pressure (Pa)

Total pressure

Regime of degassing

H,O CO; CO C.H, H; Oy HF (Pa)

=0 2174 28 5.4 315 378 0. 04 4.4 2 905

=24 h; T=150 C 0.12 1071 0. 004 0.02 0.03 0 0. 14
=144 h; T= 150 °C 0.03 4X107° 0 0. 05 0 0 0.08
=144 h; T= 200 °C 0. 008 2X107° 0 0. 009 8X10~1* 0 0.017

It is more difficult to provide vacuum in devices
with internal adhesive joints at the level of about
107" Pa. Table 2 shows that only long-term annea-
ling at high temperature and using the built-in getter
allow to provide vacuum of not worse than 0. 01 Pa
for 10 years after manufacturing. The more deep vac-
uum can be obtained in the devices with a relatively
large internal volume (about 100 cm®), or with sig-
nificant reduction in the exposed surface of the adhe-
sive.

For rare-used or once-used devices with internal
adhesive joints, deep vacuum can be achieved by
briefly switching the getters directly before using the
devices. This possibility is connected with the prop-

erties of the getters: their activity in relation to hy-
drocarbons increases significantly with increasing
temperature. Under heating the most of the getter
materials up to 450—500 °C, the pyrolysis of hydro-
carbon molecules C, H, occurs on their surface. The
pyrolysis products are adsorbed by active surface cen-
ters of the getter forming solid stable chemical com-
pounds. In other words, the short-term activation of
the getter before the device operating allows to en-
sure the deep vacuum for a period of from several
hours to several days. This time (after the activation

of the getter) can be estimated by

_ VM,

‘T SRTyen e
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where Pp is the maximum allowable pressure inside
the device.

For example, let the device has the internal volume
V=1 cm®, the area of internal adhesive joints S=
1 mm? and the maximum gas pressure must not ex-
ceed Ppb=10" Pa. If ¢y =10—11 kg/s * m’ and
T=298 K, then the uptime of the device after activa-
tion of the getter is about 3 h.

This example shows that after the activation of the
getter the vacuum device is able to operate for a long
time, even if degassing of its adhesive joints is not
performed and the outgassing from the internal adhe-
sive joints is sufficiently large. In this case the peri-
odic regime of the getter operation allows, on the one
hand, to provide the necessary level of vacuum in the
device, and on the other hand, to simplify the manu-
facturing technology by eliminating long outgassing
of the adhesive joints. However, the periodic activa-
tion of the getter does not allow to provide the long-
term operation of the vacuum device due to the limit
on the number of the activation of the getter (usually
less than 100).

4 Conclusion

This investigation shows that providing the neces-
sary vacuum in the devices with the internal adhesive
joints is a complex task. The successful solution of
this task requires not only the optimal choice of the
adhesive but also the rational choice of the geometry
of the adhesive connection, the regime of degassing
and the getter.

The application of the adhesives to joint the parts
of vacuum devices is optimal at moderate require-
ments for the maximum allowable pressure inside the
device is about 107% Pa. In these cases it is sufficient
to degass the adhesive joints during a few hours.

It is much more difficult to provide vacuum in de-
vices with internal adhesive joints at the level of a-

bout 107* Pa. This requires the use of the built-in

getter and the high temperature degassing.

It is expedient to provide deep vacuum (107° —
107* Pa) in the rare-used or once-used devices by
short activation (a few minutes) of the built-in get-
ters before applying the vacuum devices. This allows
us to remove the main residual gas hydrocarbons
component from the vacuum house and provide the
necessary level of vacuum for a certain interval of
time. This approach allows elimination of long de-
gassing of the internal adhesive joints for the rare-

used or once-used devices.
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