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ABSTRACT
The solderability of 7 different copper (Cu) surface types 
were evaluated using the wetting balance technique: 4 Cu 
coatings (CP-007 and CP-008 conductive copper pastes, 
IMC-4118 conductive laser sinter paste, IMC-2501 copper 
ink), 2 laser processed Cu surfaces, and 1 bulk additively 
manufactured (AM) Cu coupon type.  Laser processed 
surfaces were subjected to either circular or linear laser raster 
patterns. AM coupons were fabricated via a powder-bed laser 
process. In-situ force measurements were recorded while 
coupons were dipped into and removed from a 93Sn-37Pb 
(SnPb) or 96.4Sn-3.0Ag-0.6Cu (SAC305) solder bath, 
allowing contact angles and surface energies to be calculated. 
Meniscus height values were also measured. Surfaces were 
characterized before and after dipping via optical and 
electron microscopy.  Results conclusively indicated that 
although all samples were intended to represent pure Cu, 
wettability was found to be strongly dependent on surface 
type with several samples exhibiting no wetting. Although 
the CP-007 paste performed the best of any non-traditional 
surface, all non-traditional surfaces saw significant 
wettability improvements with aggressive cleaning via HCl 
etching. 
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INTRODUCTION
Additive Manufacturing with Copper
As with other materials, additive manufacturing (AM) of 
copper products increases design freedom. Complex, novel 
geometries involving nonlinear and/or tapered extensions 
(fins, blades), internal passages, and capillary wicking 
structures improves the capabilities to fabricate small, unique 
batches of components in thermal management, electrical, 
and jewelry applications [1-4]. Despite these design 
advancements supported by AM of copper, the AM process 
with copper has not seen the same technical progress as other 
workhorse alloys such as aluminum, nickel, stainless steel, 
and titanium [5].

The lack of technical progress involving AM and copper is 
directly linked to copper’s desired properties: thermal 
conduction and ductility [6-9]. Furthermore, copper has 
extremely low energy absorption (i.e., high reflectivity) at the 

conventional AM laser wavelengths (≈ 1 µm) (most metal 
additive processes use laser heat sources) accompanied by a 
step increase once melting occurs [10] as shown in Figure 1.

Figure 1.Absorptivity of copper at room temperature as 
a function of wavelength (left) and absorptivity and 
thermal conductivity as functions of temperature for 
copper at 1064 nm (right). [10, 11]

The low initial absorption and stepwise increase upon 
melting is problematic for 3 reasons: 1) reflected laser 
radiation can be dangerous to operators and damaging to the 
AM equipment itself; 2) the high thermal conductivity of 
copper makes the little radiation that is absorbed very 
inefficient at localized heating; and 3) the 10% absorption 
increase upon melting supports a very unstable melt pool that 
is difficult to maintain. In addition to the energy absorption 
challenges, the high ductility of copper means that the 
residual stresses between laser passes can cause significant 
distortion.
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For these reasons, AM involving copper has evolved much 
more slowly than AM processes involving other metals. 
However, recent advancements involving copper alloying, 
laser wavelength variations, and processing have pushed the 
field into a regime where it is inevitable that laser AM 
production involving copper part fabrication will become a 
reality. Referring back to Figure 1, it is clear that shorter 
green (≈ 0.5 µm) and blue (≈ 0.4 µm) laser wavelengths have 
increased absorptivity by copper. Alloying copper with Ni, 
Si, Cr, and Zr has also proven effective at increasing the alloy 
absorption and conduction properties to provide a more stable 
melt pool. Of course, alloying comes at a cost, as it limits the 
final application of a given part. Alloyed copper no longer 
provides the thermal, electrical, and mechanical properties 
that generally warrants its use. Implementing pulse 
processing into existing and lower wavelength systems has 
also proven to minimize the heat conduction away from the 
melt pool [8]. Laser-based additive processes involving 
copper are limited in industry, but other printing methods 
involving sintering inks and paste layers are more established 
[8] [12].

These printing processes require liquid binders for applying 
the inks or pastes initially, and a final sintering step for fusing 
the copper powders while “burning off” the binder 
components, effectively leaving a pure copper coating 
behind. These methods are generally intended for 2-
dimensional layer builds; however, 3-dimensional builds are 
possible. Ink printing/sintering-type processes are well-suited 
for electronic applications where 2D copper conduction 
pathways can be printed on for non-traditional circuitry [13]. 
Figure 2 illustrates 3D components fabricated with the binder 
jetting AM process [3].

Figure 2. Cellular, hollow copper structures fabricated 
using the binder jetting AM process [3]

It is plausible that both laser-based and ink-based additive 
manufacturing will become key processes to meet copper 
printing needs. Whether for structural or electronic 
applications, soldering these “as-built” surfaces during 
subsequent manufacturing steps is likely. The purpose of this 
study is to evaluate the solderability of various additively 
fabricated copper surfaces as this additive technology is 
evolving. 

Solderability
Solderability refers to the capability of molten solder filler 
metal to wet and spread over the base material surface, where 
wetting is the formation of a metallurgical bond and 
spreading is the spontaneous coverage by the molten solder 

and reaction layer. Identifying solderability behavior helps 
predict the immediate success of a given solder system used 
(liquid solder, base material, reaction layer, and flux). There 
are 3 typical solderability conditions: 1) wetting; 2) non-
wetting; and 3) de-wetting, shown in Figure 3. Since the 
intermetallic layer is crucial to forming a complete 
metallurgical bond, wetting is the desirable condition. No 
metallurgical bond is formed in the case of non-wetting, and 
the de-wetting case lacks a continuous bond.

Figure 3. Schematic illustrating the three solderability 
conditions: wetting, non-wetting, and de-wetting.

Solderability also controls the final joint geometry, which can 
have long-term impacts on performance and reliability. 
Improper fillet size and significant void content will 
negatively impact performance and reliability of a given 
solder joint.

Solderability is often quantified by the contact angle (θC), 
calculated by Young’s equation. Contact angles for two 
solder-substrate orientations are shown in Figure 4. A wetting 
balance was used to calculate contact angles in this study.

Figure 4. Schematic showing a molten solder drop in the 
sessile drop orientation (left) and molten solder in 
contact with a surface that is dipped into the solder 
(right).

It is conceivable that soldering additively manufactured 
surfaces, be it thin coatings or bulk components, will be 
required in an increasing number of products. It is therefore 
necessary to understand if and how different processing types 
impact solderability in order to provide input regarding 
process adjustments to improve solderability properties 
before these procedures become embedded in industrial 
processes. Both laser- and ink-based methods are of interest.

WETTING BALANCE TEST PROCEDURE
A wetting balance was used to compare the solderability of 
three types of AM Cu surfaces: 1) Thin AM coatings; 2) 
Laser processed surfaces; and 3) Bulk AM parts. For all 
surfaces, solderability was assessed for SnPb solder by 



measuring removal force and meniscus height for calculating 
contact angles and surface tension values. A limited 
solderability assessment was also performed regarding a Pb-
free formulation, Sn-3.0Ag-0.5Cu (SAC305). AM surfaces 
were characterized before and after solder dipping via optical 
and electron imaging techniques. 

Immediately prior to dipping, all coupons were ultrasonically 
rinsed in degreasing solvent trichloroethene (TCE) and 
subsequently in isopropanol (IPA) and air dried before 
applying a rosin mildly activating (RMA) flux .Coupons are 
typically etched in a 6M HCl solution to provide further oxide 
removal; however, AM coatings were not etched as the 
sample supply was low and etching degraded the coatings. 
All samples were therefore evaluated in the non-etched 
condition to remain consistent. The laser processed and bulk 
AM samples were also evaluated in the etched condition. 
Table 1 highlights this preparation step. Only the non-etched 
results are compared between all three sample types

Table 1. 
Sample Type Etched Not etched
AM Coating SnPb

Laser Processed SnPb SnPb
Bulk AM SnPb, 

SAC305
SnPb, 

SAC305

After cleaning, coupons were dipped 0.4 cm into the 245 °C 
(260 °C for Pb-free) molten solder at a rate of 5.0 mm/s, held 
for 10.0 s, and raised from the solder at a rate of 10.0 mm/s. 
Immediately after testing, coupons were cleaned using the 
same pre-dip cleaning procedure. A qualitative wetting curve 
and accompanying quantitative data are shown in Figure 5.

Figure 5. Schematic illustrating a solder dip (top) and 
the corresponding wetting curve (bottom).

Metrics
Quantitative and qualitative evaluation accompanied each 
coupon dip. The wetting balance technique allows 
experimental measurement of the meniscus height and 
weight, from which other parameters such as contact angle, 
solder-flux interfacial tension, wetting rate, and wetting time 
can be measured/extracted.  Meniscus heights were manually 
measured post-test while meniscus weight values were 
measured in-situ.  In addition, a post-dip solder assessment 
provided qualitative interpretation for each dip.

Qualitative Coupon Evaluation

Images of dipped coupons were compared to evaluate general 
wetting trends for each sample type and confirm that the 
wetting balance data is accurately portraying solderability 
performance. Etched and unetched conditions were 
compared for the traditional, laser-processed, and bulk AM 
surfaces.

Quantitative Metric Evaluation



Force vs. time curves were used to quantitatively evaluate the 
samples. Five samples were dipped, and the five curves for 
each condition were averaged and compared to evaluate 
obvious, qualitative differences.  

Contact Angle

Contact angles are often used as a general measure of 
wettability because they reflect a resultant interaction 
between the three interfacial tensions (related through 
Young’s equation) present during liquid wetting of a solid 
substrate, as shown in Figure 6. Contact angles were 
calculated using Equation 1. A complete derivation can be 
found by Mayhew and Monger [14, 15].
 

Figure 6.  Interactions between solid-flux (SF), solid-
liquid (SL), and liquid-flux (LF) interfacial tensions 
when a solid is coated with a flux and dipped into molten 
solder (left).  The relationship between these interfacial 
tensions as defined by Young’s equation is shown on the 
right.

Lower contact angles are associated with better wetting 
performance and are minimized when the solid-liquid and 
liquid-flux energies are minimized as the solid-flux energy is 
maximized.  Conceptually, this makes sense because if the 
solid-flux interfacial energy is the highest of the three, it is 
also the “least preferred” or least stable.  Systems tend to 
“move” toward the lowest and most stable energy 
configuration possible.  In this case, the “system” refers to 
the solid coupon, the flux on the coupon surface, and the 
molten solder.  If the solid-flux interfacial energy is lower 
than the other two, there will be no driving force for the liquid 
solder to wet the solid substrate because the interfacial energy 
would not decrease upon doing so; therefore, fluxes must 

exhibit lower interfacial energies with liquid solder than the 
solid substrate to promote wetting.  Lower solid-liquid and 
liquid-flux interfacial energies create a scenario in which 
liquid solder travels between the flux and the solid, thereby 
replacing the higher energy solid-flux interface with the 
lower energy, more preferred solid-liquid interface.  Table 2 
shows the generally accepted wetting trends associated with 
contact angles [16].

Table 2. Wetting behavior categories associated with 
contact angle ranges.

Contact Angle (°) Wetting Behavior
0-10 Perfect
10-20 Excellent
20-30 Very Good
30-40 Good
40-55 Adequate
55-70 Poor to Fair
70-90 Very Poor

90 No Wetting

Note that it is possible for Equation 1 to return negative 
contact angle values when the meniscus height absolute 
value, |H|, is sufficiently large. The expression below 
identifies the conditions required to calculate a negative 
contact angle where ρ is 8.4 g/cm3 (for SnPb solder), g is 
980cm/s2, and P ranges from 3-5 cm (depending on sample 
geometry).

0 < 𝑊 <  𝐻
2𝜌𝑔𝑃

2 (2)

In the context of this study, when W is both greater than zero 
and less than 110H-143H a negative contact angle can be 
calculated. If H becomes sufficiently large, these conditions 
are more likely to be met. A large, positive H value indicates 
excellent wetting, while a large negative H value indicates no 
wetting, as shown in Figure 7. 

Figure 7. Schematic illustrating a positive (left) vs. 
negative (right) meniscus height.

Negative contact angles can therefore represent both 
extremely good and extremely bad wetting scenarios without 
distinction. To eliminate confusion, when negative H values 

𝜃𝐶𝑖 = 𝑠𝑖𝑛―1 4𝑊2 ― 𝜌𝑔𝑃𝐻2 2

4𝑊2 + (𝜌𝑔𝑃𝐻2)2
(1)

θC,i
W
ρ
g
P
H

Contact Angle (°)
Meniscus Weight (dynes)
Solder density (g/cm3)
Acceleration due to gravity (cm/s2)
Cross-section perimeter (cm)
Meniscus height (cm)



were measured, they were recorded as 0. By default, a contact 
angle of 90° is returned, which signifies poor wetting.  Any 
negative contact angles reported in this study therefore 
indicate excellent wetting. 

Another testing condition can occur if different coupon sides 
wet differently. If meniscus height values vary significantly 
between the left and right sides, non-symmetrical forces from 
asymmetrical menisci could cause  a net sample tilt as 
illustrated in Figure 8.  A significant tilt would cause a 
discrepancy between the actual contact angles and those 
calculated with Equation 1.  

Figure 8.  An ideal, vertical coupon dip (left) where the 
correct contact angles can be calculated, and a tilted 
coupon dip (right) where the calculated contact angles 
would not represent the actual contact angles.

Vianco [14] took asymmetric sample tilting into account to 
verify the integrity of the wettability data. Though wetting 
variations between the 2 sides were recorded, the differences 
were not great enough to significantly impact the data; that 
is, the possible error due to asymmetric wetting was not larger 
than the experimental error associated with the testing 
apparatus [14]. Due to the similarities between Vianco’s 
previous study and the current study, and the fact each side is 
the same material and fabricated with the same process, the 
same assumption is made for this study. 

Solder-Flux (Liquid-Flux) Interfacial Tension
While contact angle values reflect the interaction between the 
three interfacial energies (Surface-Flux, Surface-Liquid, 
Liquid-Flux) as described by Young’s equation, it is also 
useful to assess each individual interfacial energy.  Based on 
the empirical measurements meniscus weight (W) and 
meniscus height (H), only the solder-flux interfacial energy 
can be calculated via Equation 2. This mathematical 
relationship is derived elsewhere [14, 15].

𝛾𝐿𝐹 =
𝜌𝑔
4

4𝑊2

(𝜌𝑔𝑃𝐻)2 + 𝐻2 (2)

γLF
W
ρ
g 
P
H

Liquid-flux surface tension (dynes/cm) 
Meniscus Weight (dynes)
Solder density (g/cm3)
Acceleration due to gravity (cm/s2)
Cross-section perimeter (cm)
Meniscus height (cm)

As meniscus weight and/or meniscus height decrease, the 
interfacial energy increases and solderability decreases. 
Since flux and solder composition remained constant in this 
study, the solder-flux interfacial tensions should be similar. 
Differences could occur, though, depending on dissolution of 
the substrate into the liquid, thereby changing the solder 
composition. Note that as meniscus height values approach 0, 
the interfacial energies approach 0 (i.e. infinitely poor 
wetting). For the samples where negative H values were input 
as 0 to avoid a negative contact angle, the resulting interfacial 
energies are infinitely high. 

AM SURFACES
AM Copper Coatings
Four additive copper coatings were evaluated.  Each coating 
was applied to 25.4 x 25.4 x 0.51 mm oxygen free high 
conductivity (OFHC) coupons manufactured by IntrinsiqTM 
(since merged with Novacentrix®). All formulations are 
proprietary.  

1. CP-007 Conductive copper paste: General-purpose 
high-performance screen print.
The paste was applied to one side of the copper 
coupon (Top or “T-side”) and sintered at 230 °C. 
The same procedure was then performed on the 
opposite side (Bottom or “B-side”). 

2. CP-008 Conductive copper paste: High copper, low 
temperature screen print.
The procedure used for CP-007 was repeated for this 
paste.

3. IMC-4118 Copper conductive laser sinter paste.
The paste was screen printed using a Dek printer and 
individually dried in a box oven for each coupon 
side.  Laser sintering normally follows; however, in 
this case laser sintering was unsuccessful due to the 
significant heat absorption by the copper coupon 
under the paste.  Each side was instead cured at 400 
°C in an inert atmosphere containing formic acid as 
a reducing agent.

4. IMC-2501 Copper ink. Fabrication and application 
details are proprietary.

Figure 9 shows images of the four layer types, as-coated.

Figure 9. As-coated images of the 4 different copper 
layers on a copper coupon. 

From this macroscopic scale, both sides of a given coupon 
appear nearly identical.  With the naked eye, all coatings 
appear similar except the IMC-2501 coating.  Uneven 
coloration and cracking in the layer are shown in Figure 10.  



Figure 10. Image highlighting a region on the IMC-2501 
coating surface where a “featherlike” coating defect is 
visible.

Representative SEM images of the four coating surfaces are 
shown in Figure 11.

Figure 11. SEM images depicting the surface 
morphologies of the four different coatings.

The CP007 and CP008 surfaces are comparable.  IMC-4118 
appears relatively coarse and exhibits large uncoalesced 
particles.  The IMC-2501 coating shows a fine coalesced 
network. Cross-sections through the coatings also reveal 
differences between the layers.  SEM images show the 
coupon cross-sections in Figure 12.

Figure 12. SEM backscatter images of the cross-sections.  
Note the different scales.

The lack of bonding revealed in the CP-008 surface rendered 
it unfit for the solder dipping wetting balance test, as the 
surface disintegrated during the cleaning process. As such, all 
results reflect only the CP-007, IMC-2501, and IMC-4118 
coatings.

Laser Processed Copper Surfaces
Laser processed coupons were fabricated by subjecting the 
top and bottom surfaces of a typical Cu sheet coupon (25.4 x 
25.4 x 0.51 mm) to laser remelting. The purpose of this laser 
processing was to generate a microstructure and surface 
finish representative of other laser AM processes by exposing 
the surface to representative, rapid melting and cooling rates. 
An IR (1.064 µm) fiber laser with galvanometric laser 
scanning in conduction mode generated a shallow melt pool 
on the surface, that did not penetrate through the coupon. 
Laser processing occurred under the application of argon (Ar) 
gas. Horizontal passes were made at the end of the coupon to 
be dipped in solder, and the laser rastered through both a 
linear pattern and a circular pattern to produce two unique 
samples. The schematic in Figure 13 illustrates the 
fabrication of the laser processed samples, Figure 14 
highlights the processed surfaces, and Figure 15 shows an 
optical image of a cross-section.

Figure 13. Schematic of the laser processing technique.



Figure 14. Optical images of the processed surfaces for 
the linear (middle) and circular (right) scans.

Figure 15. Optical image of a section of a laser-processed 
region, cross-section location shown on the inset 
schematic.

Bulk Additively Manufactured Copper Coupons
Bulk AM coupons were produced by a laser-based powder-
bed process. To simulate as-built AM surfaces, pure Cu 
solderability coupons (25 x 15 x 0.5 mm) were fabricated and 
provided by TRUMPF IncTM with a TruPrint 1000TM green 
wavelength laser additive manufacturing machine. Figure 16 
illustrates an as-received sample. Note that burs and sharp 
edges were filed to reduce their impact on solder wetting as 
would be done with traditional Cu coupons.

Figure 16. Coupons were built as thin walls in the 
direction of the blue arrow.

The main interest in this study is in the as-built surface 
condition. Complicated parts involving internal cavities, 
lattices, or printed conduction surfaces whose cleaning may 
be limited by the circuitry materials would have to be 
soldered in the as-built, or as-printed, condition. 

Scanning electron microscopy (SEM) was used to 
characterize the AM surface as well as sample cross-sections 
as shown in Figure 17 and Figure 18, respectively.

Figure 17. SEM images depicting the bulk AM coupon 
surface.

Figure 18. SEM image of a longitudinal cross-section 
taken through the bulk AM coupon. 



The typical as-built AM surface morphology may be a factor 
that influences solder wetting. Other factors may include the 
impact of the fast cooling rate on surface energy and porosity.

The cross-section reveals that the coupon exhibits a dual 
microstructure in the through-thickness direction. 

Figure 19 highlights the grain structure in both longitudinal 
and transverse cross-sections with electron backscatter 
diffraction (EBSD) maps.

Figure 19. EBSD maps along longitudinal (top) and 
transverse (bottom) sections of a bulk AM coupon.

WETTABILITY RESULTS
Qualitative Coupon Evaluation
Representative images of unetched and etched samples after 
dipping in SnPb solder are shown in Figure 20 and Figure 21, 
respectively.

Figure 20. Representative images depicting unetched 
samples post-dip, with SnPb solder. The yellow dotted 
line indicates the dip depth.

Only the traditional Cu, CP-007, and IMC-2501 exhibit a 
positive meniscus height, (i.e. wetting beyond the dip depth) 
without etching.

Figure 21. Representative images depicting etched 
samples post-dip, with Sn-Pb solder. The yellow dotted 
line indicates the dip depth.

All 4 samples exhibit a positive meniscus height. The 
spreading improves on all samples with the Bulk AM sample 
showing the most significant improvement compared to the 
unetched condition.

Quantitative Metric Evaluation
Average wetting curves corresponding to each sample type 
are shown in Figure 22. Calculated contact angles, interfacial 
energies, and wetting rates are shown in Table 3. From this 
chart, good wetting is exemplified by low contact angles, low 
L-F energies, and high wetting rates. Conversely, poor 
wetting is exemplified by high contact angles, high L-F 
energies, and low wetting rates. The rows highlighted in red 
indicate instances where the meniscus height, H, was 
sufficiently low to assume a contact angle of 90°, which 
drives the surface tension, γLF, to mathematically approach 
infinity (see Equation 1).

Figure 22. Average wetting curves for the traditional Cu 
sheet (blue), laser processed (green), AM coatings (pink), 
and bulk AM samples (red and orange). Solid lines 
indicate etching prior to dipping; dashed lines indicate 
no etching prior to dipping.



Table 3. Contact angles, liquid-flux interfacial energies, 
and wetting rates for each sample type. Error of one 
standard deviation is provided.

Effect of Surface Type
Traditional Cu samples behaved as expected, exhibiting 
excellent wetting. 

Performance varied for each printed Cu coating type. CP-007 
exhibited a negative contact angle (very positive meniscus 
measurement), an L-F surface energy comparable to the 
traditional Cu surface, and a wetting rate comparable to the 
traditional Cu surface. IMC-2501 produced good contact 
angles, lower L-F energies than traditional Cu, but slow 
wetting rates. IMC-4118 was the worst performer for all 7 
surface conditions, exhibiting no wetting or spreading.

The laser processed samples exhibited adequate wetting at 
best. Contact angles and surface energies were generally 
high. Significant differences between the circular and linear 
motions were not apparent.
 The bulk AM samples supported both excellent and terrible 
wetting. Wetting rates were relatively low. The surface 
energies for the samples that wet were still above those of 
traditional Cu. 

Effect of Etching
Etching produced better wetting for all the samples exposed 
to the step (Cu coatings were not studied in the etched 
condition). Etching had the smallest effect on the traditional 
Cu samples, both conditions producing similar contact angles 
and surface energies; however, the wetting rate nearly 
doubled. Both the laser-processed and bulk AM samples 
exhibited effectively no wetting or spreading in the unetched 
condition. Contact angles and surface energies improved 
slightly upon etching for laser-processed samples, but both 
values improved drastically for the bulk AM samples. 
Etching did produce moderate wetting rates for the laser 
processed samples, relative to the unetched sample set.

Effect of Solder Composition
SAC305 was only evaluated for the bulk AM samples. 
Surface energies and wetting rates were similar between 

SnPb and SAC305 compositions, but the contact angle is 
much lower for SnPb. The negative contact angle for SnPb 
indicates a very high meniscus height, H, measurement. The 
contact angle for SAC305 indicates fair wetting. For both 
solder compositions, the wetting rates are slower than those 
measured on traditional Cu, and the surface tension values are 
higher. 

CHARACTERIZATION
SEM images of the coupons post-solder dipping are shown in 
Figure 23, Figure 24, and Figure 25. A macroscopic 
comparison between SnPb and the Pb-free composition, 
SAC-305, is shown in Figure 26.

Figure 23. Low and high SEM magnifications of a bulk 
AM Cu coupon (etched) dipped in Sn-Pb solder, top and 
bottom, respectively.

Solder wets throughout the majority of the AM coupon’s 
intricate surface. A majority of the sub-surface cavities and 
tortuous, circuitous pathways support solder wetting. 
Scalloped intermetallic formation along the copper-solder 
interface is confirmed, indicating a wetting reaction. 



Figure 24. SEM images depicting the solder-copper 
interfaces for a traditional Cu coupon (top) and a laser 
processed coupon (bottom). Both samples were etched.

The interfacial structure of the traditional coupon is typical 
for a Sn-Pb solder on Cu where a continuous intermetallic is 
observed. A continuous intermetallic is not observed in the 
laser processed sample.

Figure 25. SEM images, post-dipping (SnPb), showing 
the solder interaction with each coating.

Surface solder wetting and nearly complete penetration 
within the Cu coating is observed in CP-007. A high fraction 
of intermetallic compound is expected. Surface solder 
wetting and inconsistent solder penetration into the Cu 
coating is observed for IMC-2501. Limited surface wetting 
and no penetration into the coating is observed for IMC 4118.



When considering SnPb vs. Pb-
free, the Pb-free solder does 
wet and spread, but appears to 
accumulate soon after wetting 
where the Sn-Pb solder 
continues spreading up along 
and through the bulk AM 
surface as shown in Figure 26. 

DISCUSSION
Even though all examined 
surfaces are meant to represent 
pure copper, the wetting 
behavior is very different, 
ranging the full gamut from no 
wetting to exceptional wetting. 
Surface morphology, 
geometric considerations, 
contamination, and other 
fabrication processing 
parameters may play important 

roles in an end product’s 
surface solderability.

Effect of Sample Type
Traditionally manufactured 
Cu sheet remains a top 
performer. 

At least one of the Cu-
printed coatings is also a top 
performer; however, the 
variability in wetting and 
spreading among these Cu 
coatings suggests a strong 
correlation between 
processing and solderability. 
Contamination from each 
coating process could limit 
solderability. Residual 
components from binder 
materials in a printed paste 
may play a role as well. 
Since the processing for 
these 3 coatings is largely 
proprietary, identifying the 
key process parameters, 
associated mechanisms for 
promoting vs. inhibiting 
wetting and spreading, and 
high-level correlations is 
difficult. 

Similar to the printed Cu coatings, the fair-to-poor 
solderability of the laser-processed surfaces suggests a 
correlation between processing and wetting behavior. The Cu 
substrate that underwent laser processing was from the same 
lot of traditional Cu used in the study; exposure of the coupon 
to the laser likely altered the equilibrium state between 

substrate, solder, and flux surface energies. Small 
composition changes might be occurring if the melt pool is 
exposed to potential contamination.

The bulk AM samples that wet well exhibited solder 
penetration through the porous structure as the solder climbed 
the coupon. The surface area that reacted with the solder was 
likely much greater than the surface area that reacted for the 
smooth, flat, traditional Cu coupon. This increased fraction 
of reaction layer could have several performance 
implications: 1) the likelihood of low-load interfacial failure 
may be reduced since the solder-Cu interface is more intricate 
compared to a straight line; 2) electrical performance may be 
impacted if conductivity changes due to an increased fraction 
of interfaces; 3) the volume fraction of intermetallic 
compound likely increases, potentially increasing the number 
of brittle stress concentration locations; and 4) the weight of 
the solder joint will likely increase as the solder fills porous 
cavities. Evaluating bulk AM joint performance against 
traditional joint performance in terms of mechanical integrity 
over time would be a useful complement to this current study.     

For the quantitative data, it is important to consider how the 
evaluation is impacted by the surface morphology of AM 
surfaces. For calculations of contact angle and interfacial 
tension, the measured solder weight and meniscus height 
values are used. Normally, the weight of the solder is 
attributed to the solder within the volume of the meniscus; 
however, with an intricate morphology like the bulk AM 
coupons, a significant portion of the solder volume may be 
attributed to the solder that penetrates into the cavities AND 
the solder that makes up the meniscus shape. So, the weight-
to-meniscus height values for AM surfaces might be much 
greater than for traditional smooth surfaces. 

Understanding the solderability of a given coating is key 
before designing that coating into an electronic assembly.

Effect of Etching
Etching the copper samples improved wetting and spreading 
of all samples which were etched. Etching increased the 
wetting rate (kinetics) for traditional Cu samples but did not 
significantly affect the contact angle (thermodynamics), 
suggesting that the flux action is sufficient (but slower) at 
removing surface contamination/oxides.

The fact that the laser processed surfaces only marginally 
improved upon etching suggests that contamination may 
have been introduced to the melt pool and solidified into the 
surface, even under Ar atmosphere; etching and cleaning 
would not remove any contamination or oxides which 
solidified into the melt pool. 

The fact that the bulk AM samples exhibited the most drastic 
change from non-wetting to sometimes extreme wetting 
speaks to the difficulty for effective flux cleaning of the 
porous surface structure. Soldering as-fabricated AM 
surfaces may warrant aggressive surface preparation. In 
applications where aggressive cleaning may damage other 

Figure 26. Optical images of 
bulk AM cross-sections 
after dipping for Sn-Pb 
(right) and Pb-free (left). 
Red brackets indicate the 
total travel of solder up the 
coupon.



parts, implementing AM solder joints may prove difficult. 
Etching with HCl is aggressive and not a traditional cleaning 
step on an electronics assembly line, for example. 

Effect of Solder Composition 
SnPb solder performed better than SAC305 on bulk AM 
surfaces, suggesting a greater sensitivity of the Pb-free 
formulation to surface morphology and cleanliness condition.
The accumulation of SAC305 compared to the even 
penetration and rise of the SnPb solder for the bulk AM 
samples is interesting and may require further study. While 
the SAC305 was heated to 260 °C relative to the SnPb at 245 
°C, it is conceivable that differences in the thermal gradient 
may have impacted wetting for each. 

CONCLUSION
Solderability was evaluated over a range of AM-like surfaces 
for 63Sn-37Pb solder. A limited evaluation for Pb-free 
SAC305 was performed for the bulk AM samples. The main 
conclusions are listed below:

1. Surface type played a role in the solderability. 
Traditional Cu coupons provided the control data 
and were a top performer. One coating (CP-007) 
rivaled traditional Cu for solderability performance, 
and bulk AM samples oscillated between excellent 
wetting and terrible wetting. Laser processed 
surfaces did not wet well.

2. Etching significantly impacted solderability 
performance for bulk AM samples, marginally 
impacted solderability for laser processed samples, 
and minimally impacted solderability for traditional 
coupons. 

3. Solder composition affected solderability. For 
aggressively cleaned and etched samples, 
solderability of bulk AM samples was excellent with 
SnPb and marginal with Pb-free. 

4. At a high level, additive surfaces, even when 
intended to be pure Cu, do not necessarily support 
solder wetting like a traditionally manufactured Cu 
surface. Additional work should focus on the 
specific mechanisms that inhibit or promote 
solderability in relation to AM processing.
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