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Figure 9: Apparent temperature recorded fromd&mera intensity maps. The map on the left
shows when the maximum tengiare is recorded during laser scan. The map on the right
shows the temperature profile shortly after laser beam is turned off.

Representative plots of different regimedehavior are shown in Fig. 10. Figure 10a
shows a sample with no observable room-temperature conductivity amdngcaonditions that
were insufficient to initiate SLFS. In this case, baseline noise (x4).% centered at zero
current and there is no discernable rise in current as the laser beam heats that path between
electrodes. Figure 10b shows leakage curmedigating that the saple is conductive and
characterized by a baseline current that isceatered on zero. Again, the scanning conditions
are such that SLFS is not initiated and there is no discernable rise above baseline as the laser
nears the second electrode. Figure 10c and Fidideshow a small to moderate spike in current
as the laser approaches the negative electrode, indicating that stage | SFLS was initiated. The
sample in Fig. 10c exhibits a measurable lealagrent prior to beginning the scan whereas the
sample shown in Fig. 10d does not exhibit a medderieakage current. Figure 10e and Figure
10f show plots for samples where scanning conditions resulted in the initiation of stage Il SLFS.
In this case a much larger spike in electrical current is apparent compared to Figs. 10c and 10d,
which triggers the current limit of the DC power supply.

883



No Leakage Current: Leakage Current:

Dry Samples In Equilibrium with Lab Air
S10o—— : <10—
. a) —Current G b) i
= : — Laser Off = : :
[} ! o | 1 |
g8 ; - - Electrode g8 W«N‘\W\/"W\Mw
o ' - - + Electrode v i i
(D 1 " w 1 1
§° §° 18
> ' - i )
O 4 1 o 4 ! —Current
£ i = 1 — Laser Off
-ol-- 2 ; -.I_- 2! i - - Electrode
E ! E £ - - + Electrode
S i 5 1 i
0 A la A oA achaa Ao AiAnA 2 Aan 0 1 i
. 0 50 100 150 " 0 50 100 150
Laser Scanning Time, ms Laser Scanning Time, ms
< <
40 — 20 — :
;-:f c) i —Current n::: d) —Current |
5 | —LaserOff - i — Laser Off I J\
£ 30 ! - - Electrode E 15| ! - = - Electrode ' ‘
3 | - - + Electrode = i - - + Electrode
£ : £ ;
%’20 ! %10 : ‘
& : & i :
_": 10| ! t 5 W
= . c i |
E : A E :
8 0 = ' 8 0 1 )
0 50 100 150 0 50 100 150
Laser Scanning Time, ms Laser Scanning Time, ms
< 8000 , ‘ ; < 1000 =
" e) —Current i & f) —Current
- : —Laser Off S 800 — Laser Off
£ 6000 ! - - Electrode £ - Electrode ‘
fg i - - + Electrode % - - + Electrode | '
= E ~ 600 E
§’4000 t : : g’ 400 : :
£ : ] £ : :
E 2000 : E 200/ : ;
(@] 0 - . &) 0 i
0 50 100 150 0 50 100 150
Laser Scanning Time, ms Laser Scanning Time, ms

Figure 10: Categories of current behavior in SLF'S line scans. a) Random noise without
leakage, b) random noise with leakage current, c) moderate to low current rise without leakage
current, d) moderate to low current rise with leakage current, e) large current rise without
leakage current f) large current rise with leakage current

The effects of adsorbed moisture on the initiation of SLFS are shown in Fig. 11 for
samples scanned at laser powers of 10-12 W. For dry samples scanned at 2000 V/cm, about 65%
of the samples did not initiate SLFS and about 35% of these samples did initiate stage I SLFS. In
contrast, all of the samples that were at equilibrium with laboratory air and were scanned at a
field of 2000 V/cm exhibited stage I SFLS. At a higher field strength of 3000 V/cm, all of the
samples that were exposed to moisture exhibited either stage I (65% of the samples) or stage 11
SLFS (35% of the samples). For the dry samples scanned at a field strength of 3000 V/cm, there
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was more variability in the responses; almost 20% of the samples did not initiate SLFS but more
than 20% of the samples exhibited stage II SFLS. Electrical conductivity increases sharply with
temperature in this material. Slight changes in local packing density and local temperatures along
the scan line would result in electrical conductivity changes. These are likely causes of the
variation in the current through the samples, but additional work is necessary to quantify.

Current Rise for 10-12W Laser Scan
100%

n  80%
o
o
5
0,
B 60%
~—
o
xR
40%
20% I
0% I
No Current Rise Low to Moderate Current High Current Rise
Rise

m 2000 V/cm, Dry  m 2000 V/cm, Not Dry = 3000 V/cm, Dry 3000 V/cm, Not Dry

Figure 11: Percentage of samples exhibiting a measurable current rise for dry samples and
samples exposed to moisture. Samples were scanned at a laser power of 10-12 W and field
strengths of 2000 V/em - 3000 V/cm.

To further explore the effects of laser power on the initiation of SLFS, additional
experiments (not shown) were conducted for laser powers of 8 W. All of the samples exposed to
laboratory air were observed to initiate stage I SLFS. In contrast, none of the dry samples that
were scanned at 8 W exhibited SLFS. The dry samples did not exhibit a leakage and there was
no current rise, similar to the current graph in Figure 10a. This is consistent with the hypothesis
that moisture in the samples facilitates SLFS.

Microstructures of pellets that were scanned at 10 - 12 W for dry pellets and pellets
exposed to laboratory air are shown in Figure 12. Samples that exhibited no current or moderate
current do not exhibit significant consolidation or neck formation that is visible in SEM imaging.
The neck development between particles seems more well-developed in the sample exposed to
lab air that in the dry specimen. In contrast to samples with moderate current, samples that were
scanned under conditions that resulted in a large current rise appeared to be partially melted.
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Figure 12: Microstructures for samples scanned at laser powers of 10-12 W: a) low to moderate
currents for pellet exposed to laboratory air (10W laser power), b) low to moderate currents for
dry pellet (10W laser power), c) high current for pellet exposed to laboratory air, d) high current
for dry pellet

Increasing laser power from 10 W - 12 W to 15 W - 20 W didn’t increase current flow in
either dry samples or samples exposed to laboratory air. In fact, the current decreased in all cases
compared to the samples scanned at 10 - 12 W. The samples scanned at laser powers of 15 W -
20 W laser powers cracked severely, and the resulting cracks likely affected the conductivity of
the samples. SEM observations of the microstructures, shown in Figure 13, revealed that neck
growth and consolidation of the particles occurred for both dry pellets and those exposed to
laboratory air.
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Figure 13: Microstructures of lines lased at 20 W laser power. a) pellet exposed to laboratory
air, 3000 V/cm field strength. b) dry pellet, 3000 V/cm field strength. c) pellet exposed to
laboratory air, no applied field. d) dry pellet, no applied field. e) Low magnification SEM
shows cracked surface of a sample scanned at 20 W laser power.
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Figure 13 shows the microstructural effects of pellet moisture and applied field in after
lasing at 20 W laser power and 100 mm/s scan speed. Samples shown in Figure 13a and Figure
13b were scanned with no electric field. Samples shown in Figure 13¢ and Figure 13d were
scanned with an applied electric field of 3000 V/cm. The samples on the left (Figures 13a and
13¢) were exposed to laboratory air. The samples on the right (Figures 13b and 13d) were dry.
Powder consolidation is evident in all of the samples, although the degree of densification is
greater and grain growth is evident for the samples that were scanned with an applied field.

Discussion

The ceramic powder used in this study, 8% yttria-stabilized zirconia, was shown to
readily adsorb moisture from the atmosphere when exposed to laboratory air. Weight gain
measurements demonstrated that compacted pellets with a thickness of 3 mm - 3.5 mm reached
equilibrium with moisture in the laboratory air within 30 minutes at room temperature (Fig. 5).
Samples exposed to laboratory air absorbed less moisture than those exposed to a 100% relative
humidity environment (Fig. 6). It is notable that the weight increase for samples exposed to
laboratory air varied significantly from day to day. This confirms that adsorbed moisture in
ceramic pellets is sensitive to the storage environment.

Moisture adsorbed in the pellet was shown to dramatically increase the sample
conductivity when an electric field was applied to the sample (Fig. 7). For pellets that were in
equilibrium with laboratory air, leakage currents of about 100 1L A were measured at fields of
2000- 3000 V/cm. When the samples were exposed to 100% humidity prior to testing, the
leakage current was much higher. In fact, it was so high that it exceeded the maximum current
typically used for SLFS. These results confirm that moisture strongly effects the conductivity of
the pellets.

It was observed that the leakage current decreased over the time that the pellets were in
the dry nitrogen environment under an applied field. It is likely that this decrease occurred due
to sample drying while in the SLFS system. There are two contributing factors that can result in
drying: 1) The dry nitrogen used in the chamber increases evaporation rates of water, even at
room temperature and 2) Joule heating due to the leakage current. If the current is flowing
primarily through an adsorbed water layer, the resistance of the current path through the water
raises the temperature of the water and the powder particle surface. Over time, the increased
temperature will in turn cause evaporation of the water, decreasing the thickness of the adsorbed
water layer, and therefore increasing the resistivity of the pellet.

The decrease of moisture over time in the SLFS system appears to be inevitable unless
the atmosphere of the SLFS system is purposely humidified to retain the water. This is possible,
but is it desirable? In order to answer that question, it is necessary to determine what effect the
moisture and associated leakage current has on the SLFS process. This is particularly important
for stage I flash sintering, because this is the stage in which the particles begin to fuse together to
define a solid shape distinct from the surrounding loose powder.

Current measurements taken during scanning showed that adsorbed moisture increases
the likelihood of flashing as compared to dry samples scanned at the same laser power and
applied field. SEM observations of samples scanned at laser powers of 8-10 W and that
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exhibited stage I SLFS showed that the resulting microstructures were similar for samples that
were dry and those that were exposed to laboratory air prior to laser scanning (Figs. 12a and
12b). Similarly, for samples that exhibited stage II SLFS, there were no discernable differences
in the microstructures for samples that were dry and those that were exposed to laboratory air
prior to laser scanning (Figs. 12¢ and 12d).

Experiments conducted at higher laser powers of 20 W (Fig. 13) showed there is a strong
effect of applied electric field on sintering. SEM observations of samples where no electric field
was applied during laser scanning exhibited moderate coarsening and significant neck formation,
but minimal densification compared to the original powder pellet. In contrast, samples where an
electric field was applied during laser scanning exhibited nearly complete densification. These
results show that electric field strongly influences SLFS. However, moisture did not significantly
affect the microstructures for samples scanned at laser powers of 20 W. For example, there are
no significant differences between the dry sample and the sample exposed to moistures for either
samples scanned without a field or those scanned with an applied field of 3000 V/cm.

It is interesting that experiments showed that higher laser powers did not result in an
increase in electrical current flow in the samples, and in fact the current actually decreased. This
result is not intuitive since temperature and therefore conductivity increases with additional laser
power. In many cases, we observed cracks in the laser path following laser scanning. The
cracking was likely due to a combination of thermal shock and rapid shrinkage due to
densification and thus cracking is more severe with increasing laser power. The cracks interrupt
the conduction path and decrease the sample conductivity.

Our results suggest that the increase in conductivity that accompanies moisture
adsorption facilitates the initiation of SLFS. However, once SLFS is initiated, the effects of
moisture are fleeting. Joule heating that accompanies current flow leads to evaporation of the
moisture. Thus, shortly after the initiation of SLFS, the conductivity of the powder pellet is likely
similar whether the pellet started at out dry or was exposed to laboratory air. Since the
observable changes to the microstructure such as coarsening and densification processes occur at
higher temperatures than the temperature at which moisture evaporates, the presence or absence
of moisture in the starting pellet does not strongly influence the final microstructure.

Conclusions

The effects of adsorbed moisture on SLFS of 8-YSZ was investigated by studying dry
pellets and pellets that were in equilibrium with laboratory air. The laser scan speed was held
constant at 100 mm/s while the laser power during scanning was varied between 8 - 20 W and
the field strength was varied between 0 - 3000 V/cm. The current flowing through the sample
was measured during the SLFS experiment and the microstructures were observed following
SLFS in an SEM.

The results showed that SLFS is more easily initiated in samples containing adsorbed
water as compared with dry samples. However, the moisture effects on SLFS decrease if the
specimen is held in the SLFS machine prior to laser scanning because the samples dry as they are
exposed to the nitrogen environment and the Joule heating that occurs from the applied electric
field. SEM observations following SLFS did not reveal significant effects of moisture on the
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final microstructures of samples that exhibited stage I or stage II SLFS. This is likely because
moisture that is absorbed on the powder surfaces is removed at temperatures lower than that
required for microstructural changes.

There are several challenges that remain before SLFS can be used as an additive
manufacturing process. We have demonstrated that single layers specimens can be rapidly
densified under the combination of an applied electric field and a scanning laser. To enable
additive manufacturing using this process, it would need to be adapted to allow multi-layer SLFS
to build up three dimensional parts. Equally importantly, a means for controlling local
temperature at the temporal and spatial scales required to control the process is needed. This
requires an accurate measurement of peak temperatures, time at temperature, and a means for
controlling current flowing through the specimen.
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