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C
onventional soldering typically requires the use of reactive fluxes to prom

ote w
etting. T

he resulting 
flux residues are rem

oved prim
arily w

ith halogenated or chlorofluorocarbon (C
FC

) solvents. W
ith the 

m
andated phaseout of C

FC
s by the year 2000, there has been a concentrated effort to develop alternative, 

environm
entally com

patible m
anufacturing and cleaning technologies that w

ill satisfy the restrictions 
placed on C

FC
s, but still yield high quality product Sandia N

ational L
aboratories is currendy evaluating a 

variety of alternative fluxless soldering technologies w
hich can be applied to electronic packaging. L

aser 
soldering in a controlled atm

osphere has show
n great potential as an environm

entally com
patible process. 

T
he effects of laser heating w

ith a 100 w
att C

W
 N

d:Y
A

G
 laser, joint design, and base/filler m

etal reactions 
on achieving fluxless w

etting w
ith good m

etallurgical bonds w
ere exam

ined. Satisfactory N
i-A

u plated 
K

ovar®
 solder joints w

ere m
ade w

ith 80In-15Pb-5A
g and 63Sn-37Pb (w

t. %
) solder alloys in a sU

ghtiy 
reducing cover gas. 

W
etting generally increased w

ith increasing laser pow
er, decreasing laser beam

 spot 
size, and decreasing part travel speed. T

he m
aterials and processing interaction effects are identified and 

discussed. 
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T
here are increasing concerns over the environm

ental effects of chlorofluorocarbons 
(C

FC
s) 

throughout the international scientific and engineering com
m

unity. C
FC

s have been identified as a source 
of stratospheric ozone depletion and are seriously affecting both the environm

ent and hum
an health [1-3]. 

T
he m

ost celebrated exam
ple of ozone depletion is the ozone hole w

hich has developed over the A
ntarctic 

and is a result of the em
issions from

 fully halogenated C
FC

s and halons. A
n international agreem

ent, the 
M

ontreal Protocol, w
as form

alized to address this particular problem
. T

he C
lean A

ir A
ct of 1990 w

as 
passed to enforce the principles of the M

ontreal Protocol w
ithin the U

nited States. 
T

he phaseout of 
controlled C

FC
s m

ust be currentiy com
pleted by the year 2000. O

ther fully halogenated C
FC

s, carbon 
tetrachloride, and m

ethyl chloroform
 are also affected by the Protocol and C

lean A
ir A

ct controls [4]. 
T

hese international restrictions on C
FC

s w
ill significantiy im

pact the electronics industry and require the 
developm

ent of m
ore environm

entally com
patible cleaning and m

anufacturing techniques. 

C
leaning is a m

ajor elem
ent in electronic soldering. A

n electronic package is typically populated w
ith 

m
any devices (surface m

ount devices, capacitors, resistors, chip carriers, leaded devices, etc.) that are 
soldered to a printed circuit board. C

onventional soldering typically requires a flu
x

 to prom
ote w

etting of 
the base m

etal by the solder alloy [5]. T
he flux has three functions. 

T
he first is to chem

ically rem
ove 

surface oxides and provide a protective layer over the cleaned surfaces during soldering. T
he second is to 

* T
he w

ork is being conducted by Sandia N
ational L

aboratories and is supported by the U
.S. D

epartm
ent 

of E
nergy under contract num

ber D
E

-A
C

04-76D
P00789. 
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This report w

as prepared as an account of w
ork sponsored by an 

agency of the U
nited States G

overnm
ent.  N

either the U
nited States 

G
overnm

ent nor any agency Thereof, nor any of their em
ployees, 

m
akes any w

arranty, express or im
plied, or assum

es any legal 
liability 

or 
responsibility 

for 
the 

accuracy, 
com

pleteness, 
or 

usefulness 
of 

any 
inform

ation, 
apparatus, 

product, 
or 

process 
disclosed, or represents that its use w

ould not infringe privately 
ow

ned rights.  R
eference herein to any specific com

m
ercial product, 

process, or service by trade nam
e, tradem

ark, m
anufacturer, or 

otherw
ise does not necessarily constitute or im

ply its endorsem
ent, 

recom
m

endation, or favoring by the U
nited States G

overnm
ent or any 

agency thereof.  The view
s and opinions of authors expressed herein 

do 
not 

necessarily 
state 

or 
reflect 

those 
of 

the 
U

nited 
States 

G
overnm

ent or any agency thereof. 
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ay be illegible in 
electronic im

age products.  Im
ages are produced 

from
 the best available original docum

ent. 
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assist heat transfer and rem
ove reaction products. T

he third is to affect interfacial surface tensions such 
that spreading of the m

olten solder is enhanced. Flux residues m
ust be subsequendy rem

oved from
 the 

soldered assem
bly. 

A
lthough the residues are generally nonconductive, they are corrosive and could 

create a long term
 reliability problem

, especially for applications w
here extended storage or operation in 

uncontrolled environm
ents occurs. T

hese conditions m
ake residue rem

oval m
andatory. R

osin-based flux 
residues are typically rem

oved w
ith halogenated or C

FC
 solvents. T

his practice is changing because of the 
restrictions im

posed by the M
ontreal Protocol and the C

lean A
ir A

ct. N
ew

 solvents, flu
x
es, and cleaning 

m
ethods are consequentiy being developed to satisfy the C

FC
 phaseout T

erpene solvents, aqueous based 
cleaning, w

ater soluble fluxes, and low
 solids ("no clean") fluxes have show

n prom
ise. 

A
lternative, 

fluxless soldering technologies are also being developed to com
plem

ent the above activities. Fluxless 
soldering w

ill not elim
inate tfie need for cleaning during electronic m

anufacturing, but it w
ill help to reduce 

the total num
ber of cleaning steps and the volum

e of solvent w
aste consequentiy generated. 

T
he C

enter for Solder Science and T
echnology at Sandia N

ational L
aboratories (SN

L
) has a very 

active program
 underw

ay to characterize and dem
onstrate fluxless soldering alternatives [6-7]. T

he D
O

E
 

O
ffice of T

echnology D
evelopm

ent is funding the SN
L

 effort and is especially interested in developing 
faster, better, cheaper, and safer processes and m

aterials that can satisfy the increasing need for 
environm

ental restoration and w
aste m

inim
ization. 

T
he w

ork has focused prim
arily on controlled 

atm
osphere soldering (vacuum

, inert/reducing gases, reactive plasm
as, and activated acid vapors), 

therm
om

echanical surface activation soldering (laser, ultrasonic, and solid state), and protective coatings 
(m

etallizations and organic inhibitors). T
hese diverse technologies are being jointiy developed to yield a 

variety of processes from
 w

hich to choose, since there is no generic or "drop-in" fluxless soldering 
operation that can be universally applied during electronic m

anufacturing. T
he selected process m

ust be 
com

patible w
ith not only the base and filler m

etals, but also w
ith any neighboring m

aterials. Sensitivity to 
lasers, infrared heating, or reactive plasm

as is of special concern since ihey could degrade the functional 
perform

ance of a com
ponent. 

M
aterials such as alum

ina, glass frits, epoxy, polyester, phenolic, 
polyim

ide, plastics, and conform
al coatings can be dam

aged by exposure to these m
ore active processes. 

L
aser soldering typically involves the m

elting of a preplaced or fed solder preform
 w

ith a directed 
C

O
2 or N

d: Y
A

G
 laser beam

 [8-9]. R
apid heating and cooling of the solder joint produces a very fine 

m
icrostructure w

ith reduced interm
etallic form

ation. T
he process is highly autom

ated and offers im
proved 

process control. H
igher strength solder joints are possible since tiie localized heating of a laser allow

s the 
use of higher m

elting solder dloys w
ithout dam

aging nearby m
aterials. Solder m

ixing w
ith other solder 

joints of different alloy com
positions can also be avoided because of this localized heating effect. 

T
his 

paper w
ill discuss the SN

L
 developm

ent of fluxless laser soldering [10]. T
he w

ork em
phasized the 

evaluation of herm
etic closure joints, although the technology can also be readily applied to leaded and 

surface m
ounted devices. Fluxless laser soldering can also enhance product reliability by elim

inating 
entrapped, corrosive flux residues w

ithin a sealed package. 
T

he effects of N
d:Y

A
G

 laser heating on 
producing fluxless solder joints betw

een m
etallized substrates in a controlled atm

osphere w
ere 

investigated. 

EX
PER

IM
EN

TA
L

 PR
O

C
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U
R
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L
aser soldering is adaptable to m

ost solder joint geom
etries. W

hen developing the w
orking lim

its of 
the process, it is necessary to first characterize the energy distribution of the laser beam

. T
he effect of the 

base surface on the absorption of the laser energy is also im
portant and determ

ines w
here the laser beam

 is 
focused. For exam

ple, A
u surfaces are highly reflective at the fundam

ental w
avelength of a N

d:Y
A

G
 laser 

and are difficult to heat quickly to the desired soldering tem
perature. T

his condition consequentiy presents 
a problem

 w
hen soldering A

u-plated com
ponents. Since solder alloys typically have better absorption 

properties than A
u, the solution is to direct the laser beam

 on the solder alloy and conduct heat from
 the 
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solder to the base surface. 

T
he w

ork reported in this paper investigated the fabrication of laser soldered closure joints w
ithout 

fluxing. A
 100 w

att, continuous w
ave (C

W
) N

d:Y
A

G
 laser w

as used to m
ake prototypic joints for visual 

and m
etallographic analyses. T

he N
d:Y

A
G

 laser em
its light at a w

avelength of 1.06 |xm
 and is ideal for 

soldering because of the relatively high absorption of the laser energy by solder alloys. T
he laser system

 
w

as equipped w
ith a com

puter controlled x-y directional stage and a heating platform
 for preheating of the 

test sam
ples. T

he system
 also had a coaxial video m

onitor to assist in alignm
ent of the laser beam

 relative 
to the target area and for view

ing of the im
m

ediate region around the laser heated zone. A
 schem

atic of the 
system

 is show
n in Figure 1. 

A
 param

etric test m
atrix w

as designed to exam
ine the feasibility of laser soldering N

i-A
u plated K

ovar 
closure joints. K

ovar (nom
inally 53Fe-29N

i-17C
o-0.5M

n, w
t. %

) is generally very difficult to directiy 
w

et w
ith solder unless a very aggressive, corrosive flux is applied. 

Since m
ost active fluxes are not 

perm
itted during electronic soldering, K

ovar is typically electroplated w
ith a 5.0 p.m

 (200 ̂
in.) layer of N

i 
follow

ed by a 1.2 |im
 (50 |xin.) overplating of A

u to enhance its solderability. T
his m

etallization schem
e 

is also critical to the success of fluxless soldering and w
as used throughout the study. 

T
he noble A

u 
surface prevents oxidation of the underlying m

etal before and during soldering. 

T
w

o solder alloys w
ere evaluated; 

80In-15Pb-5A
g and 63Sn-37Pb, w

t. %
. 

T
he 80In-15Pb-5A

g 
alloy has a m

elt range of 142 to 149°C
, w

hile the 63Sn-37Pb alloy is a eutectic and m
elts at 183°C

. Solder 
preform

s nom
inally 0.76 m

m
 (0.030 in.) w

ide and 0.125 m
m

 (0.005 in.) thick w
ere prepared from

 
com

m
ercially supplied stock. 

T
w

o flat N
i-A

u K
ovar plates of different thicknesses w

ere fixtured 
perpendicular to each other (L

-joint) w
ith a 45° taper on the thicker of the tw

o m
ating surfaces to 

accom
m

odate the placem
ent of the solder preform

. TTie base plate thicknesses w
ere 0.76 m

m
 (0.030 in.) 

and 1.78 m
m

 (0.070 in.). 
T

he fixtured sam
ples (w

ith preform
s) w

ere preheated to 110°C
 prior to 

soldering. 
Soldering w

as done w
ithout fluxing in a protective reducing gas cover of 3 to 5 vol. %

 
hydrogen in argon. 

L
aser pow

er, laser beam
 focused spot diam

eter, and part travel speed w
ere the experim

ental variables. 
T

he test m
atrix w

as a tw
o level factorial design w

ith a lim
ited response surface to estim

ate linear and 
interaction effects. E

ach test condition w
as replicated tw

ice, except for the m
idpoint w

hich w
as repeated 

four tim
es. A

 separate set of experim
ents w

as random
ly conducted w

ith each solder alloy. T
he laser 

pow
er w

as varied from
 30 to 100 w

atts, the laser spot diam
eter w

as varied from
 0.38 to 0.88 m

m
 (0.015 

to 0.035 in.), and the part travel speed w
as varied from

 2 to 17 m
m

-sec"^ (5 to 40 in-m
in'l). 

T
he 

experim
ental m

idpoint w
as 65 w

atts, 0.63 m
m

 (0.025 in.) laser spot size, and a 9.5 m
m

-sec'^ (22.5 in-
m

in"l) travel speed. T
he specific test conditions are listed in T

able 1. T
he soldered sam

ples w
ere visually 

inspected for solder w
etting and flow

. T
he joints w

hich exhibited satisfactory w
etting w

ere then selected 
for sectioning and m

icrostructural analysis. 

R
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T
he energy distribution of the laser beam

 w
as characterized before proceeding w

ith the fluxless 
soldering evaluation. T

he laser beam
 cross-sectional energy distribution w

as determ
ined for the various 

focused laser beam
 spot diam

eter sizes specified in the test m
atrix. T

he energy distribution w
as m

easured 
using a scanning aperture technique (Figure 2). A

 25 
îm

 diam
eter A

u-plated diam
ond aperture w

as 
scanned at a constant speed through the center of the laser beam

 to characterize its distribution. A
 typical 

energy distribution curve is show
n in Figure 3 for a 0.38 m

m
 diam

eter spot size. Sim
ilar curves can be 

produced w
ith the other spot sizes. T

he laser beam
 spot size w

as determ
ined by transm

itting an electrical 
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signal proportional to the laser energy through the aperture and recording it on a digital oscilloscope for 
analysis. Focused spot diam

eters w
ere m

easured for focus positions over approxim
ately a 25 m

m
 range in 

the vertical direction. 
T

he focused spot size w
as then plotted as a function of the distance from

 the 
w

orkpiece to the objective lens for sevea^ pow
er levels (Figure 4). T

he position of the objective lens from
 

the sam
ple for a given focused laser beam

 spot size w
as then extracted from

 these plots. 

Previous experim
ents [8] revealed that the reflective properties of A

u plating w
ould inhibit the 

absorption of the laser energy into the base K
ovar parts. A

u has a relative absorption factor of 0.012 
w

hile the 63Sn-37Pb and 80In-15Pb-5A
g alloys have an absorption factor of 0.28, a nom

inal absorption 
increase of over tw

enty. T
he closure joint w

as consequentiy designed to utilize the absorption properties 
of the solder to conduct the laser energy to the solder joint region. Solder preform

s w
ith a 0.76 x 0.125 

m
m

 cross-section w
ere placed into the tapered joint just prior to soldering w

ith the 0.125 m
m

 side facing 
the laser beam

. 

T
o prom

ote solder w
etting w

ithout fluxing, a slightiy reducing, controlled atm
osphere w

as introduced 
over the fixtured parts to protect the base and solder alloy surfaces during heating. T

he cover gas prevents 
the probable oxidation in air of the underlying N

i layer and dew
etting by the m

olten solder alloy. 
T

herm
odynam

ic data suggests that the higher tem
peratures of laser soldering in an inert or reducing 

atm
osphere can significantiy enhance the reduction of m

ost m
etallic oxides (eg. C

u, N
i, Fe, Sn, and Pb) 

[11-12]. T
his effect is especially noticeable above 350°C

. Since the laser heated region is very localized, 
the process is ideal for fluxless soldering. 

T
he N

i-A
u plated K

ovar solder joints w
ere visually inspected to assess the quality of solder 

w
etting/spreading. T

he w
etting results for the 80In-15Pb-5A

g and 63Sn-37Pb alloys are sum
m

arized in 
Figure 5. W

etting w
as qualitatively ranked from

 poor to good and w
as dependent on the degree of solder 

joint filled. G
enerally better w

etting w
as observed w

ith 63Sn-37Pb than 80In-15Pb-5A
g. 

T
he results 

w
ere consistent w

ith the w
etting behavior norm

ally expected during conventional soldering of these alloys 
on A

u w
ith a flux. 

G
ood solder joints w

ere obtained at the higher laser pow
er setting for both solder alloys. 

Poor 
w

etting generally occurred at the low
er 30 w

att pow
er level w

ith very irregular to negligible solder flow
. 

T
he higher pow

er input gena-ally contributed to greater heating and could potentially degrade heat sensitive 
com

ponents if they w
ere located next to the joint. 

T
he objective, therefore, w

as to adjust the heating 
param

eters such that an acceptable joint is produced w
ithout danaagjng the perform

ance of the device. 

W
etting w

as not as good on the m
idpoint sam

ples. O
nly partial filling of the joints w

as observed. 
A

fter conducting these m
idpoint experim

ents, how
ever, the laser beam

 spot size w
as discovered to be 0.25 

m
m

 larger than tiie experim
entally designed value of 0.63 m

m
. T

he size difference could affect the w
etting 

results since the larger spot size w
ould diffuse the heat affected zone and produce less heating. 

T
he 

sm
aller spot size w

ith constant laser pow
er and part travel speed should produce slightiy better heating and 

consequentiy better w
etting. W

etting could be further im
proved by reducing the travel speed 

T
here w

ere tw
o exceptions to the general trends noted above. T

he first w
as that the 30 w

att, 0.38 
m

m
, 2.0 m

m
-sec"l, 63Sn-37Pb sam

ples gave adequate w
etting. T

he sm
aller laser focused spot size and 

slow
er travel speed concentrated the laser energy at the low

er laser pow
er setting and effectively heated the 

63Sn-37Pb preform
s. 

T
he sam

e result w
as not achieved w

ith the 80In-15Pb-5A
g alloy. T

his w
etting 

difference can be explained by the com
positional differences betw

een the tw
o alloys. 

T
he second 

observation w
as that both solder alloys gave spotty to partial w

etting w
ith the 100 w

att, 0.88 m
m

, and 17 
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m
m

-sec"^ test param
eter. 

T
he larger spot size and faster travel speed produced less heating and 

consequentiy poorer w
etting, even at tiie higher laser pow

er value. 

A
fter visually inspecting each laser soldered joint, sam

ples w
ere chosen from

 those exhibiting 
adequate or good w

etting for m
etallographic analysis. T

he sam
ples w

ere electrolytically overplated w
ith 

approxim
ately 0.1 m

m
 (0.001 in.) of N

i to retain the soft solder edges during sectioning and polishing. 
T

he 63Sn-37Pb sam
ples w

ere polished through 1 |im
 diam

ond paste follow
ed by vibratory polishing w

itii 
0.06 |im

 colloidal silica. 
T

he 80In-15Pb-5A
g sam

ples w
ere sim

ilarly prepared w
ithout vibratory 

polishing. Figure 6a show
s a N

i-A
u plated K

ovar and 63Sn-37Pb solder joint that w
as m

ade at 100 w
atts 

w
ith a 0.88 m

m
 laser beam

 spot size and 2.0 m
m

-sec'^ travel speed. T
he joint exhibited "good" w

etting 
w

ith a very fine textured m
icrostructure and sm

all A
u-Sn and N

i-Sn interm
etallic precipitates dispersed 

throughout the joint 
Sim

ilar results w
ere observed w

ith the 80In-15Pb-5A
g solder alloy, altiiough 

w
etting w

as not as extensive as w
ith the 63Sn-37Pb alloy. Figure 6b show

s a 100 w
att, 0.38 m

m
 spot 

size, 17.0 m
m

-sec~l travel speed, 80In-15Pb-5A
g sam

ple. A
 m

ore detailed m
icrostructural analysis is 

underw
ay to characterize the effects of laser processing on interm

etallic precipitation in the filler m
etal 

during and after soldering. T
hese precipitates could affect spreading and the m

echarucal behavior of the 
soldered joint. 

E
xcessive interm

etallic grow
th can result during laser reflow

ing of a solder joint since the process 
typically requires longer dw

ell tim
es to rem

elt the joint. 
If the dw

ell tim
e (or heat input) is too long, 

m
elting of the base m

etal can occur. T
he resulting m

icrostracture is significantiy altered and can drastically 
affect the joint properties. A

 reflow
 experim

ent dem
onstrating this problem

 w
as conducted on N

i-A
u 

plated K
ovar and 63Sn-37Pb joints by m

aking m
ultiple passes over a previously laser soldered sam

ple. 
E

lectron probe m
icroanalysis revealed that a narrow

 band of the rem
aining m

etallized layer and underlying 
K

ovar w
as m

elted during the reflow
 experim

ent. W
avelength dispersive x-ray spectrom

etry identified 
A

uSn4 precipitates throughout the joint and a substantial quantity of feathery (N
i, Fe, C

o)3Sn2 precipitates 
in the solder w

here the base surface w
as m

elted. 
T

he A
uSn4 precipitates form

ed during the initial 
soldering operation and w

ould affect the as-soldered joint properties w
hile the (N

i, F
e, C

o)3Sn2 
precipitates w

ould only influence the properties of the reflow
ed joint 

SU
M

M
A

R
Y

 

L
aser heating has been applied to fluxless soldering of N

i-A
u plated K

ovar. T
he effects of processing 

conditions on producing satisfactory 63Sn-37Pb and 80In-15Pb-5A
g solder joints w

ere determ
ined. T

he 
higher laser pow

er, sm
aller laser beam

 focused spot size, and slow
er travel speed gave the best w

etting 
results. 

A
lthough the process w

as developed for closure joints, it can be readily applied to attaching 
leaded and surface m

ounted devices. T
he advantages of fluxless laser soldering are: 1) higher joining 

tem
peratures and potentially stronger joints, 2) elim

ination of entrapped corrosive flux residues, 3) 
com

pliance w
ith environm

ental restrictions on hazardous solvent use, and 4) autom
ated processing and 

process control. T
he disadvantages of laser soldering include: 1) inhibited absorption of the laser energy 

by highly reflective m
aterials, 2) conventional geom

etries m
ay not be necessarily com

patible w
ith the 

process, and 3) overheating can produce unsatisfactory m
icrostructures and affect joint properties. 
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aser I*rocessing C

onditions for Soldering N
i-A

u Plated K
ovar 
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idpoint laser focused spot size w

as originally designed to be 0.63 m
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Figure 1. Process schem
atic for laser soldering. 

Figure 2. T
echnique for determ

ining the laser beam
 energy distribution and focused spot size. 

Figure 3. L
aser beam

 cross-sectional energy distribution for a 0.38 m
m

 spot size. 

Figure 4. L
aser beam

 focused spot size as a function of distance from
 the lens holder and varying laser 

pow
er. 

Figure 5. R
elative w

etting of 63Sn-37Pb and 80In-15Pb-5A
g solder alloys on N

i-A
u plated K

ovar w
ith 

laser heating in a dilute hydrogen-argon reducing gas [ranking order: poor (1) <
 spotty (2) <

 partial (3) <
 

adequate (4) <
 good (5)]. 

Figure 6. O
ptical im

ages of N
i-A

u plated K
ovar solder joints m

ade w
ith a C

W
 N

d: Y
A

G
 laser at (a) 100 

w
atts, 0.88 m

m
 spot size, and 2.0 m

m
-sec"l travel speed w

ith 63Sn-37Pb and (b) 100 w
atts, 0.38 m

m
 

spot size, and 17.0 m
m

-sec'^ travel speed w
ith 80In-15Pb-5A

g. 
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