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Abstract

A thorough knowledge of the mechanical and fracture properties of solder materials
is required both for life-prediction and alloy development. Often only a limited
amount of material isavailable precluding the usage of full-size specimens and thus
hardnesstesting isusually resorted to, which, however, would not givethefull stress
vs strain characteristics. Whereas, these stress vs strain characteristics can be
obtained using the ball indentation. We applied the recently developed Automated
Ball Indentation (ABI) tester to evaluatethe strain-rate-sensitivity (SRS) of Sn5%Sh
solder material at room temperature by varying the indenter velocity over three
orders of magnitude. Constant load creep tests were also performed on the same
material which covered the low strain-rate range and were in good agreement with
ABI. The tensile test results exhibited dight deviation albeit in reasonable
agreement with creep and ABI data. Whilepower-law stressdependenceisobserved
at low stresses, results at high (>1.2x10°E) stresses followed an exponential law
characterized by an activation area of ~100b>. The underlying deformation
micromechanism is discussed.

Introduction
Currently there is an extensive effort in the development of |ead-free solders for applications in
electronic packaging and Sn5%Sb has been characterized as a credible candidate particularly in
multi-chip packagesand arrangementswhere sol der material swith varied melting pointsare needed
[10]. While the melting point of this aloy (518K) is high, it has good creep resistance and
mechanical strength aswell asductility at ambient. In addition, it has good wettability with 43+4°
contact angle. The mechanical properties and creep characteristics have been studied (and also
under investigation) in the bulk using the standard tensile and creep specimens[2]. Thereisadire
requirement to devel op techniques to characterize the mechanical, creep, and fatigue properties on
the solder structures so that these properties can be gleaned in the real situations where the amounts
of material available are very small and thus the properties could be different. Moreover, such
methodologies will be of great value in monitoring the in-service degradation of the mechanical
characteristicswhichwill beuseful inevaluating life-extension and integrity of such structures[3,4].
Thus these techniques should also be non-destructive and of course cost effective. One such
techniqueisthe Automated Ball Indentation (ABI) which has been demonstrated to yield the stress-
strain behaviors of many structural metals such as ferritic steels, stainless steels, aluminum alloys
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etc. [5,6]. Whilethe ideaof ball indentation is not new [8], the uniqueness of ABI liesin the fact
that thistechnique does not require post measurement of the diameter of indentation using el aborate
profilometry, optical interferometry, etc., which render the traditional methodology unsuitable for
on-line monitoring of the mechanical properties of structures in-service. We apply this ABI
technique to characterize the stress-strain characteristics of Sn5%Sh alloy using the recently
developed stress-strain microprobe (also know as field indentation microprobe) and obtain the
strain-rate sensitivity or the stress exponent at ambient for comparison with the tensile and creep
tests on the same material. ABI isarelatively ssmple, rapid (~ few minutes) and nondestructive
technique, requires small amounts of material with essentially no specimen preparation, and can be
adopted for in-situ testing on real structures. Extensions of the methodology can be made for high
temperature studies as well as indentation fatigue, fracture [7], and creep.

Experimental Details

Materia

Tin-antimony alloy with chemical composition Sn-5%Sbh was obtained in the form of 1 mm thick
sheet from AlphaMetals, Inc. Flat tensile specimenswith agage length of 1.24 cm were machined
from the sheet parallel to therolling direction for tensile and creep testing. The shoulder portions
of these specimens were used for ABI tests so that the specimen to specimen scatter is eliminated
or minimized facilitating a direct comparison of the ABI and the standard mechanical tests. No
specific specimen preparation is necessary except to make sure that the specimen is flat and the
surfacesareparallel. A light mechanical polish wasgivento remove any surface contamination that
might have been accumulated.

ABI Testing

The ball indentation tests were performed on a table top system Model PortaFlow-P1 using a
tungsten carbide spherical indenter of diameter, D of 1.575 mm (0.061") with the maximum depth
of penetration (h,,,) of about 0.1 mm (0.004"). A photograph of the systemisshowninFig. 1a and
Fig. 1b depicts close-up of the indenter and LVDT arrangement. Theindenter velocity was varied
from 5.08x10™ to 0.508 mm/sec (2x10° to 0.02 in/sec) and the indentation load versus depth were
continuously measured using an on-line load cell and an LVDT, respectively (Fig. 1b). At the
maxi mumindentation depth of 0.1 mm, thediametersof indentationswerelessthan 0.375 mmwhile
the specimen thickness is about four times thisvalue. At the same time, because of the relatively
small (10 um) grain size alarge number of grainsis covered.

€)] Fig. 1 (b)
Table-Top ABI System Model PortaFlow-P1 (a) and Close-Up (b) of Indenter and LVDT
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Typical load versus deformation (depth) curves are included in figures 2a and 2b corresponding to
different indenter speeds. A number of tests could be performed in alimited space on the specimen
shoulder. All tests were completely computer controlled and the unloading portion at the end of
each ABI test was used to determine the system compliance which was eval uated by the computer
software.
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@ Figure 2 (b)
Indentation Load versus Depth Curves at Varied Indenter Speeds

In addition to the variousinput parameters, the system software package liststheresult for theyield
strength, work-hardening parameter, tensile strength as well as Brinell hardness along with many
other details. All of these results are printed in both the SI and English units for convenience. A
brief summary of therelevant equations used in the derivation of theflow propertiesisincluded here
while the details may be found in various references [5,6]. As noted in figures 2a and 2b, the
primary information obtai ned from ABI testscomprisestheindentation load (P) and the depth/hei ght
of penetration (h,). The system software calculates the plastic strain while the flow stresses are
evaluated using elastic and plastic analyses [5]. The true plastic strain is given by [8],

d

g,=02-2 . 1)
D

where d, and D are the plastic indentation diameter and diameter of indenter respectively. The

corresponding flow stressis calculated using [5,9],
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where o, isthe true indentation stress, P isindentation load and 0 is a parameter which depends on
the system compliance and indentation stresswith avaluebetween 1.12¢,, and 2.87c.,,,; o, isafactor
which dependsonthestrainrate sensitivity with avalue of unity for strain-rateinsensitive materials.
The plastic indentation depth, d,, is given by,
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Here, E; and E; represent the elastic moduli of the indenter and the specimen respectively. Aswe
note here, the parameter d, appearsin boththeleft and right hand termsand thus aniterative sol ution
is sought which the software of the system has the capability to evaluate. The plastic stress and
strain can be related by the power law,

0,=K sgl, 4

where K and n’ are the strength coefficient and the strain-hardening parameter respectively. From
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the fact that the strain-hardening parameter, n’, isequal to the true uniform strain, one can evaluate
the tensile stress (o),

ors = K ()", ©)

The ultimate tensile st;ength (nominal value) isthen obtained from

_wsy
UTS—K{e}n. ©)

In addition to the UTS, one often requires the yield strength which can also be obtained from the
flow rule. However, it isfound to be convenient to rel ate the indentation load and diameter through
Meyer’s coefficient (m’),

P _ A/ di m’-2
d_iz =A {B} . @)
The constant A’ isamaterial parameter through which one may find the yield strength (o),
o,=B,A". (8)

In this equation, B,,, isamaterial constant and has a value of 0.2285 for carbon steels. Extensive
correlations by Haggag et a [5-7] revealed good correl ation between ABI and tensile datafor many
ferritic steelswith essentially identical B,,, value. Another factor that is derived from the ABI data
and is a part of the system software is the Brinell hardness (HB) obtained from,

P
HB = 2 max : 9

nDD_ /Dz_déax

It is clear from the above description that many useful mechanical property data can be obtained
from ABI and extensive correlations have been made for many structural metals.

Results and Discussion

Figures 2a and 2b depict the indentation load versus depth of penetration curves for Sn5%Sb
obtained at varied indenter speeds corresponding to different strain-rates. The strain-rate is
evaluated from 2th‘e/: indenter speed [9],

Ve

5d, (10)

wherev; istheindenter velocity and d, isthe plastic indenter diameter at the point of interest. Table
1 summarizes the results and both the flow stress at 0.067 plastic strain and tensile stress are
included. Asexpected, the stressincreased with theincreasing strain-rate. Theeffect of flow stress
onthestrain-rateisshown onadoublelog plot in Figure 3which reveal sthat the data set breaksinto
two distinct regions.

At low stresses, the strain-rate followed a power-law equation such as is commonly noted in high
temperature deformation,

E=Ac"=A 0%, (114)
where n is the stress exponent which is the inverse of the strain-rate-sensitivity (m),

G=A§™, m=0222 (11b)
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At high stresses, strain-rates increase much faster and the data may be fit to asimilar equation with
n=8.6 (or m=0.116). However, an exponential stress dependence is more relevant as is shown
below. We now compare the ABI data with creep and tensile results.

Table 1
Room Temperature ABI Results - Sn-5%Sh 'r
Speci | Indenter | Strain- Flow | o+ F
-men |[Velocity| Rate | Stress* | Mpa Sn5%Sb o
" in/s Der sec Mpa § af Room Temperature i
7 | 2x105 [2.930x10%| 131 [311| & @} /
8 | 5x10° |7.326x10°| 165 |393| & ol o/
6 1x10* [1.465x10°| 18.6 | 44.1 Z ’
1 | 210" [2930<0°| 186 [496| § | :
2 | 2x10" [2.930x10%| 206 | 46.8 O AL - Flow Siress
3 1x10° [1.465x10%| 234 | 56.5
4 5x10° |7.326x10°| 289 | 65.5 '000110 <0
5 | 1x10? |1.465x10"| 296 | 69.6 stress, MPa
*al ¢, ~0.067 Fqure 3

Double-Log Plot of Strain-Rate versus Stress

As described in more detail by Mahidhara et al [2], creep tests were performed on Sn5%Sb using
adead-load creep machine on the same specimensonwhich ABI testsweremade. Figure4includes
the creep data plotted as the steady-state creep-rate versus applied stress, and we note that the creep
results fall below the ABI data, albeit they are parallel, both yielding values of 4.5 for the stress
exponent. The ABI data span relatively large stress and strain-rate range towards higher levels.
Mechanical properties derived from tensile tests at various temperatures and at room temperature
arealso included for comparison. We note that these data also fall below the ABI results although
the creep and tensile data are in closer agreement to each other.
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Figure 4 Comparison of ABI (Flow Stress) with Tensile and Creep Results
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It should be pointed out that the tensile test results correspond to the ultimate tensile stressesand a
correlation with creep isexpected only when ultimate tensile stressesareused. Thusin Figure5we
comparethe ABI resultsin termsof both the flow and tensile stresseswith those of creep, the slopes
of the curves yielding the strain-rate sensitivity, as is commonly done in the analyses of constant
strain-rate and strain-rate changetests[1,2]. We note aclose agreement between the creep and ABI
datawith ultimate tensile stressesin place of theflow stress. Although thereisno overlap of these
two data sets, high stress creep data extrapol ate to the low stress ABI results prior to the onset of the
very high stress regime corresponding to exponential stress dependence of the strain-rate.

The excellent correlation between creep and ABI (tensile stress) results and the deviation of the
tensile test data from these two sets indicate possible specimen-to-specimen differences since the
same specimens are used for creep and ABI tests. Since all the samples were taken form the same
lot of material, these material differencescannot beamajor factor. Itispossiblethat relatively large
strains accumulated prior to reaching maximum load in the tensile tests have an effect on the
calculation of thetrue stressand true strain-rate. More significantly, often theload maximumisnot
apoint but occurs over arelatively large displacement or strain thereby leading to deviations from
the exact tensile strength evaluation.
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Figure5
Log-Log Plot of Stress versus Strain-Rate-
Comparison of Tensile and Creep Results with ABI

Deformation Mechanism

Asisclear fromtheabovedescription, the appropriate correlationisachieved inusing ABI datawith
ultimate tensile stresses, and Figures 6a and 6b depict the effect of tensile stress on the strain-rate
in low and high stress regimes respectively. Thelow stressrangeis anayzed in terms of a power-
law while the high stress data are correlated using an exponential stress dependence. Thusthelow
stressregimeisshown on adouble-log plot (Fig. 6a) whiledatain the high stressregion are depicted
inasemi-log plot (Fig. 6b). Such dependencies are expected for Sn5%Sb at ambient because of its
low melting point, room temperature corresponds to relatively high homologous temperature
(=0.5T,,) where dislocation creep mechanisms become dominant.
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Stress Dependence of Strain-Rate in the Low (@) and High (b) Stress Regions

The slope of the line in Fig. 6a has a value of 4.5 (stress exponent) which indicates deformation
controlled by the dislocation mechanisms such as the climb of edge dislocations and motion of
jogged screw dislocations [10]. At stress equal to or higher than ~1.23x10° E, we find an
exponential variation of the strain-rate (Fig. 6b),

€§=A 0* (low stresses, Fig. 6a), (12a)
and
€ =A, €¥° (high stresses, Fig. 6b). (12b)

Here, B’ = 0.182 with o in Mpa. The critical stress for the transition from power-law creep to
exponential stress region is commonly referred to as the power-law breakdown, and the present
value of 1.23x10°E isin close agreement with creep data on many pure metals and alloys[10, 11].
Theexponential dependence of the strain-rate on the stressimpliesthat the deformation mechanism
is characterized by a stress-independent activation area, A*, given by,

2kT , dIné
A*Y="{—+— , 13 3
5 {do r (13)
SnSSWABI

where b isthe Burger’s vector. Physically, the Room Tempersture
activation area may be interpreted as the area T
swept out by a dislocation segment in
surmounting a barrier in its slip plane or the
area swept out between consecutive events.
ABI datain Fig. 6b yield a value of 96.5b% and
values of ~10b? to 100b* correspond to the
climb of the edge dislocations as the dominant
mechanism versus nonconservative glide of
jogged screw dislocation with a characteristic
activation areas in excess of 1000b* [12]. One
may combine the two equations (12a and 12b)
using a Sinh-function so that the whol e data set Figure7
may be described by a single equation,

strain-rale, per sec

0O
Sinh (0.0404 Stress}

Double Log Plot of Strain-Rate
versus Sinh (Bo )
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¢ = A (Sinh Bo )" = 1.235x10° (Sinh 0.040 )5, (14)

Here, € isinper secand o isin Mpa. Thisimpliesthat adouble plot of strain-rate versus Sinh Bo
should yield astraight line as indicated in Figure 7 with the slope of the line being 4.5.

Conclusions

ABIl isarelatively simpletechniqueto characterize mechanical properties of materialsin particular
solders. Roomtemperature ABI dataon Sn5%Sb correl ated well with both tensile and creep results.
Dislocation micromechanisms can beinvestigated using ABI testsat varied strain-rates. Compared
to conventional tests, ABI technique has many advantages: small amounts of material are adequate,
No extensi ve specimen preparation is necessary, extensionsto in-situ tests on real structures can be
made and thus the method is useful in monitoring in-service mechanical property changes. Further
work iswarranted for extension to high temperatures aswell asfor indentation fatigue, fracture and
creep testing using ABI technique.
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