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Abstract: The effects of Ni content, soldering temperature and time on the IMC thickness in Sn-3Ag-0.5Cu and
Sn-3Ag-0.5Cu-0.2Co alloys were researched using uniform design method and computer programs. For each alloy, the factors were
divided into three levels in the experiment. Two correlative equations are given by regression. They indicate that the effects of three
factors on the function are in the mutual and quadratic forms. And the analysis of variance shows the equations are sound and
meaningful. Using the equations, it is easy to search, predict and control the IMC thickness. The existence of element Co accelerates

the crystallization and growing up of IMC.
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1 Introduction

Due to environmental concerns over lead containing
solders, the electronic industry has been actively
searching for lead free solders for nearly two decades.
The European legislation has become effective on July 1,
2006, and almost all Japanese major electric and
electronic manufacturing companies will finish their
development of lead free soldering [1].

To replace the traditional solder Sn-Pb alloys, the
lead-free systems have been developed. Among the
various alloy systems being considered as lead-free
solder candidates, Sn-Ag-Cu alloys have been
recognized as the most promising material because of
their excellent reliability and compatibility with current
components, many of which have Sn-Pb surface finish
[2—-4].

Generally speaking, lead free solders desire many
characteristics, namely, adequate melting point, wetting
or spreading behavior and many merits of physical,
mechanical properties. But very different from the
traditional Sn-Pb alloys, the lead-free systems always
form intermetallic compounds(IMCs). Sometimes the
IMCs improve the mechanical, fatigue and -creep

properties. But they have a brittle nature, so they have
drawbacks especially growing thick at the solder/
substrate interface[5—7].

IMCs formed both at the solder/substrate interface
and within the solder during reflow exhibit different
morphological features and mechanical properties
depending on the conditions employed. The thickness of
the IMC layer depends on a number of factors, such as
temperature, time, volume of solder, property of the
solder alloy and morphology of the deposit. Many
investigators have studied the intermetallic formation in
the liquid solder/solid substrate interface [8—11]. And
intermetallic growth rate for solid-liquid couples is
significantly faster compared with growth rate for
solid-solid couples. In some papers the intermetallic
compound growth in the Sn-Ag-Cu lead-free solder and
on the joint has been studied [12—14].

Based on uniform design thought, method and
computer software [15], the practical correlation between
IMC thickness and three factors was searched in this
study. The experimental points were arranged according
to this method and software, and the data was dealt with
it too. By this method, it can be judged that if the
correlation exist and can give quantitatively the
influenced pattern and degree of the factors on the thick-
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ness. The alloys selected are Sn-3Ag-0.5Cu (abbreviated
as 0Co) and Sn-3Ag-0.5Cu-0.2Co (abbreviated as
0.2Co).

2 Experimental

In the experiment, the solder composition (Ni
content), soldering temperature and soldering time are
taken as three factors, that is, three variables, and the
IMC thickness as function. Tables 1 and 2 give the
design plan and the experimental point distribution by
uniform design computer program. And each factor is
divided into three levels. The Ni and Co contents are in
the nominal chemical composition.

0, 0.05% and 0.1% Ni were put into Sn-3Ag-0.5Cu
solder alloy or Sn-3Ag-0.5Cu-0.2Co solder alloy
separately. These alloys were obtained from commercial
company according to the nominal chemical composition
in Tables 1 and 2 in the form of solid wire. The size of
Cu plates are 30 mm X 30 mm X 0.3 mm. The soldering
was done in a box furnace (SMT Scope SA-5000 D1).

Before soldering, the Cu plates were rinsed in
hydrochloric acid ethanol solution and cleaned with

ethanol. The solder wire was cut for 0.3 g and circled.
After cleaning with ethanol, put it on the Cu plate and
add RMA flux. The soldering process was protected
using nitrogen air with flowing rate of 2 L/min. The
heating profile model is shown in Fig.l. The final
temperature and time are different for every specimen
according to Tables 1 and 2.

265C

Temperature

100 °C, 25 min

Time

Fig.l Heating temperature and keeping time profile for
soldering

Table 1 Experimental point distribution and thickness measuring result according to uniform design (0Co)

Experiment W(Co)/% X.l, . X5, . Xz, a . Y,
No. w(N1)/% Time/min Temperature/C Thickness/um (Average)

1 0 0 5 265 3.8 42 4.0 43 40 (4.06)

2 0 0.05 3 265 7.3 6.5 6.5 7.0 63  (6.72)

3 0 0.10 1 265 6.7 6.5 59 6.4 57  (6.24)

4 0 0 5 250 3.9 3.5 43 3.7 3.7 (3.82)

5 0 0.05 3 250 5.6 7.0 6.0 5.5 6.6 (6.14)

6 0 0.10 1 250 5.5 43 4.1 5.4 57  (5.00)

7 0 0 5 235 3.1 4.0 3.7 3.1 4.1 (3.60)

8 0 0.05 3 235 5.4 5.8 4.9 52 4.7  (5.20)

9 0 0.10 1 235 42 5.0 4.6 42 42 (444
Table 2 Experimental point distribution and thickness measuring result according to uniform design (0.2Co)
Experiment W(Co)% X‘l, . X5, A Xz, o ‘ Y,

No. w(Ni)/% Time/min Temperature/C Thickness/um (Average)

1 0.2 0 5 265 13.3 12.7 14.4 13.8 14.6 (13.76)

2 0.2 0.05 3 265 105 106 124 102 114 (11.02)

3 0.2 0.10 1 265 8.4 83 7.6 8.8 85 (832

4 0.2 0 5 250 13.0 122 9.5 9.8 112 (11.14)

5 0.2 0.05 3 250 8.2 8.2 7.9 7.9 8.8 (8.20)

6 0.2 0.10 1 250 6.4 6.1 5.8 6.7 7.6  (6.52)

7 0.2 0 5 235 8.4 6.7 6.7 10.1 112 (8.62)

8 0.2 0.05 3 235 49 6.2 6.1 5.5 7.0  (5.94)

9 0.2 0.10 1 235 47 49 58 49 49  (5.04)
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After soldering, the specimens were cleaned with
ethanol in the ultrasonic box and blown dry. Then the
specimens were cut and mounted in an epoxy-molding
compound. When polishing was finished, the final IMC
thickness measurement was done with digital optical
electronic microscope (KEYENCE VH-7000).

3 Results and discussion

3.1 IMC thickness measurement, regressive figures

and quotations

The thickness measuring results are shown in the
Tables 1 and 2. The optical morphologies of thickness
measuring examples are shown in Fig.2. And for every
specimen the measurement has been conducted 5 times.
Then put the data of Tables 1 and 2 into computer,
Figs.3—5 and the equations are regressed out using
uniform design and data processing program.

X: 94.1 um
¥: 3.8 ym
D: 942 um

Fig.2 Optical images of thickness measuring examples:
(a) 0.2Co-0Ni, 265 °C, 5 min; (b) ONi, 265 ‘C, 5 min

Fig.3 shows the relationship between Ni content and
IMC thickness (0.2Co). It shows the quadratic/parabolic
curve feature. Figs.4 and 5 show the isograms of IMC
thickness for 0Co and 0.2Co. The former is from Ni
content and time, the later from Ni content and
temperature. And it is apparent that the IMC thickness
increases as the Ni content, soldering temperature and
time increase.

Two equations give the correlations between the
IMC thickness and three factors (Ni content, time and
temperature above solder liquidus during the soldering).
Eqn.(1) indicates that Ni content and soldering time
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Fig.3 Relationship between Ni content and IMC thickness
(0.2Co)
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Fig.4 Isograms of IMC thickness (0Co)
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Fig.5 Isograms of IMC thickness (0.2Co)

have pronounced mutual effect on the function, and
elevated temperature has quadratic effect. Eqn.(2) shows
that Ni content and elevated temperature has significant
quadratic effect separately, while elevated temperature
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and time have mutual effect:

Y(0Co)=—1.452 42+1.453 33 X 10X,X,+8.405 03 X
107°X3.X5 (1)

¥(0.2C0)=—1.360 20 X 10+2.299 70 X 10°X,.X;+
6.866 89X 10X, X5+2.586 39 X 10 *X3X;  (2)

Moreover, it is clear that the two equations are
different though the three factors do have effects on the
function. They indicate that the effects of factors on the
function are not always individual, linear and simple, and
the most forms are mutual, quadratic and complex.

3.2 Reliability of regressive equations

The analyses of variance with mathematical
statistics to validate Eqns.(1) and (2) are listed in Tables
3 and 4.

The results of analysis of variance mean that the
two equations are true and notable. Figs.6 and 7 give the
results of test and calculation. It is apparent that the
results of test and calculation are consistent.

3.3 Searching and predicting
With uniform design and regressive analysis
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Table 3 Analysis of variance on regressive equation (0Co)
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Fig.7 Data (0.2Co) by test (circle) and calculation (square)

program, the searching, optimizing and predicting can be
done. For example, the minimum and maximum IMC
thickness is 3.6, 6.72 pm (0Co) and 5.04, 13.76 pm
(0.2Co) respectively in the experiment. It is searched,
optimized and predicted as 3.18, 11.717 um under the
condition of X;=0, X,=1, X3=235 and X;=0.1, X>=5,
X;5=265 (0Co). It is searched, optimized and predicted as
2.312, 15.980 um under the condition of X;=0, X,=1,
X5=235 and X1=0.1, X,=5, X3=265 (0.2Co). So it is easy
to control the IMC thickness by changing conditions.

By comparing Table 1 and Table 2, it is clear that
the existence of element Co accelerates the
crystallization and growing up of IMC. The
mechanism will be discussed later.

4 Conclusions

1) Two correlative equations are given by regression.
They indicate that the effects of Ni content, soldering
temperature and time on the IMC thickness in Sn-3Ag-
0.5Cu and Sn-3Ag-0.5Cu-0.2Co alloys are in the mutual
and quadratic forms.

Source of variance Square sum Degree of freedom Even square sum Notable degree
Regression 9.777 6% 10° 2 4.888 8 10° When 0=0.01
Surplus 6.0223%x107" 6 1.003 7X107° F(Calculated)=4.870 7 X 10"
Total 1.038 0X 10" 8 - F(2,6)=1.092 5X 10"

Table 4 Analysis of variance on regressive equation (0.2Co)

Source of variance Square sum Degree of freedom Even square sum Notable degree
Regression 6.253 0x 10" 3 2.084 310" When 0=0.01
Surplus 5.6856X107" 5 1.1371X10™" F(Calculated)=1.833 0 10
Total 6.309 810" 8 - F(3, 5=1.206 0% 10"
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2) The analysis of variance with mathematical

statistics shows that the two equations are sound and

meaningful.

3) Using the two equations and computer program,

it is easy to search, predict and control the IMC thickness
in this alloy systems or control the IMC thickness by
adjusting the parameter.

4) The existence of element Co accelerates the

crystallization and growing up of IMC.
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