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(57) ABSTRACT

A solder alloy which is lead free, consists essentially of, in
weight %: Sn; 0<Ag=4.0; 0<Cu=2.0; 0<Ni£1.0; and
0<Ge =1.0, wherein addition of Ni and Ge to the solder alloy
enhances wettability and tensile strength, and prevents for-
mation of an oxide film. Additionally, a solder alloy which
is lead free, consists essentially of, in weight %: Sn;
0<Sb=3.5; 0£Ag £4.0; 0<Ge=1.0; and at least one first
additive selected from the group consisting of (a) 0<Ni=1.0
and (b) a combination of 0<Ni=1.0 and 0<Cu=1.0; wherein
addition of Ni and Ge to the solder alloy enhances wetta-
bility and tensile strength, and prevents formation of an
oxide film.

2 Claims, 2 Drawing Sheets

Ni+Cu

£fa4./

BT gy A




U.S. Patent Jan. 30, 2001 Sheet 1 of 2 US 6,179,935 Bl




U.S. Patent Jan. 30, 2001 Sheet 2 of 2 US 6,179,935 Bl

Ni+Cu

FIG.3



US 6,179,935 B1

1
SOLDER ALLOYS

This application is based on Patent Applications No.
9-097,828 filed Apr. 16, 1997, No. 9-191,391 filed Jul. 16,
1997, and No. 9-212,969 filed Aug. 7, 1997 in Japan, the
contents of which are incorporated hereinto by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to solder alloys used for
metal joining in electronic devices, more specifically to
solder alloys which do not contain lead nor cause pollutions.

2. Description of the Related Art

In general, soldering is performed for the purpose of
mechanical or electrical joining. When making soldering,
the following points are required.

First, the solder alloys are required to be superior in
joining properties and corrosion resistance.

Secondly, the solder alloys desirably have a high thermal
fatigue strength and a desired soldering temperature, and do
not contain lead from the environmental point of view.

That is, lead in any form shows an internal accumulative
toxicity. Therefore, problems of air pollution and waste
treatment in the lead smelting process, accumulation in the
physical bodies of babies and pregnant women due to
exposure to the air and contamination of foods and the like
are concerned.

Thirdly, the solder alloys are required to be high in
thermal fatigue strength. This is because, since semiconduc-
tor device chips generate heat when powered and the sol-
dering part of joined chip metals is face joining, a large
thermal strain generates in the soldering part of chips, and
the solder alloys forming the soldering part are subjected to
rigorous operation environment.

Fourthly, the solder alloys are desirably those which are
high in melting points and hard to be affected by temperature
profile of subsequent processes. This is because from the
construction of semiconductor devices, solder alloys of a
plurality of types with different soldering temperatures are
used when a plurality of soldering steps are carried out in the
production of semiconductor devices.

Conventional solder alloys include tin-lead (Sn—Pb)
alloy, tin-silver (Sn—Ag) alloy, and tin-antimony (Sn—Sb)
alloy. Features and problems of these alloys will be
described in the following.

Since the tin-lead (Sn—Pb) alloy is low in tensile strength
and superior in ductility, it is high in strain generation and
low in fatigue strength. Consequently, as will be described
below, in conjunction with its low heat resistance, it is low
in thermal fatigue strength. The Sn—Pb alloy has an eutectic
temperature of 183° C. The melting point can be increased
from 183° C. to the vicinity of 300° C. by increasing the Pb
content. However, since this widens the solid-liquid coex-
istence area between liquid phase temperature and solid
phase temperature (183° C.) and the eutectic temperature is
183° C., it has problems in that it is low in heat resistance
and tends to undergo material degradation at relatively low
temperatures. Further, it is not desirable as a solder alloy
because it contains Pb. As solder alloys in place of the
Sn—Pb alloy which do not contain Pb and are high in heat
resistance, Sn—Sb alloy having a melting point of 232-245°
C. and Sn—Ag alloy having an eutectic temperature of 221°
C. are widely known.

The Sn—Ag alloy with the eutectic temperature of 221°
C. is good in thermal fatigue characteristics, however, from
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the practical point of view, in some cases it is required to be
even further improved in thermal fatigue characteristic and
have a higher melting point.

The Sn—Sb alloy is relatively higher in strength and is
thus better than the Sn—Pb alloy. The Sn—Sb alloy contains
8.5% by weight of Sb, has a peritectic point at 245° C., and
Sb is used normally in an amount of less than 8% by weight.
Since melting takes place between melting temperature 232°
C. of Sb and the peritectic temperature 245° C., the solid-
liquid coexistence area is small, the heat resistance is good,
and one which is high in strength can be obtained by
increasing the Sb content. However, the Sn—Sb alloy has
problems in that it becomes degraded in processability when
the Sb content is increased, and becomes low in wettability
at soldering. Then, a solder alloy in which silver, copper, and
nickel are added to the Sn—Sb alloy is known as one which
is improved in thermal fatigue strength and wettability of the
Sn—Sb alloy by suppressing the Sb content. However, since
such an alloy contains tin as a main component, it has a
problem in that when the solder alloy is melted an oxide film
is formed on the surface and wettability or solderability is
insufficient.

That is, in the Sn—Sb solder alloy, Sb is added to enhance
the thermal fatigue characteristic at the melting point 232°
C. to 240° C., and improvement of wettability and further
increase in strength are achieved by the addition of Ag, Cu,
and Ni.

Addition of Ag improves the fatigue strength and wetta-
bility. Ag exists in high concentration at crystal grain
boundary, and suppresses movement of the crystal grain
boundary thus improving the fatigue strength. However, the
Sn—Ag alloy has an eutectic point (eutectic temperature) of
221° C. at Sn-3.5 wt % Ag, and decreases in melting point
by the addition of Ag, the decrease in melting point can be
made up for by adding Cu and Ni to increase the melting
point. Ag is added in an amount of 3 wt % and an alloy
containing 6 wt % Ag has the same level of strength. When
the Ag content exceeds 3.5 wt %, since the melting point
(liquid phase temperature) is increased which requires an
increase in the soldering temperature in order to ensure the
wettability, and this further results in increased solid-liquid
coexistence area.

Addition of Cu forms a solid solution in Sn and improves
heat resistance and alloy strength without degrading the
wettability. When Cu is added in an amount of more than 3
wt %, the melting point (liquid phase temperature) sharply
increases. Further, as pointed out in Japanese Patent Appli-
cation Laying-open No. 5-50286, formation of intermetallic
compounds (CusSn and the like) increases, resulting in
degraded fatigue strength. Even 0.5 wt % addition of Cu
improves the strength.

Addition of Ni, since which is high in melting point
(1450° C.), provides thermal stability of the alloy, formation
of fine crystal texture, improvement of thermal fatigue
characteristic by formation of a Ni—Sn compound, and
suppresses formation of intermetallic compound (Cu,Sn)
which decreases joining strength when soldered with a Cu
substrate. When the Ni content is increased (more than 5 wt
%), alloy production becomes difficult, and viscosity
becomes high at soldering which decreases solder spreading.
When the Ni content is less than 1.0 wt %, the strength and
wettability are improved. When the Ni content exceeds 1 wt
%, the resulting alloy becomes hard and rolling processabil-
ity is impaired.

SUMMARY OF THE INVENTION

In view of the above described points, a first object of the
present invention is to provide a Sn—Sb solder alloy by
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improving a Sn—Sb alloy containing silver, copper, and
nickel, which has a good strength and is thermally stable,
and is good in solderability.

A second object of the present invention is to provide a
Sn—Sb solder alloy by improving a Sn—Sb solder alloy,
which is good in wettability and thermal fatigue strength.

A third object of the present: invention is to provide a
Sn—Ag solder alloy by improving a Sn—Ag alloy, which
has a good strength, is thermally stable, and is good in
solderability.

In a first aspect of the present invention, there is provided
a solder alloy comprising:
0<Sb=3.5;
0=Ag=4.0; and
a predetermined amount of at least one of first and second
additives for improving solder characteristics, in addi-
tion to In as a main component.
Here, the first additive mal, be at least one selected from
a group consisting of:
0<Cu=1.0 (weight %); and
0<Ni=1.0 (weight %).
The second additive may be at least one selected from a
group consisting of:
0<P=1.0 (weight %), and
0<Ge=1.0 (weight %).
In a second aspect of the present invention, there is
provided a solder alloy comprising:
0<Ag=4.0 (weight %); and at least one of
0<Cu=2.0 (weight %) and
0<Ni=1.0 (weight %), in addition to Sn as a main
component.

Here, the solder alloy may further comprise at least one
additive selected from a group consisting of:

0<P=1.0 (weight %), and

0<Ge=1.0 (weight %).

The above and other objects, effects, features and advan-
tages of the present invention will become more apparent
from the following description of the embodiments thereof
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an enlarged diagram of part of a regular
tetrahedron showing an optimum compositional area of a
solder alloy comprising Sn, Sb, Ag, and Cu;

FIG. 2 is an enlarged diagram of part of a regular
tetrahedron showing an optimum compositional area of a
solder alloy comprising Sn, Sb, Ag, and Ni;

FIG. 3 is an enlarged diagram of part of a 5 regular
tetrahedron showing an optimum compositional area of a
solder alloy comprising Sn, Sb, Ag, and Ni+Cu.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention provides compositions of tin-based
solder alloy which can be grouped into two types.

One type of the solder alloy is of Tin (Sn)}—Antimony
(Sb). That is, a solder alloy comprises: 0<Sb=3.5;
0=Ag=4.0; and a predetermined amount of at least one of
first and second additives for improving solder
characteristics, in addition to Sn as a main component. The
first additive is provided for improving the properties of
thermal resistance, strength, thermal fatigue, and bonding
strength to a Cu substrate. Thus, the first additive may be at
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least one selected from a group consisting of: 0<Cu=1.0
(weight %); and 0<Ni=1.0 (weight %). The second additive
is provided for improving the properties of preventing an
oxidation of metallic components in the alloy. Thus, the
second additive may be at least one selected from a group
consisting of: 0<P=1.0 (weight %); and 0<Ge =1.0 (weight
%).

Another type of solder alloy is of Tin (Sn)—Silver (Ag).
The solder alloy comprises: 0<Ag=4.0 (weight %),
0<Cu=2.0 (weight %); and O0<Ni=1.0 (weight %), in addi-
tion to Sn as a main component. The solder alloy may further
comprise at least one additive selected from a group con-
sisting of: 0<P=1.0 (weight %); and 0<Ge=1.0 (weight %)
for improving the properties of preventing an oxidation of
metallic components in the alloy.

Hereinafter, we will describe embodiments of those alloys
in detail.

(1) Sn—Sb solder alloy with Cu and/or Ni

A first embodiment of the solder alloy is a Sn—Sb type
solder alloy containing tin (Sn) as a main component.

FIG. 1 is an optimum compositional area diagram of a
solder alloy comprising Sn, Sb, Ag, and Cu, FIG. 2 is an
optimum compositional area diagram of a solder alloy
comprising Sn, Sb, Ag, and Ni, and FIG. 3 is an enlarged
diagram of part of a regular tetrahedron showing an opti-
mum compositional area of a solder alloy comprising Sn,
Sb, Ag, and Ni+Cu.

In these diagrams, the optimum compositional area is one
which is surrounded by f1, £2, £3, f4, 5, £6, £7, and 18, or
surrounded by {1, 2, £3, f4, £9, 10, f11, and f12. However,
a plane surrounded by fl1, f2, f3, and f4 is not included.
When n is an integer from 1 to 12, fn (Sb wt %, Ag wt %,
Cu wt % or Ni wt % or (Cu+Ni) wt %, Sn wt %) indicates
a solder composition within the regular tetrahedron. Weight
% of a metal is a length of a perpendicular line drawn from
each composition to the four planes when the height of the
regular tetrahedron is assumed as 100. In (Cu+Ni) wt %,
each of Cu and Ni is 1.0 wt % or less.

f1 (2.5, 1.0, 0, 96.5), f2 (3.5, 1.0, 0, 95.5), £3 (3.5, 3.5, 0,
93.0), f4 (2.5, 3.5, 0, 94.0), {5 (2.5, 1.0, 1.0, 95.5), {6 (3.5,
1.0, 1.0, 94.5), 7 (3.5,3.5, 1.0, 92.0), f8 (2.5, 3.5, 1.0, 93.0),
9 (2.5, 1.0, 2.0, 94.5), 10 (3.5, 1.0, 2.0, 93.5), f11 (3.5, 3.5,
2.0, 91.0), f12 (2.5, 3.5, 2.0, 92.0).

Solder alloys are fabricated by melting the respective raw
material metals Sn, Sb, Ag, Cu, Ni in an electric furnace.

EXAMPLE 1

Sn—Sb alloys comprising the compositions shown in
Table 1 were fabricated as shown below, and the respective
alloys were measured for physical characteristics.

The raw material metals used in the present example had
purities of 99.99 wt % or better. The molten raw materials
were cast into a molding die to fabricate a test specimen (3
mm¢), and part of the molten materials was used for
wettability measurement. Tensile test was performed on the
above test specimen at a distortion velocity of 0.2 % per
second at room temperature. The wettability was measured
by a meniscograph method using a flux (RMA type). The
solder raw materials were heated to 280° C. to melt, and a
2 mm¢ copper wire was immersed therein to measure a
wetting power.

Melting point, tensile strength, fracture elongation, and
wetting power of the alloys of respective compositions are
shown in Table 1. Numerals showing the compositions in the
Table are represented in % by weight.
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TABLE 1

Melting  Tensile Wetting

point strength  Flongation  power
Sb Ag Cu Ni  Sn °c) (kg/mm?) (%) (mN)
§ — — — remnant 411 43 1.2
7 — — — remnant 431 47
5 — — — remnant 2437235 2.42 84 1.24
4 — — — remnant 2.73 44 1.27
3 — — — remnant 240/235 1.21 137 1.32
3 — 05— remnant 2.36 25 1.39
3 — 1 — remnant 235/230 3.64 45 1.33
3 — — 0.5 remnant 3.53 18 1.51
3 1 — 0.2 remnant 6.04 34 1.33
3 1 0.5 0.2 remnant 5.34 14 1.3
3 1 1 — remnant 233/222 5.34 32 1.33
3 1 1 0.5 remnant 232/220 4.73 21 1.45
3 1 1 1 remnant 234/220 4.48 20 1.45
3 3 — 0.5 remnant 231/225 7.13 17 1.48
3 3 0.5 0.2 remnant 7.04 17 1.5
3 3 0.5 0.5 remnant 229/220 7.14 16 1.5
3 6 0.5— remnant 226/220 6.36 29 1.38
3 6 — 0.5 remnant 230/224 597 10 1.5
3 6 0.5 0.5 remnant 228/221 6.67 8 1.51

As shown in the table, when the Sb content in the Sn—Sb
alloy is increased, the tensile strength is increased, however,
the wettability tends to decrease.

When the Ag addition amount is increased, an improve-
ment of strength is noted. However, the increase in strength
is on nearly the same level even when 4 wt % or 6 wt % of
Ag is added. Ag is effective for improving the wettability
without substantially decreasing the melting point, however,
when it exceeds 3.6 wt %, the melting temperature (liquid
phase line) is increased, which requires an increase in
working temperature, and the solid-liquid coexistence area
with the eutectic temperature 221° C. (solid phase line)
becomes large. Therefore, proper addition amount of Ag for
improving the wettability is 1 to 3 wt %.

Since addition of Cu and/or Ni to Sn-3 wt % Sb improves
the strength, it is found to provide a reinforcing effect.
Addition of Ni in an amount of 0.5 wt % or 1.0 wt % to Sn-3
wt % Sb-1 wt % Ag 1 wt % exhibits good wettability, and
it is found that both the strength and wettability are
improved by a composite addition. Further, in Sn-3 wt %
Sb-3 wt % Ag, addition of 0.5 wt % of Cu and Ni is the
highest in strength, and the wettability is also better than
Sn-5 wt % Sb solder alloy and Sn-8 wt % Sb solder alloy.
By composite addition of 3 wt % Ag, 0.5 wt % Cu and 0.5
wt % Ni to Sn-3 wt % Sb solder alloy, the strength is
increased by a factor of 3 to 5. Although single addition of
Cu or Ni has a strength improvement effect, composite
addition is more effective for improving the thermal fatigue
strength.

Sn—Sb alloy has a melting point in the range of 230-245°
C., and is characterized by a superior thermal strength,
however, is inferior in wettability. As can be seen from the
measurement results obtained in the above example, by
adding Ag, Cu, and/or Ni, a solder alloy can be obtained
which is considerably superior in strength, has a heat
resistance, and has an improved wettability as compared
with Sn—Sb solder alloy containing more than 4 wt % of Sb.

Accordingly, the solder alloy of the present example
comprises Sn as a main component and also comprises:
0<Sb=3.5; 0<Ag=4.0; and optionally a predetermined
amount of at least one of 0<Cu=1.0 (weight %); and
0<Ni=1.0 (weight %). Thus, the solder alloy is considerably
superior in terms of strength, has a heat resistance, and has
an improved wettability as compared with Sn—Sb solder
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alloy containing more than 4 wt % of Sb. Further, the present
alloys are preferable in view of environment since they do
not contain lead.

(2) Sn—Sb solder alloy with first additive (Cu and/or Ni)
and second additive (P and/or Ge)

Next, we will describe another Sn—Sb solder alloy which
comprises further components. That is, the solder alloy
further comprises: at least one selected from a group con-
sisting of: 0<P=1.0 (weight %); and 0<Ge=1.0 (weight %)
for further improving strength and wettability of the solder
by preventing an oxidation of metallic components in the
alloy, in addition to Ag, Cu, and/or Ni. Each of those
components responsible for the characteristics of the alloy as
follows.

Addition of Sb to Sn improves heat resistance of the alloy.
Further, since Sb forms a solid solution in Sn to enhance
strength and thus improves the thermal fatigue strength of
the alloy. Still further, Sb in conjunction with other added
elements improves wettability and mechanical strength.

Addition of Ag to Sn improves heat resistance, fatigue
strength and wettability of the alloy. Ag exists in high
concentration at crystal grain boundary, which suppresses
movement of crystal grain boundary, thus improving fatigue
strength of the alloy. Further, since Ag with a melting point
of 980° C. improves heat resistance of the alloy, the thermal
fatigue strength is improved. Sn—Ag alloy has an eutectic
point at 3.5 wt % of Ag and at a temperature of 221° C.
When Ag content exceeds 3.5 wt %, the liquid phase
temperature is increased, and the soldering temperature must
be increased to ensure the wettability, resulting in even
larger solid-liquid coexistence area. Alloys containing 3 wt
% and 6 wt % Ag are the same level in strength.

When Cu is added, Cu forms a solid solution in Sn, which
improves strength and heat resistance of the alloy without
degradation of wettability. When the soldered metal is Cu,
this suppresses dissolution of Cu from the soldered metal to
the solder alloy. When Cu content exceeds 3 wt %, the
melting temperature (liquid phase temperature) sharply
increases. Further, Japanese Patent Application Laid-open
No. 5-50286 points out that in this case formation of an
intermetallic compound (Cu;Sn) increases, which results in
degraded fatigue strength. In the following examples, the Cu
content was less than 1.0 wt % to prevent degradation of
fatigue strength due to excessive formation of intermetallic
compounds.

When Ni is added, since Ni has a high melting tempera-
ture (1450° C.), thermal stability of the alloy is improved.
Further, addition of Ni forms fine crystal texture, or forms
Ni—Sn compounds, thereby improving strength and thermal
fatigue characteristic. Still further, when soldering a Cu
substrate, addition of Ni suppresses formation of an inter-
metallic compound (Cu,Sn) which degrades the soldering
strength. When Ni content exceeds 5 wt %, alloy production
becomes difficult, and viscosity at soldering becomes high
which decreases solder spreading. In the following
examples, the Ni content was less than 1.0 wt % to improve
rolling processability.

When P and/or Ge are added, a thin oxide film is formed
during solder melting, which suppresses oxidation of solder
components such as Sn. When the addition amount is
excessive, oxide film due to P and/or Ge becomes exces-
sively thick, which has adverse effects on solderability. In
the following examples, the addition amount of P or Ge was
0.05-0.20 wt %.

When Ag, Cu, and/or Ni and further P and/or Ge are added
to Sn—Sb alloy, a solder alloy with improved strength and
solderability is obtained.
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In the following examples, solder alloys can be fabricated
by melting respective raw materials of Sn, Ag, Cu, Ni, Ge,
and Sn-P mother alloy in an electric furnace. The Sn-P
mother alloy is prepared by previously melting Sn and P. The

8
EXAMPLE 4

A Sn—Sb alloy having a composition of 3.0 wt % of Sb,
1.0 wt % of Ag, 0.5 wt % of Cu, 0.5 wt % of Ni, 0.05 wt %
of Ge, and remnant of Sn was fabricated.

respective raw materials used have purities of 99.99 wt % or 5
more. The composition of the alloy is 0<Sb=3.5;
0=Ag=4.0; and a predetermined amount of at least one of EXAMPLE 5
first and second additives for improving solder A Sn—Sb alloy having a composition of 3.0 wt % of Sb,
characteristics, in addition to Sn as a main component. The 1.0 wt % of Ag, 0.5 wt % of Cu, 0.5 wt % of Ni, 0.10 wt %
first additive is provided for improving the properties of 10 of Ge, and remnant of Sn was fabricated. 5
thermal resistance, strength, thermal fatigue, and bonding
strength to a Cu substrate. Thus, the first additive may be at EXAMPLE 6
least one selected from a group consisting of: 0<Cu=1.0 . ..
(weight %); and 0<Ni=1.0 (weight %). The second additive A Sn—Sb alloy having a composition of 3.0 wt % of Sb,
is provided for improving the properties of preventing an 15 1.0 wt % of Ag, 0.5 wt % of Cu, 0,'5 wt % of Ni, 0.05 wt %
oxidation of metallic components in the alloy. Thus, the of F, and remnant of Sn was fabricated.
second additive may be at least one selected from a group
consisting of: 0<P=1.0 (weight %); and 0<Ge=1.0 (weight EXAMPLE 7
%). By the way, the amount of Ag to be added can be A Sn—Sb alloy having a composition of 3.0 wt % of Sb,
determined as follows. When the Ag content is increased, 20 1.0 wt % of Ag, 0.5 wt % of Cu, 0.5 wt % of Ni, 0.20 wt %
strength is improved. Addition of 4.0 wt % or less of Ag of P, and remnant of Sn was fabricated. Comparative
increases the strength, however, the strength is on nearly the Examples 1 to 5
same level even when the Ag content is increased to 6.0 wt
%. Ag is an addition element which is effective for improv- Conventional tin-antimony alloys comprising Sn
ing the wettability without substantially decreasing the melt- 25 and Sb.
ing temperature, however, when the Ag content exceeds 3.5
wt %, the melting temperature is increased requiring an Comparative Examples 6 to 21
ipcréase mn .workmg temperature, resulting in 1 arger solid- Conventional tin-antimony alloys obtained by adding at
iquid coexistence arca. Therefore, an appropriate Ag con- 1 . . .
. . L east one of Ag, Cu, and Ni to tin-antimony alloys.
tent for improving the strength and wettability is 4.0 wt % 30
or less. Tensile test of the resulting solder alloys was performed
at room temperature. Wettability was measured by a menis-
EXAMPLE 2 cograph method using a flux (RMA type).
A Sn—Sb alloy having a composition of 3.0 wt % of Sb, Teqsﬂe strengt.h, fracture eloqgatlon, wetling power, and
35 magnitude of oxide film formation at solder melting of the
1.0 wt % of Ag, 0.5 wt % of Cu, 0.05 wt % of Ge, and . . . .
t of Sh was fabricated. solder alloys accgrdmg to the Prc?sent mventlog are shown in
femnan Table 2 along with characteristics of conventional Sn—Sb
SXAM alloys and those which are mixed with at least one of silver,
E PLE 3 copper, and nickel. In Table 2, mark A indicates considerable
A Sn—Sb alloy having a composition of 3.0 wt % of Sb, 40 formation of oxide film, mark O indicates small formation
1.0 wt % of Ag, 0.5 wt % of Cu, 0.05 wt % of P, and remnant of oxide film, and mark @ indicates very small formation of
of Sn was fabricated. oxide film.
TABLE 2
Melting  Tensile Wetting
point strength  Elongation power  Oxide
Sb Ag Cu Ni P Ge Sn (°c) (kg/mm?) (%) (mN) film
Comp. Ex. 1 80 — — — — — remnant 4.1 43 1.2 A
Comp. Ex. 2 70 — — — — —  remnant 4.31 47 A
Comp. Ex. 3 50 — — —  — —  remnant 243/235 2.42 84 1.24 A
Comp. Ex. 4 40 — — — — —  remnant 2.73 44 1.27 A
Comp. Ex. 5 30 — — —  — —  remnant 240/235 1.21 137 1.32 A
Comp. Ex. 6 30 — 05 — — —  remnant 2.36 25 1.39 A
Comp. Ex. 7 30 — 10 — — —  remnant 235/230 3.64 45 1.33 A
Comp. Ex. 8 30 — — 0. — —  remnant 353 18 1.51 A
Comp. Ex. 9 30 1.0 — 02 — —  remnant 6.04 34 1.33 A
Comp. Ex. 10 3.0 1.0 05 — — —  remnant 4.73 28 1.35 A
Example 2 30 1.0 0.5 — — 0.05 remnant 5.87 29 1.37 o
Example 3 30 1.0 05 — 0.05 — remnant 431 28 1.25 &)
Comp. Ex. 11 3.0 1.0 05 02 — —  remnant 5.34 14 1.3 A
Comp. Ex. 12 30 1.0 05 05 — —  remnant 235/221 5.7 21 1.4 A
Example 4 30 1.0 05 05 — 0.05 remnant 6.72 6.4 1.52 o
Example 5 3.0 1.0 05 0.5 — 010 remnant 6.9 12 1.5 o
Example 6 30 1.0 0.5 0.5 005 — remnant 5.19 23 1.3 [N
Example 7 3.0 1.0 05 0.5 0.20 — remnant 5.3 19 1.25 [0
Comp. Ex. 13 30 1.0 1.0 — — — remnant 233/222 5.34 32 1.33 A
Comp. Ex. 14 30 1.0 1.0 05 — —  remnant 232/220 5.6 15 1.45 A
Comp. Ex. 15 30 1.0 1.0 1.0 — —  remnant 234/220 5.7 17 1.45 A
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