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Abstract

An ongoing research effort on reduced gravity soldering is being conducted jointly by the National
Center for Space Exploration Research (NCSER), the NASA Glenn Research Center (GRC), and
the NASA Johnson Space Center (JSC). Significant changes in porosity and geometry of plated
through-hole (PTH) solder joints are observed in reduced gravity as compared to normal gravity.
With regards to geometry, experimental data indicates that through-hole solder joints form
asymmetrically in both normal and reduced gravity with respect to the amount of solder on either
side of the circuit board. In normal gravity, more solder material is observed below the circuit
board compared to the amount above the circuit board where the solder is first added. In reduced
gravity, the reverse trend is observed, namely, more solder remains above the circuit card than
below. To help understand these results, a new and more magnified view of the joint was
incorporated in the experiment (part-way through the testing) which provided both spatially and
temporally resolved images of the fillet evolution and solidification during the soldering process.
Results from these tests support the hypothesis that there is inadequate time or driving force in
reduced gravity for the solder joint mass to equilibrate to complete symmetry from top to bottom
before solidification. Equilibration to the joints final shape, which can be confounded by bubble
evolution within the joint, appears to be influences by factors in addition to gravity such as solder
mass added, solder application technique, the soldering iron, and joint preparation.

I. Introduction

NASA’s new vision of space exploration beyond low earth orbit will require changes in how spacecraft designs
and operations are viewed. Re-supply opportunities will be extremely limited or non-existent, while constraints on
mass and volume will limit the degree to which electronics repairs can be conducted through replacement of
complete assemblies or even circuit cards. One solution is to repair at the component level, rather than replace
entire circuit cards. This would be a significant step beyond the approach currently used aboard the International
Space Station (ISS), where electronic repairs are accomplished by removal and replacement of complete assemblies.

Before component level repair can be embraced as the repair mode for spacecraft avionics, the effects of
reduced gravity on the soldering process must be fully characterized. This is particularly important on long
duration missions, where the service life of a repaired joint could be an important factor. Several soldering
experiments have been conducted onboard the Space Shuttle as “Get Away Special” experiments — operating
autonomously in the unpressurized payload bay.! The limited results available from these experiments demonstrated
dominance of surface tension and increased entrapment of flux. A manual soldering experiment was performed on
STS-57 in 1993. Interesting qualitative observations made by the crewmember that performed the test included a
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perception that the solder joint fillets were more convex than those experienced when soldering in a normal gravity
environment and that the solder alloy appeared to solidify more slowly.

Since 2001, an ongoing research effort to develop an in-depth understanding of the influence of reduced gravity
environments on the manual soldering process has been conducted jointly by the NCSER, GRC, and JSC. The low
gravity portion of this effort has been conducted on NASA’s KC-135 research aircraft using soldering hardware
identical to that currently available onboard the ISS. The experiment involves manual soldering by a contingent of
test operators including both highly skilled technicians and less skilled individuals to provide a skill mix that might
be encountered in space mission crews. Emphasis has been placed on PTH device geometries. For selected joints, a
magnified view of the formation of the solder joint was recorded. Post-flight analysis consists of a visual inspection,
photography, leg-length measurements of the soldered joints, and video analysis. Subsequently, we cross-sectioned
and examined the joints using standard metallographic techniques. From digitized images of the cross-sections, we
made porosity measurements in a manner consistent with ASTM Standard E1245-00.> We have previously reported
findings which indicate significant changes in joint porosity and joint geometry in reduced gravity.>** This paper
presents some additional data on the effect of gravity level (and other process effects) on the final external geometry
of the solder joint. Also, we present several observations regarding the formation of solder joints both in normal and
reduced gravity.

I1. Experiment Overview

We give only a general description of the experiment here as detailed descriptions are presented elsewhere.**

The experimental apparatus provides accommodations for a test operator, who is strapped to a seat, to manually
solder on a circuit board in an enclosure. The soldering iron is a Weller® TCP 12P with a PTP7 tip and is the same
model as currently flown in the soldering kit aboard the ISS. A PTH configuration (Figure 1) is the geometry of
choice. The same circuit board configuration was used throughout the tests; however, two different resistor
diameter leads (0.66 mm and 0.78 mm) were used. Prior to soldering, the samples were prepared (e.g. cleanliness,
tinning, etc.) according to the NASA standard for electrical connections.® However, only some of the boards were
demoisturized (by an oven bake) prior to soldering. The non-baked boards would simulate conditions more likely
encountered in space-missions. The low-gravity environment was generated aboard NASA’s KC-135 research
aircraft flying in a parabolic trajectory. The aircraft is capable of flying reduced gravity parabolas where the
targeted acceleration levels are near 0-g. or higher (i.e.

partial-gravity parabolas). The symbol g. is the

- 65.9 v gravitational acceleration at the Earth’s surface.
[ A% Typical partial-gravity parabolas include “Lunar” and
A 6.35 “Martian” parabolas, which target accelerations of
typ. 0.16-g. and 0.38-g., respectively. While the
65.9 acceleration levels experienced during these maneuvers
are near the targeted values, variations due to pilot
adjustment (e.g. rotation of the aircraft about its center
P 3 of gravity) and other residual motions do occur (e.g.
> < 635 engine vibrations, weather).  The effects of these
typ. unsteady disturbances have been discussed in a

: 5
previous paper.
Apply solder . .
to this side Part way through the test series, a magnified

v camera view provided improved video imaging of each
| | | | 1 | joint as it was soldered. The camera was a Hitachi
T Color Camera (model KP-C553U) and used a Nikor

105mm Macro Lens. This camera / lens combination
1.59 approx. produced a field-of-view of 5.7 mm width by 7.5 mm
height at the working distance. From the video, we
were able to directly observe various aspects of the
soldering process including heating characteristics, flux
vaporization, fillet volume evolution, bubble evolution,
and solidification.

A-A

Figure 1. Plated through-hole sample configuration
used during reduced gravity testing. All dimensions
in millimeters.
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I11. Experimental Observations and Results
A. Previous Results

To date, we have generated 1347 solder samples in the plated through-hole (PTH) configuration, including 938
low-gravity samples (with some partial-gravity samples) and 409 normal-gravity samples. Testing was performed
during 8 flight-weeks and used seven test operators. The test matrix initially used solder (60/40 Sn/Pb) with a resin
flux core. The resulting solder joints showed dramatic increases in internal porosity for joints formed in reduced
gravity compared with joints made in 1-g.**, which, according to NASA standards®, are a rejection criterion for
soldered joints. Several attempts were made to minimize the amount of porosity which developed in joints formed
in reduced gravity, including using solid core solder wire with either an externally applied liquid flux or a gel flux,
adjusting the pre-heat and post-heat times, and de-moisturization (by an oven bake) of the circuit board itself prior to
soldering. These techniques met with varying degrees of success, with the porosity results being described
elsewhere®*’ and in future publications. In this paper, we examine how some of these alternate soldering
techniques, in addition to gravity, affect the external geometry of the solder joint.

B. Leg Length Ratios

A measure of the joint geometry is the ratio of leg lengths, Lt (top leg) to Ly (bottom leg), as shown in Figure 2.
The leg lengths were measured using digitized, magnified images of the complete solder joint (prior to cross-
sectioning for internal examination). The resulting mean leg length ratios for various test conditions are shown in
Table 1. The measurement uncertainty for each leg is estimated to be = 2 pixels (+ 0.02 mm), unless noted
otherwise. The uncertainty listed in Table 1 and subsequent tables reflects a 95% confidence interval (unless
otherwise noted) on the mean value assuming a normal distribution for the leg-length ratio data set and the
individual measurement uncertainties of each sample.” The data set consists of samples taken from all flight weeks
that share the same solder / flux combination. The data in Table 1 does not differentiate between samples with
different pre- and post-heating times nor does it take into account baked (i.e. de-moisturized) vs. non-baked boards.
Also, we did not differentiate samples with different resistor lead diameters since the mean value of the leg-length
ratio from these tests did not statistically differ from the entire dataset. With regard to acceleration, the data is
grouped in sets taken in normal-gravity and nominally 0-g, cases. In previous reports’ we have applied a filter to
remove cases where the measured acceleration showed significant g-jitter. The acceleration filters (thus g-jitter) had
minimal impact on the leg-length ratio data. Consequently, the data in Table 1 is unfiltered with regard to
acceleration. The data set was filtered, however, to remove joints which were biased in the following way: (1) joints
which failed the NASA visual inspection due to insufficient or excess mass of solder, (2) joints where the vertical
distance of the lead was insufficient to allow unimpeded growth of the solder fillet, effectively constraining the
solder to a maximum leg length on one or both sides, (3) joints with very poor wetting (e.g. poor flow to the bottom
leg resulting in a L/Lg>5), and (4) joints where the lead and the circuit board are not perpendicular in the imaging
plane. This filter removed approximately 19% of joints that were available for analysis.

The data in Table 1 indicates that more solder flows through the plated-though-hole in normal gravity than zero-
gravity. While this is intuitive, a more surprising result is that the joints formed in near 0-g. are not perfectly
symmetric. Specifically, the leg lengths are larger on the top of the joint (where the solder is added) than on the
bottom. In the following sections, we present various experimental observations some of which were obtained from
recent video data which may help explain this phenomenon. A discussion follows which offers some explanation of
these observations.
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Figure 2. Image of a solder joint formed during this experiment. The yellow lines denote typical directions of
solidification wave propagation discussed Section III(F).

1-0g 0-gg
Samples Li/Lg Samples L+/Lg

Test condition

Flux Core Solder 222 0.76 £0.03 381 1.08 £ 0.04

Solid Core Solder & Liquid Flux 91 0.71+0.10 198 1.16 £ 0.04

Table 1. Comparison of mean leg-length ratios for a given combination of flux type and acceleration level. The
“Samples” column indicates the number of joints in the population for the computed mean. The uncertainty reflects
a 95% confidence interval assuming a normal distribution for the leg-length ratio.

C. Heating Effects

From the perspective of repairs aboard spacecraft, controlling the quality of the joint by optimally applying heat
is a logical step. From the video, we measured heating times (accurate to within 1/30 of a second) defined as
follows: (a) “preheat time” is the time from when the solder iron establishes mechanical contact with the pad until
solder is first added to the joint; (b) “solder addition time” is the time when solder is added to the joint inclusive of
multiple additions by the operator; (c) “post-heat time” is the duration from the completion of solder addition to
soldering iron removal; and (d) “solidification time” is the duration from soldering iron removal to complete
solidification of the joint. Solidification was visually observed by changes in the appearance of the solder as
discussed in section III.F. The validity of this method was confirmed by thermocouple data obtained from a subset
of samples.

During portions of the experiment, we controlled the pre- and post-heating times. Nominally, we chose both
pre- and post-heat intervals of 3 and 6 seconds which we deemed as optimal and slightly excessive, respectively.
Although pre- and post-heat times were only loosely controlled, actual heating times for each test were extracted
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through video analysis. Data from tests where the timing was not specifically controlled but did fall into a desired
interval were included in the subsequent analysis.

First, we consider the effect of post-heat on the leg-length ratio in 0-g. as shown in Table 2 (flux-cored solder)
and Table 3 (solid core solder with liquid flux). In Tables 2 and 3, we divided the data into groups with post-heat
times of less than 3 seconds and those with post-heat times of greater than (or equal to) 3 seconds. The mean value,
K, and standard deviation, o, of these data sets are shown in each table to give a better representation of the dataset
being compared. In the case of flux-cored solder (Table 2), pre-heat time was not deemed important to precisely
control (i.e. no flux to vaporize) but was nominally 2.61 + 1.80 seconds (standard deviation) for the dataset
presented. In the case of solid-core solder with liquid flux (Table 3), all preheat values are included in the dataset.
Table 2 shows that post-heating does not affect the leg-length ratio for flux-cored solder. For the solid-core solder
with liquid flux data shown in Table 3, longer post-heat times resulted, on average, in larger leg-length ratios,
though we note that the 95% confidence intervals indicate that the mean values could be similar.

Test condition

POST-HEAT < 3
SEC.
(u=1.69, 5 = 0.70)

POST-HEAT > 3
SEC.
(u=421,c=142)

Samples

Ly/Lg

Samples

Ly/Lg

Flux Core Solder (all pre-heat times)

286

1.07 £0.04

95

1.09 +0.08

Table 2. Comparison of mean leg-length ratios for flux cored solder with short and long post-heat times in a

nominally 0-g. environment.

Test condition

POST-HEAT < 3
SEC.
(u=1.77, 5 = 0.63)

POST-HEAT = 3
SEC.
(L=4.65, c =1.60)

Samples

Ly/Lg

Samples

Ly/Lg

Solid Core Solder & Liquid Flux (all pre-heat times)

109

1.10 £ 0.06

89

1.22 £0.06

Table 3. Comparison of mean leg-length ratios for solid core solder / liquid flux with short and long post-heat times
in a nominally 0-g. environment.

For solid-core solder and liquid flux combination, it is important to pre-heat the joint to allow the flux to clean
the surface and subsequently vaporize the residual flux. Table 4 shows the effect of pre-heat time (nominally 3 and
6 seconds) on the leg - length ratio for joints soldered with solid-core wire and liquid flux. Two subsets are
presented: (1) considering all solid-core solder / liquid flux cases that fall within the specified pre-heat interval
irrespective of post-heat time and (2) considering only those with 3.0 + 1.0 seconds of post-heat time. We included
the latter subset to separate out the simultaneous effects of varying pre- and post- heat times. Because of limited
sample numbers, we could not generate these subsets for all variable combinations. The data in Table 4 shows that
the pre-heat times considered did not affect the leg-length ratio of the solder joints. The subset including only a 3.0
+ 1.0 second post-heat interval did show a larger mean leg-length ratio for the shorter pre-heat interval. This same
subset, however, does have a significantly larger confidence interval, thus making that data subset statistically the
same as the comparison subset.

3-SECOND PRE- 6 SECOND PRE-
Test condition HEAT HEAT
Samples Ly/Lg Samples Ly/Lg
Solid Core Solder & Liquid Flux (all post-heat times) 80 1.15+0.07 45 1.14+0.10
Solid Core Solder & Liquid Flux (3+1 second post-heat) 25 1.25+0.19 25 1.14+0.13

Table 4. Comparison of average leg-length ratios for 3 and 6 second pre-heat times (+ 1 second) for solid core

solder / liquid flux in nominally 0-g. environment.
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Finally, we conclude this section by stating some observation regarding mechanical influence of the soldering
iron on the joint shape. In most cases, the solder iron placed the resistor lead under some tension which, upon
removal of the iron, caused the lead to spring back to its equilibrium position. Another observation was that some
solder tended to adhere to the iron and deformed the joint shape as the iron was removed. In some cases, solder
remained on the iron. These effects typically were observed to have only a momentary influence on the solder joint
and recovered to the near-final joint profile within a few video frames. In some cases, however, these mechanical
influences tended to persist, particularly (although not exclusively) with the solid-core solder. For example, a
visible bulge caused by solder iron removal remained on the surface of the joint after solidification, as shown in
Figure 3.

Figure 3. Example of a persistent effect of soldering iron removal observed on a few joints during this experiment.

D. Flux Addition and Vaporization

For test conditions involving solid solder, test-operators were directed to apply a single drop of liquid-flux on
the joint prior to soldering. A typical sequence of the flux vaporization is shown in Figure 4. After application of
the flux (Figure 4A) and upon the application of heat, the flux began to vaporize (Figure 4B). Generally, the flux
appeared to evaporate completely on the pad. For cases where the flux spilled over the pad onto the circuit board
material, however, residue material would appear around the edges of the pad on the circuit board. In many cases,
this excess flux would continue to bubble but would not completely evaporate (Figure 4C) despite post-heat times of
up to 6 seconds. This last observation suggests that gas is evolving from the circuit board material.

<BN -

Figure 4. Typical stages observed in the vaporization of liquid flux used in the soldering with solid-core solder. A)
Initial flux fillet, before heating. B) Application of heat, showing vaporizing flux. C) Flux has mostly vaporized
away from joint area, but some boiling (either flux or water vapor from board) visible on bottom surface.

Using image analysis techniques discussed in the subsequent section, we measured the volume of liquid-flux
added to the joints soldered with solid-core solder. For a typical subset of the normal gravity tests (43 samples), the
average amount of flux added to each joint was 3.0 = 1.2 mm® where the error bar is 1 standard deviation. Similarly
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in 0-g, (75 samples), the mean quantity of flux added was 3.4 + 1.9 mm’. For reference, the volume of the annulus
between the circuit board pad and resistor lead” is approximately 1.6 mm?® which is the minimum resolution of our
measurement. An examination of possible influences of the quantity of flux added on the leg length ratio did not
reveal any strong correlation.

E. Fillet Shape Evolution

Video data with images such as shown in Figures 2 provided time-resolved images of the solder fillet evolution
for select joints. A custom computer program analyzed the videos in an automated fashion. The program
determined the top and bottom fillet shape as a function of time (i.e. each video frame) as shown in Figure 6 where
the red lines denote the fillet boundary. Both top and bottom fillet volumes were computed from the fillet profiles as
volumes of revolution assuming symmetry about the resistor lead and subsequently subtracting out the volume of
the resistor lead. A =+ 1 pixel variation in each detected edge resulted in typical volume uncertainties of + 0.020,
0.038, and 0.057 mm® for a 0.5, 1.0, and 1.5 mm’ fillet volume (top or bottom), respectively. These values
correspond to a maximum systematic error of approximately 4% in the volume measurements. Random errors
associated with the measurement of the fillet profile are significantly smaller than this because of the resolution of
our images (i.e.. a random uncertainty of £ 1 pixels for fillet width measurements average to near zero as
measurements are made along the resistor lead).

In approximately 230 samples analyzed in this fashion, we observed two general categories of behavior. About
67% of these tests showed smooth growth of the bottom fillet, with no apparent expulsion of bubbles, whereas about
33% showed considerable disturbances from gas bubbles expanding and leaving the solder fillet. Both general types
of behavior are examined in the following subsections.

1. Samples Exhibiting No Apparent Bubble Evolution

Figure 5 is a plot of the fillet volumes as a function of time for a case typical of those that did not show bubble
evolution. In this plot, the colored bars on the charts correspond to events in the soldering process: the yellow
region represents the time period where heat is applied to the joint via the soldering iron, the cross-hatched gray
region denotes the time period where solder is applied and the blue region represents the time period after the
soldering iron is removed and the solder is still molten. The left edge of the blue denotes when the soldering iron is
removed and the right edge of the blue region corresponds to when the joint is completely solidified”. The fillet
volume is difficult to compute on the top of the joint when the soldering iron is in contact with the solder.
Consequently, the top fillet volume is not displayed until the soldering iron is removed. Additionally, the top and
bottom volumes do not account for the solder in the annular region between the circuit board and the resistor lead.

An interesting feature of Figure 5 is the change in the bottom fillet volume as the soldering iron is removed.
Near the end of the heating period (~ t=9.5 seconds or end of yellow region) the bottom fillet volume decreases
sharply and then increases back to near the original volume. A sequence of frames from the analyzed video (Figure
6A-6C) help illustrate this. As the soldering iron is removed, the molten solder is pulled up with the iron tip and
then redistributes itself quickly when the iron is completely detached from the solder. This is evident in the bottom
fillet shown in Figure 6B which is clearly smaller than in either 6A or 6C. The bottom solder fillet in 6C is
redistributed to nearly the same configuration as in 6A in about 0.13 seconds. In other cases, the soldering iron was
removed from the solder with no apparent disturbances in the joint shape. In cases where there was minimal
influence by the soldering iron and bubble evolution, the total fillet volume (top + bottom + annulus) would
decrease by roughly 5% upon solidification (on average). This volume decrease was consistent across all conditions
and is higher than values reported in the literature *° of 3-4 % volume decreases during solidification.

2. Samples that Exhibited Bubble Evolution

The data in Figure 7 is representative of the subset of tests that exhibited bubble evolution (including 0-g. and
1-g. tests). This plot shows the fillet volume measurements of a sample with two types of bubble evolution: those
that expand and eventually leave the molten solder and those that remain in the solder as sub-surface voids. From
approximately 5.5 to 12.5 seconds, the volume measurements of the bottom fillet create a saw tooth pattern in
Figure 7. This phenomenon is likely caused by bubbles that gradually expand and then quickly burst through the
molten solder as shown in the sequence of images in Figure 8. In Figure 8A, a sub-surface gas bubble apparently

" Only the 0.66 mm diameter resistor lead was used for video analysis.
T Thermocouples temperature measurements from select joints correlated well with our visual determination of
solidification (e.g. Figure 2 from reference 3).
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begins to expand. As shown in the fillet volume plot (Figure 7) the fillet continues to expand for 1.87 seconds until
it reaches its maximum volume (Figure 8B). At this point, the gas bubble is evolved and the solder rapidly contracts
(Figure 8C); this is especially evident in the lower fillet. Again, note that the solder joint is redistributed quickly

after the gas bubble leaves the solder.

10 SN A195
: —— Fillet Volume - Top
—— Fillet Volume - Bottom
1.0 H
“g
E 08— BA.
()
£ 6C.
5 0.6
>
kS
ir 0.4 4
0.2 /
00 I 1 1 1 1 I 1 1 GBI. 1 I 1 1 1 1 I 1 1
0 5 10 15
Time (sec)

Figure 5. A fillet volume vs. time graph for a flux-cored solder joint produced in normal-g,.

Figure 6. A sequence of frames from the analyzed video shown to demonstrate the effect of removing the soldering
iron from the joint. The letters denote the corresponding volume measurements in Figure 5 where (A) = 9.33 sec.

(B) =9.43 sec. (C) = 9.56 sec.

In some cases, it appears that an expanding bubble is trapped in the joint as it solidifies. This can also be seen
in the top fillet volume of Figure 7 where the volume increases during the cooling period (the blue bar). Video
images corresponding to these measurements are shown in Figure 9. In Figure 9A, the top left fillet appears to be
concave, but expands to a convex shape 1.63 seconds later due to a sub-surface bubble in Figure 9B and
subsequently solidifies.

Finally, we note the disturbance to the bottom fillet volume as the soldering iron is removed (at the interface
between the yellow and blue shaded sections of the plot) in Figure 7. As was observed for the case in Figure 5, the
bottom fillet responded to and recovered from the disturbance caused by the soldering iron’s removal within about

1/10 of a second.
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Figure 7. Fillet volume — time graph showing bubble evolution (flux-cored solder in 0.38-g, or Martian gravity).
Frames from corresponding images (Figure 8 and 9 below) are denoted in the graph.

Figure 8. A sequence of frames from the analyzed video demonstrating a bubble evolving from the joint. The letters
denote the corresponding volume measurements in Figure 7 where (A) = 10.43 sec. (B) = 12.30 sec. (C) = 12.36 sec.

Sub-surface
bubble

Figure 9. A sequence of frames from the analyzed video demonstrating a sub-surface bubble expanding the top fillet
volume but solidifying prior to escaping the joint. The letters denote the corresponding volume measurements in
Figure 7 where (A) = 13.43 sec. and (B) = 15.06 sec.
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F. Solidification

Joint solidification was visible (or partially visible) in the video analysis on many but not all joints. In a large
majority of the cases, 2 separate solidification waves would be seen propagating across the joint as shown by the
yellow arrows in Figure 2. For the upper half of the joint, the solidification front would begin typically near the
circuit board and propagate up toward the exposed lead. It is important to state that this was observed in the
majority of the cases but not all. Reverse trends where the solder started solidifying at the top were occasionally
seen (~15% of the analyzed joint) for the upper joint. In a few cases, solidification waves were observed on both the
top and bottom of the upper joint, meeting approximately in the middle (~1%). On the lower joint, the solidification
wave primarily began at the bottom of the joint (near the exposed lead) and progressed towards the circuit board.
Similar to the upper joint, we observed both the reverse trend and occasional dual waves on the bottom. A wave
required roughly 1 second to propagate across either the upper or lower joint. Finally, about 60% of the joints
finished solidifying on the upper joint prior to completion of solidification on the lower joint. The above
observations spanned the entire dataset regardless of gravity, solder / flux combination, and pre- and post-heating
times. Initial correlations of these observations with experimental variables were inconclusive.

G. Circuit Board Moisture

In the literature, we found research that attributes joint porosity to both entrapped flux® and water vapor'’. The
water vapor apparently is absorbed by the laminate material of the circuit board. As the joint is heated, the water
vapor evaporates and escapes as steam through small cracks in the circuit board and metal pad. This gas then can be
entrapped in the joint as it solidifies causing joint porosity. While porosity is the topic of another paper, we also
examined the effect of circuit board moisture on the leg length ratio. To remove any entrapped circuit board
moisture, we baked a select number of boards at 200°F for at least 4 hours and subsequently kept the boards in a dry
environment until soldering.

Test condition 1-gp 0-Qr
Samples Ly/Lg Samples Ly/Lg
Flux Core Solder / Non-Baked Boards 176 0.79 £ 0.04 251 1.11+0.04
Flux Core Solder / Baked Boards 46 0.63 £0.05 130 1.01 £0.08
Solid Core Solder & Liquid Flux / Non-Baked Boards 87 0.70+0.10 178 1.13+£0.05
Solid Core Solder & Liquid Flux / Baked Boards 4 N/A 20 1.38+0.14

Table 5. Comparison of average leg-length ratios for tests with boards that were oven-baked to remove moisture to
those not baked prior to soldering.

The flux-core solder data in Table 5 shows that joints formed in 0-g., on average, had a leg length ratio slightly
closer to unity for cases that were baked compared with joints that were not baked. Confidence interval calculations
show that while the distributions overlap at the 95% confidence interval, they can be considered statistically
different at about a 90% confidence level. Results for flux-core, baked boards in normal gravity show significantly
smaller Ly/Lp ratios than the non-baked case. The solid-core solder data in Table 5 showed opposite behavior
namely that joints formed in 0-g. on baked boards had significantly higher leg-length ratios than those that were not
baked. Despite the relatively few samples of the baked boards with solid-core soldered joints, the confidence
intervals suggest that this is a statistically valid observation. We did not have a statistically significant number of
samples in normal gravity for the baked boards with solid-core soldered joints.

H. Mass of Solder Added

On average, solid-core solder joints received more mass than flux-cored joints (Table 6). Also, operators
tended to add slightly more solder, on average, in the reduced gravity tests than in the normal gravity tests. This is
an interesting observation in that operators were required only to add (what they deemed) an optimal amount of
mass to the joint”. We measured solder mass by using pre-cut solder pieces which were weighed before and after
the tests. Table 6 shows the average solder mass added (and standard deviations of the dataset) in both normal and
reduced gravity for all test operators, for both flux core solder and solid solder. The 95% confidence intervals for
the mean values listed in Table 6 were approximately + 1 mg for each sample population.

" All test operators received standardized training in PTH soldering.
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1-ge 0-9e
Samples Mass (g) | Samples Mass (g)
Flux Core Solder 240 0.026 + 0.006 440 0.028 £ 0.009
Solid Core Solder 158 0.033 + 0.009 369 0.035+0.011

Test condition

Table 6. Mean solder mass added for all tests grouped by acceleration level and soldering condition. The error bars
denote one standard deviation of the dataset.

IV. Discussion

We begin the discussion by stressing that the data presented has sample populations that are large enough to
make statistically valid observations for each condition. This fact is important in solder leg-length measurements
(and other parameters) where we observed differences from joint to joint. There were cases which significantly
differed from the mean values reported or even were opposite the general trends. Factors such as surface roughness,
joint preparation, and solder iron handling are just some factors which can affect fillet formations. Not all these
factors can be precisely controlled but this is the case in almost any practical repair environment.

The data presented shows that PTH solder joints form asymmetrically, on-average, in both normal and reduced
gravity. In normal gravity (as shown in Table 1), larger leg-lengths are observed below the circuit board compared
to above the circuit board. In reduced gravity, the reverse trend is observed, namely, larger leg-lengths are observed
above the circuit card than below, though we note that the reduced gravity values are closer to unity than the normal
gravity values. One possible explanation is that the smaller driving potential caused by the reduction in the
(gravitational) body force slows the transport of solder from the top to bottom of the joint, and therefore the joint
does not have sufficient time to reach its ideal equilibrium shape (i.e. L1/Lg = 1) prior to joint solidification. While
the tendency of the L1/Lg to exceed unity in the reduced gravity case would seem to support this, closer examination
of the data suggests that this simple explanation may be insufficient. Many tests, both in normal and reduced
gravity, showed that the fillet geometry responded fairly quickly to disturbances such as the removal of the soldering
iron. These tests demonstrated that fillet volumes (and by extension, leg lengths) tended to re-acquire their ‘pre-
disturbance’ values within tenths of a second after the disturbance. This fast response time to external disturbance
suggests that surface tension forces alone can cause the fillet to achieve its equilibrium shape quickly and
independent of body forces.

A possible explanation of the behavior of the L1/Lp ratio may be in terms of the initial fillet growth, rather than
fillet response time. For a majority of the normal gravity cases, the bottom fillet appeared to reach its near final
shape almost immediately after solder addition was complete. Cases with smaller amounts of mass added (such as
Figure 5), however, appeared to take a few seconds to equilibrate after all of the solder was added to the joint. In
reduced gravity, the initial formation of the bottom fillet appeared to evolve more slowly for several cases including
some which increased up until soldering iron removal. Upon closer examination of these tests, however, it appeared
that non-gravitational effects could account for the slower bottom fillet evolution for some cases. For example, the
application of the solder was not a steady process from test to test — operators would occasionally apply the solder in
several discrete intervals. Also, the location of solder application varied somewhat from cases to case including
directly to the pad, resistor lead, or on the solder iron. All these effects appeared to play some role in the initial
evolution the solder fillet.

After the solder addition was complete, we observed several cases where the bottom volume appeared to
increase for a considerable time (in some cases up to soldering iron removal). Some of these cases appeared to be
explained by bubble evolution or other non-gravitational effects. In one interesting case, we observed a joint that
initially looked like Figure 3 after solder iron removal. The solder “spike” was slowly absorbed by the joint and
eventually reached a more typical shape although it required several seconds to equilibrate — this slow transition
manifested itself as a slow change on the bottom fillet volume evolution plot. Nonetheless, it must be said that there
were some select cases which support the notion that solder fillet growth is influenced by gravity. To this end, we
have not taken into account any g-jitter effects which, although they did not affect the average leg-length ratio, may
influence fillet evolution depending on its severity. Therefore, we can only conclude that the fillet evolution is a
complex process that can be affected by many factors including gravity, solder mass added, solder application
technique, joint preparation, etc.

We controlled both pre- and post-heat times for many of the solder joints formed. While the primary purpose of
this was to investigate its effect on joint porosity, we did look at how pre- and post-heat times affected joint
geometry. With regard to pre-heating times for activating the liquid flux prior to application of solid-core solder, we
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did not see any statistically valid conclusions, as seen in Table 4. It is likely, however, that more extreme variations
of pre-heat time could influence the wetting characteristics of the solder and ultimately affect joint geometry.

Considering the notion that the ‘driving potential® for fillet evolution is slowed in the reduced gravity, it may
seem that merely applying longer post-heat would give the system more time to equilibrate, and should leave more
geometrically uniform joints. The data, however, does not support this idea. Examination of Tables 2 and 3 shows
that for both flux core solder and for solid solder with liquid flux, increasing the post-heat time does not drive the
L1/Lg ratio closer to unity.

We believe that the reason that post-heat time does not affect joint geometry is that the soldering iron itself
distorts the joint, by providing a relatively large area on the top fillet for the solder to adhere to. While small
amounts of flow (i.e. bottom fillet evolution) do occur during the post heat phase, the “settling” time in which the
joint would approach its final equilibrium shape would then not truly commence until the iron is removed.
Examination of Figures 5 and 7 in the beginning of the blue shaded region shows that the bottom fillet tends to grow
slightly after the iron is removed. However, this slight growth can be offset by the natural shrinkage of the solder
fillet as it cools. In fact, there were many cases (not shown) in which both top and bottom fillet volumes
immediately began to shrink upon removal of the soldering iron.

The period between soldering iron removal and complete joint solidification is perhaps the best region to
determine whether or not there is sufficient time or driving force for the joint to hydrodynamically stabilize at L1/Lg
=1 prior to solidification. Examination of all of the available data is somewhat inconclusive. While some cases
showed that the bottom fillet grew while the top fillet decreased in volume, the overwhelming majority of top and
bottom fillets tended to both shrink during this cooling period. This suggests that the solidification occurs rapidly
inside the joint, suppressing any observable flow. The joint may be freezing in the annular region (where the ratio
of surface area to volume is quite high), thereby stopping hydrodynamic communication between the top and bottom
fillets early in the cooling process. If in fact mass transport from top to bottom is slower in reduced gravity, annular
solidification could explain why we see leg-length ratios greater than unity in 0-g.. The solidification observations
presented, however, cannot be interpreted easily to explain the solidification in the annular region.

Another potential reason for larger L1/Lp ratios in 0-g. may be inferred by examination of Table 5. The data for
flux-cored solder shows that joints produced with baked circuit boards have L/Lg ratios much nearer to unity than
joints formed on non-baked boards. Also, as we described earlier, bubble evolution was more prevalent on joints
formed on non-baked boards. It is conceivable that bubbles evolving in the annulus region of the solder joint could
act as an obstruction to solder flow from top to bottom of the circuit card. It is emphasized, however, that the exact
opposite behavior occurred, namely even larger Li/Ly ratios, using solid-core solder with liquid flux on baked
circuit cards. Further examination, perhaps with a detailed look at each joint's porosity, may help explain this
observation.

A final observation regarding joint shape comes from comparing the amount of mass added to the joint using
flux-cored vs. solid-core solder (Table 6). This data shows almost a 35% increase in the mass added to the joint
when using solid-core solder compared to flux-core. This effect was observed both in normal and reduced gravity
although operators tended to add slightly more solder in reduced gravity. A simple explanation could be that the
feed wire diameters were larger for the solid-core wire (0.79 mm OD) compared with the flux-cored wire (0.64 mm
OD), meaning that the solid-core wire has greater volume per unit length of feed wire.

Another possible explanation regarding the increase in mass added from flux-core to solid-core solder could be
differences in wettability between the two solder types. This could be caused by small variations in flux
applications, which could lead to non-wetting of the resistor lead. In the flux-cored case, the continual presence of
flux ensured good wetting. These variations may have caused operators to add more solder in the cases where poor
initial wetting occurred. While these observations could explain the differences of mass added between flux and
solid-core solder, the subtle variations in mass between reduced and normal gravity may be complex and are not
easily explained.

Taken together, these observations suggest to us that the original hypothesis of inadequate time or driving force
for the joint to equilibrate before solidification may still be valid. The transport of mass from the top to bottom of
the joint begins when sufficient mass is added to wet the top of the joint and concludes when the annulus region is
solidified. Equilibration to the joints final shape, which can be confounded by bubble evolution, begins when the
soldering iron is removed and ends when the joint is completely solidified. This explanation can account for the
differences in leg length ratio seen in reduced gravity versus normal gravity, keeping in mind that there are other
factors which appear to influence the fillet’s final shape including solder mass added, solder application technique,
joint preparation, etc.
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V. Conclusions

In conclusion, we have demonstrated that geometrical differences exist in solder joints produced in reduced
gravity, as compared to those formed in normal gravity. While normal gravity joints (formed under the influence of
surface tension forces and body forces) tend to have leg-length ratios significantly less than unity, the same ratio for
reduced gravity joints (subjected only to surface tension forces) tend to slightly exceed unity. These tests were
carried out with both flux cored solder, and with solid solder along with liquid flux. The trends held similarly for
both cases, and also seemed fairly insensitive to changes in pre-heat or post-heat times. Volume measurements
made from video analysis of the joint formation shows the presence (in many cases) of significant bubble evolution,
which can either directly or indirectly affect the final joint geometry. The data supports the hypotheses that
reduction in the effective gravitational body force slows the transport of solder from the top to bottom of the joint
preventing the joint to reach its ideal equilibrium shape (i.e. L1/Lg = 1) prior to joint solidification. Transport may
also be slowed by entrapped gas bubbles. We acknowledge that there are factors other than gravity which may
influence the fillet’s final shape including solder mass added, solder application technique, joint preparation, etc.
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