











Fig. 3. The adhesion test. (a) Shear test device and setiulidoff test device and setup, (¢) Nominal contact area cfahwles

(5) Thermal reliability

Specimens without visible defects were used foreantial shock test only. The thermal shock test is
performed utilizing a temperature shock chamber (testldEC), the temperature in the shock chamber changes
as shown in Fig.4. The specimens have been inspected visually and by pressure test (only 1 bar) after 100 cy
Any leakage between the part/PCB or crack on the sample is regarded as a failure.

Fig. 4. The thermal shock test device and temperature change profile

Results and Discussion

Suspension viscosity and particle dispersion

The resin-powder suspensions for SLA application® ha satisfy the following requirements: the slurry
should own good flowability to ensure satisfactorily recoating, the particles should be uniformly dispersed in tl
resin matrix to ensure the printing resolution and théitgua the printing parts. Some reports showed that the
photoinitiator does not affect the suspension viscosityadding some dispersant could decrease the viscosity
[29, 30]. After a series of experiments, based on the gibealer we used, the optimal concentration of dispersant
is around 1.5 wt% to the powder. With this concentratibdispersant, the influenad the temperature on the
viscosity of the suspensions containing 60 vol% of silica was studied.

The suspensions could work on our machine when the viscosity is less than 3000 mPa s (Brookfield D
[I+Pro viscometer, LV3-63# spindle, and 20 RPM), whimeans the suspensions can work well in the
environment with temperature from 20°C to 30°C. The suspension viscosity decreases with the increasing of
temperature, e.g., the viscosity is reduced by nearly 800mPa s from 20°C to 30°C(shown in Fig. 5), which me
the flowability of the suspension wasproved as well. The temperaturetbé suspension will decrease during
the printing process, especially for large parts that meedatively long time, the temperature may drop from
30°C to 20°C or even lower. Therefore, we must ens@rsubpension has a low viscosity and good flowability.
A heating system and a mixer were used during the experiments.

The microstructures (shown in Fig. 6) also prove thatsilica particles were uniformly dispersed in the
resin matrix; this sample wadfiacated at the temperature g25°C.
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Fig. 5. Variation of the suspension viscosity with temperature Fig. 6. The microstructure of
(Silica: Resin=60 vol%: 40 vol%, 1.5 wt% dispersant) resin-silica composite (printed at 25°C)

Thermal properties

As mentioned above, CTE is an essential parameter in semiconductor industry because a significant CTE
mismatch between the fabrication parts and PCB substrate material can lead to the build-up of internal stresses
during electronic device running and could lead to cracking of the interface. Therefore, if we want to print parts
directly on the PCB, the CTE of the printing feedstock should be analyzed firstly. In this case, the linear CTE of
the composites was analyzed. The linear CTE is defined as the ratio of the sample dimension change to the change
in temperature per unit length (as the function shown in Fig. 7). From the curves in Fig. 7, the thermal expansion
increases with the increase in temperature, and the CTEs were calculated from the slope. The change in the slope
of the expansion curve indicates a transition of the material from one state to another (as a temperature range from
50°C to 90°C shown in Fig. 7). Therefore, a; (the CTE in the glassy state below the Tg) was taken from -40°C
to 40°C and a, (the CTE above the Tg) was taken from 120°C to 200°C, the calculation results shown in Fig. 7.

The results show that the silica indeed works to reduce the composite CTE. Especially, a4 is close to the
CTE of commercial PCB, indicating the printed part can bond well on the PCB when the IC runs at a temperature
below 90°C. Of course, this prediction should be proven by the below thermal cycling test.
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Fig. 7. Dimensional change with temperature of 3 samples Fig. 8. The influence of surface roughness on adhesion forces
(Manufactured under the same conditions with the SEM samples) Black line: shear test, red line : pull-off test
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Adhesion properties

Commonly, the pull-off test (normal to the contact surface) and the shear test (parallel to the contact
surface) were used to characterize the behavior of adhesion[10, 12, 31-34]. As we can see from Fig. 8, both the
shear strength and the pull-off strength increased as the increase of the PCB surface roughness, which indicates
that the adhesion on the part-PCB interface depends on their surface interactions. Based on the definition of
surface roughness, the larger the roughness, the larger the actual contact area. It means that an uneven surface
provides a higher interaction force than its smooth/flat counterpart.

Besides, we can also find that the rough surface has a greater effect on shear strength than pull-off strength.
The microscale attachment mechanism for this type of adhesion is complex, which will be investigated in the
future.

Thermal shock resistance

Ten samples were tested in the temperature shock chamber. After 100 cycles, only one sample failed
during the test. It means 90% of the samples can survive after 100 cycles from -40°C to 80°C. This result indicates
the prepared materials owned good CTE compatibility with the PCB substrate.

Conclusion

The Electronic-Mechanical Integrated Systems (EMIS) can be fabricated through AM-based hybrid
manufacturing; this method is capable of fabricating protective/functional bodies for electronics. Visually, we
find that this technology can manufacture the complex structure and cavity competently (no support needed).

Regarding the printing material, the silica-resin suspension containing 60 vol.% silica is uniformly enough
to ensure the flowability during printing; at the same time, it has a low CTE which is close to that of the PCB
material. The thermal cycling test indicated the prepared materials owned good CTE compatibility with the PCB
substrate.

Adhesion properties between different part/PCB substrate showed the adhesion on the part-PCB interface
depends on their surface interactions. The larger the interface roughness, the higher the interaction forces on the
contact surface. The pull-off test indicated that the bonding force between the part-PCB is strong enough to keep
them as an integrity system.

Apart from the above considerations, the print materials should be resistant to electrolyte corrosion, which
will be further studied in the future.
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