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15 failure. Such fatigue and creep problems can be reduced by stabilizing a fine,
mechanically strong microstructure and preventing structural coarsening through
dispersion of fine particles (e.g., Cus Sns) in the solder matrix. See, e.g.

R. B. Clough, et al., Proc. NEPCON WEST *92, Feb. 23-27, 1992, Anaheim, CA,
Cahners Exposition Group, 1992, "Preparation and Properties of Reflowed Paste and

20 Bulk Composite Solder”, p. 1256. However, providing a uniform mixture of fine
particles and molten solder is not an easy task as the density difference between the
dispersoid particles and the molten solder (e.g., the density of Sn-Sb solder is
zipproximately 7.2, that of Pb-Sn approximately 8.5, and that of Fe is approximately
7.9) often causes gravity-induced segregation of the particles, resulting in a

25 macroscopically nonuniform particle distribution.

Agglomeration and coarsening of the particles is another frequently
encountered problem. Because of these problems relatively large amounts (e.g. 10-
40% by volume) of dispersoid typically is required in prior art compositions to
obtain detectable strengthening and improvement in creep resistance. The presence

30 of large amounts of dispersoid particles, however, tends to cause deleterious side
effects such as loss of molten solder fluidity and porosity trapping. The use of other
dispersoid particles in the Pb-Sn solder has been disclosed by, e.g., J. L. Marshall et
al., Proc. NEPCON WEST, "Microcharacterization of Composite Solders", p. 1278,
(1992), however, no significant improvement in creep resistance was reported.
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i nvention is ecregpifesidtance.arti cl es that conprise new sol der conposi ti ons
whi ch can have inproved mechanical properties. In a preferred 15

enbodi nent, the inproved sol der conprises fine magnetic (i.
ferr omagnet i ¢ Summary of the Invention

The present invention is embodied in articles that comprise new solder

compositions which can have improved mechanical properties. In a preferred

15 embodiment, the improved solder comprises fine magnetic (i.e., ferromagnetic or
ferrimagnetic) particles in a solder matrix material. 'Signiﬁcantly, the particles are
substantially dispersed throughout at least a portion of the matrix material, typically
having an ordered distribution, whereby typically significantly improved mechanical
properties are achieved. The particle dispersion, in defiance of the commonly

20 observed gravity-induced segregation problem/particle agglomeration problem, is
formed by a process that comprises applying a magnetic field to molten matrix
material containing the magnetic particles. The application of the magnetic field
desirably causes ordering of the magnetic particles. The details of the ordered
distribution of magnetic particles depend inter alia on the particle size, i.e. diameter,

25 volume fraction of the magnetic particles, magnetic properties of the particles and
matrix material viscosity. When the magnetic particles have a relatively large
diameter (e.g. the average diameter being greater than 10 |1m) and/or constitute a
relatively small volume fraction, (e.g., less than 2%), the magnetic particles typically
tend to form columns (chain-of-spheres) in the molten matrix substantially along the

30 magnetic field direction. When the magnetic particles have a relatively small
diameter (é.g., the average diameter being less than 5 m) and/or a relatively large
volume fraction, (e.g., greater than 5%), the magnetic particles typically tend to form
interconnected chains (three-dimensional networks) in the matrix. Herein we will
refer to all such magnetic field-induced ordering as "patterning”, and to the resulting

35 atleast partially ordered distribution of particles as a "pattern". After applying the
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sufficient to result in patterning, the nolten mass is solidified. The

resulting conmbination of matrix material with a frozen-in pattern of
particl es t herBrief Descsiption of the Rrawingssi gni fj cant|y i nproved nateri al

properties,sas FIG. 1 illustrates the dispersed and suspended magnetic particles in
molten solder before pattern formation.
FIG. 2 illustrates a columnar pattern of magnetic particles in molten
solder in the presence of a magnetic field.
FIG. 3 illustrates a three-dimensional chain-like pattern of magnetic
20 particles in molten solder in the presence of a magnetic field.
FIG. 4 schematically illustrates open circuit or short circuit defects in
prior art solder interconnections.
FIG. 5 schematically illustrates an aspect of the invention, namely
shaping of molten solder according to the invention by application of a magnetic
25 field.

FIG. 6 shows stress/strain data for an exemplary composition according
to the invention, and for tin.
FIG. 7 illustrates the amount of creep deformation as a function of time
at 100°C for Sn solder with and without magnetically dispersed Fe particles.
30 FIG. 8 illustrates the amount of creep deformation as a function of time
at 100°C for Bi-Sn solder with and without magnetically dispersed Fe particles.
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conpared to an otherwi se identical material that does not contain magnetic
particles. 5 The i1 nproved sol der conposition can be nade into a powder, to
be used in solder paste or cream or be re-cast or otherw se reshaped,
typically while substantially retaining the&-i nproved nmechani cal properties.
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plate-like or randomly shaped. Typical particle size desired is in the range of 0.05-

15 500 pum, preferably in the range of 0.5-100 ptm. The desired volume fraction of the
maghetic dispersoid particles in the solder is typically in the range of 0.2-50%, and
preferably in the range of 0.5-10%.

' The magnetic particles may be coated with a thin layer of a suitable
metal, preferably a metal easily wettable by the molten matrix material. An

20 appropriate coating layer can frequently be beneficial not only in improving wetting
and mixing with the molten matrix material but also in preventing oxidation of the
fine magnetic particles. Micron-sized or submicron-sized particles frequently can be
easily converted to oxide thus possibly creating problems of non-wetting and
increased density disparity. An example of suitable coating material is Sn or Ag on

25 the particles of Fe, Sm-Co alloy, Ni-Fe alloy, or Fe3 O4. Such a coating may be
provided by a number of different techniques, such as electroless plating,
electroplating or physical vapor deposition.

The magnetic particles advantageously are selected to retain their
magnetism at the melting point of solder, enabling the particles to respond to the
30 magnetic field. In other words, the Curie temperature of the particles typically is
higher than the temperature of the molten matrix material, typically in the range of
100-300°C 'fo_r many known solders. Particles of ferromagnetic metals such as Fe,
Co, Ni or alloys such as Fe-Ni, Fe-V, Sm-Co, and Nd-Fe-B may be used either
separately or in combination. The alloys may be crystalline, amorphous, or semi-
35 crystalline. Alternatively, ferromagnetic or ferrimagnetic oxide, nitride, carbide,
- boride, fluoride, etc. particles (e.g., Y—Fe, O3 ,Fe304,Fe4 N particles, .




at ['err] for Bi-Sn solder with and wi thout magnetically dispersed Fe
particles. -4- Detailed Description The present invention is enbodied in
articles that conprise a new sol der conposition which can have i nproved
mechani cal properties. In a preferred enbod§rent, referring to FIG 1, a
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frequently canobRrromagnetism takes place. Once the magnetic alignment is in place, the loss of

15 magnetism in the dispersoid particles is not important from a mechanical property
point of view, unless future reflow and realignment in the presence of a magnetic
field is necessary. The extent of matrix material-particle reaction is dependent on
various processing conditions such as temperature, time, cooling rate, etc., which
may be adjusted depending on specific applications and considerations. _

20 The matrix material is typically selected from low melting point {(e.g.,
below approximately. 500°C) metals and alloys such as Sn, In, Bi, Pb or alloys
containing two or more elements such as Sn-Bi, Sn-Ag, Sn-Sb, In-Ag, Zn-Sn, Pb-Sn,
Pb-Sn-Ag, Sn-Bi-Cu. Additional alloying elements such as Cu, Au, Ag, Sb, etc. may
also be incorporated.

25 The magnetic field used to align the particles into the patterns may be
applied in any direction, but preferably in the direction of circuit interconnection if
the circuit packaging is to be done in the presence of a magnetic field. The field may
be of DC (constant strength and direction) or AC (time-dependent variation in
strength and/or direction) type. For efficient magnetic dispersion, sufficient magnetic

30 field strength has to be applied. Typical desired strength of the applied magnetic field
is about 10-20,000 oersteds (Oe), preferably in the range of 100-5000 Oe. The
optimal value of the magnetic field strength depends on the nature of the magneuc
particles such as the saturation induction, magnetic permeability, particle size and
volume fraction, as well as the viscosity and dimension of the molten matrix

35 material. A stronger magnetic field typically needs to be applied for smaller
particles, smaller volume fraction of low-saturation, low-permeability magnetic
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15 be evaporated or burned off), apply a magnetic field to align the magnetic particles
into desired chain or network configuration in the slurry, dry the mix in the presence
of the magnetic field, and sinter or lightly melt the matrix material particles. The
composite prepared by this last method may be remelted or plastically deformed, if
needed, for further densification with or without an applied magnetic field, or may be
20 used as is, with or without an applied magnetic field.

In the presence of a magnetic field of appropriate strength, the magnetic
particles form ordered distributions or patterns of varying types. Examples of such
patterns are parallel, vertically-oriented columns (chain-of-spheres) as shown in
FIG. 2, and interconnected chains (three-dimensional networks) as shown in FIG. 3.

25 For the purpose of dispersion strengthening of solder, the three-dimensional network
structure in FIG. 3 is, comparatively speaking, frequently more desirable than the
(itself desirable) vertical column structure in FIG. 2, as microscopically more
uniform dispersion is achieved and the likelihood of anisotropic mechanical behavior
is reduced. i

30 The presence of fine dispersoid particles in the solder can also result in
additional indirect refinement of the solder microstructure during solidification of the
molten matrix material, e.g., the dispersoid particles may act as nucleation sites for
solidification structure, and also grain growth may be impeded. The undesirable
structural coarsening in the solder during service (e.g., by thermal cycling)

35 frequently will be minimized as the growing interfaces or grain boundaries would
have to overcome the resistance by the particles. .
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| ow per meabi | i ﬁg@@g@ P@-to-pad 52 distances-between the mating devices. Tﬁese conditions
can induce defects such as open circuit or short circuit if prior art solder 54 is used.

20 We have discovered that if a strong magnetic field (e.g., >1000 Oe) is applied during
final melting and solidification of solder according to the invention, the molien
solder bumps containing the magnetic particles can protrude vertically and contract
sideway, as shown in FIG. 5, thus increasing the chance for contact with the upper
device pad 52 and reducing the likelihood of an open circuit even if there is extra

25 spacing between the mating pads. Additionally, the occurrence of an undesirable
short circuit in the horizontal direction is reduced. The magnetic assembly technique
can also minimize molten solder joint collapse by heavy surface mounted devices
because of the vei'tical supporting, magnetic force provided by the aligned magnetic
particles in the solder due to the presence of magnetic field.

30 While the application of the magnetic field during the final melting and
solidification of the solder in the magnetic assembly technique generally ensures the
fine dispersion of the magnetic particles, the use of the magnetic field may be
omitted if previously magnetically-dispersed solder of the invention is melted and
solidified in a reasonably fast manner before extensive gravity-induced segregation

35 of particles takes place. Some loosening of the patterned structure may occur but the
basic fine-dispersion nature will essentially be preserved. Furthermore, the magnetic
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15 represents the high efficiency of magnetic dispersion with minimum segregation and
agglomeration of particles.

-EXAMPLES
Example 1
Approximately two micrometer diameter iron powder was chemically
20 coated by a known technique with a submicrometer layer of tin. This coated iron
powder was then mixed by mechanical ball milling with 100 mesh tin powder in
hexane to form a slurry (dry proportions 2.5% by weight Fe, remainder Sn). This
slurry was then allowed to dry in an argon atmosphere in order to reduce the chances
of oxidation. Hexane was chiosen as it leaves little residue. The dry powder mixture
25 was then sealed in a quartz tube with argon atmosphere and melted at 800 degree C
for two minutes, shaken, and then placed in a 500 oersted magnetic field. After
solidification, the ingot was shaped into a 0.165 inch rod. A gauge length of 0.5
inches was machined to a reduced gauge diameter of .125 inches and tensile tests
were performed, and compared with samples without the iron addition which were
30 prepared in the same manner. The results are shown in FIG. 6. The ultimate tensile
strength of the iron containing specimens was improved by 60% at a strain rate of
0.002/sec. and 100% at a strain rate of 0.0002/sec.

Example 2
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prepared for uggmlm&wﬁemmprgssme creep testing at 100°C for approximately 12 hrs.

15 under 1000 psi pressure, the percentage of creep deformation in the Fe-containing
alloy was reduced at least by a factor of 5 when compared with the Fe-free sample,
as shown in FIG. 8.
Example 5
1% by weight of iron was added to a 43% Pb-43% Sn-14% Bi solder
20 and processed similarly as in the Example 1. The iron-containing alloy exhibited
approximately 11% improvement in the ultimate tensile strength and reduced creep
deformation by a factor of 2 when compared with the Fe-free sample.
Example 6
The solder material in Example 1 is subjected to fatigue testing at 100°C
25 for 1000 cycles. The maximum stress before failure is approximately 1600 psi as -
compared to 1200 psi for the sample without Fe particle dispersion.




e.d. bars, ingots for use in the wave sol derr er| ng
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m xed with fl ux and ot hér approprlate chentcal constltuen
sol der pastes or creans for surface 15 nounting type interconnection
operations. As shown in FIG 4, printed cicggit boards 50 or other circuit
devices, e.g., silicon wafers, frequently have sone variations in height,
resulting in non- .uniformpad 52-to-pad 52 di stances between the mating
devi ces. These €B®Sti ons can i nduce defects such as open circuit or short
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bef ore extensive gravity-induced segregation 35 of particles takes place.

Some | oosening of the patterned structure may occur but the basic
fi ne-di spersion nat ur e SwiAn agickeacconding tomlaipy bowhereid at least sSoernfrsaid t he

magnet i ¢ magnetic particles are coated with a metal layer which is more oxidation resistant

than the magnetic particles and wettable in said matrix material.

6. A method for preparing a solder composition comprising the steps:

15 a) providing a mixed composition comprising of a solder matrix
material and magnetic particles in the form of a molten mass such that the magnetic
particles are dispersed and suspended in the matrix material;

b) applying a magnetic field to said molten mass such that said particles
form a pattern in at least a portion of the matrix material; and

20 ¢) solidifying said molten mass such that said pattern is substantially
retained.

7. A method according to claim 6, further comprising the step of
demagnetizing said solder composition after said composition is solidified.

| 8. An article according to claim 1 or a method according to claim 6,
25 wherein said solder matrix matenal comprises metal selected from Sn, Bi, Sb, Zn, In
and Pb.

9. An article according to claim 1 or a method according to claim 6,
wherein said particles comprise material selected from the group consisting of
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mechani cal ball gﬁbgthhﬁmlwudmnﬂﬁ(bmﬁh tin powder in hexane to forma slurry
(dry proportions 2.5% by weight Fe, remainder Sn). This slurry was then
allowed to dry in an argon atnosphere in order to reduce the chances of
oxi dation. Hexane was ci8sdnmathodtoflpeepatingla soldee compositien cathprising theossepst

mxture a) combining magnetic particles, solder matrix material particles and a

10 liquid medium to form a mixed composition;
b) applying a magnetic field to said mixed composition such that the
magnetic particles form a pattern in at least a portion of the matrix material;
¢) removing said liquid medium from said mixed composition forming a
dry composition; and
15 ' d) sintering or at least partially melting said dry composition.

13. A method of interconnecting two or more bodies comprising the
steps:
a) applying a molten solder composition which comprises a solder
matrix material and magnetic particles to a major surface of a first body and a second

20 body to be interconnected;

b) applying a magnetic field to said molten solder composition such that
the direction of the magnetic field is perpendicular to the major surface and the
magnetic particles in the molten solder composition form a pattern in at least a
portion of the matrix material; and

25 ¢) solidifying said molten solder composition such that the pattern is
substantially retained and the solder composition forms a joint between said first and
second bodies.

14. A method according to claim 13, wherein the magnetic particles have
an average diameter greater than 10pm.

30 15. A method according to claim 13, wherein the magnetic field is
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di aneter of .125 inches and tensile tests were perforned and conpared W th
sanpl es mﬁthout the iron addition which weret30 prepared in the sane
manner. The results are shown in FIG 6. The ultimte tensile strength of
the iron containing specinens was i nproved by 60% at a strain rate of

0. 002/ sec. and aR 1890 Qen rate -of 0.0002/sec. Exanple 2 -9 - The
magneti cal | y-di spersed solder of Exanple 1 was subjected to conpression
creep testing and conpared with the solder without Fe addition. Rod- shape
sanpl es about 0. 150 inch dianmeter and 0.180 inch heig t were tested under
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of creep 5 deformation in the ed sanpl e was
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Exanple 3 1% by wei ght of i n-coated, [err] size Fe powder was added to 57%
Bi - 43% Sn sol der alloy”and nmagnetic field processed, substantially as in
Exanple 1. 10 The all oy exhi bited approximately 10% i nprovenent in the
ultimate tensile strength conpared to the Bi-Sn alloy wthout the Fe
particle addition. Exanple 4 2.5% by. wei ght of iron was added to the Bi-Sn
“alloy simlarly as in Exanple 3. After conpressive creep testing at [err]
for approximately 12 hrs.




15 wnder 1000 psi pressure, the percentage of creep deformation in the
Fe-containing alloy was reduced at least by a factor of 5 when conpared
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t he Exanple 1. The iron-containing alloy i by ted gpproximately 11%
I nprovenent in the ultimate tensile strength and r4 ‘
by a factor of 2 when conpared wth th
solder material in Exanple 1 is subis
for 1000 cycles. The maxi mum stress
psi as conpare 00 pgi for the
W claim 1. jﬁatﬂéfsle npri s*ny
solder matrix material and nmagnetic
a magnetic field-induced substanti al
col umar pattern oriented substanti &
53/ 88/4 Yy e YWPID8
i renst el chai v reverk |
- 0 netu Vi
material and said particles re«tﬁzg? A NN A N Cdd “
conposition in the range of 0.5-10% 2. An article according to claim1,
wherein said particles

FIG. 3 ?

o K%%a\
AN NEEE




form & substantially columar pattern. 3. An article according to claim
1, wherein said particles forma substantially three-di nensional chain

net work. 4. An article according to claiml, wherein said solder matrix
material conprises a netal selected fromthe group consisting of Sn, Bi,
Sb, zn, In and Pb. 5. An article accorgifg to claimd¥ wherein said
particles conprise material selected either fromferrinagnetic oxides or
fromferromagnetic nmaterial s @a7¥He,
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ul tiyate strength of an otherwi se identical conparison solder conposition
wi thout magnetic particles. 11. A sol der conposition according to claim 1,
wherein said sol der conposition has a creep deformation at |.O0Opsi at [err]
which is at |east 50%Iess than the creep deformation of an otherw se

i dentical conparison sol der conposition \§Ahout nmagnetic particles. 12. A
sol der conposition according to claim1, wherein said solder conposition
has a maxi mum stress for failure by fatlgb}: €zack dpowth which is at |east
20% greater than the maxi num stress for ure by fatigue crack growth of
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