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Abstract

Impression creep, wherein a flat-tipped cylindrical punch is used to load a small area of the specimen in nominally uniaxial compression,
enables testing of very small material volumes and miniaturized components with minimal sample preparation. One of the attractive features
of the impression creep test is its ability to establish steady-state within very short times for rapidly creeping materials. However, fgr relativel
slowly creeping materials, a considerable time is necessary for the evolution of a steady-state plastic zone under the punch, resulting ir
a prolonged period of decreasing creep rate even when the constitutive creep behavior is strain-independent. This test-dependent transie
behavior, where the creep rate decreases slowly even at very long test times, complicates the determination of true material creep parametel
Here, we discuss the source of this problem, and prescribe a methodology to substantially shorten the required test times in order to make th
test technologically attractive. Because of the emerging importance of lead-free solders in microelectronics packaging, the analysis presente
here is based on finite element simulations of eutectic Sn—3.5Ag solder, deforming via power-law creep.
© 2004 Published by Elsevier B.V.

Keywords: Impression creep; Lead-free solder; Finite element model; Sn—-3.5Ag

1. Introduction strain rate versus effective creep stress relationship may dee
provided by using appropriate conversion factf#8,20] 4o
Impression creep, which uses a cylindrical punch with a which vary with material propertigd]. 41

flat end to load a small area of the specimen under minimal  One of the attractive features of the impression creep test
uniaxial compression, has been used extensively to characis its ability to establish steady-state creep within very shost
terize the creep properties of materifils-16]. Because it times for rapidly creeping materials. The resulting stress ex+
enables probing very small material volume, it is particularly ponentp, as well as the activation enerdy, are comparable 45
attractive for testing of modern micro-components such as to those obtained from uniaxial tests, e[8,3,21,22] How- 46
parts of microelectronic packages or MEMS devices. It has ever, in many instances, it was also reported that the stress
been shown that the stress and the temperature dependenciexponent determined from impression creep decreased with
obtained from impression creep tests display good agree-increasing testing temperatures, and the activation energy
ment with the results of conventional creep t¢$$7,18] A decreased with increasing punch str¢346,21-23] For 5o
steady-state creep region is established at a constant puncinstance, activation energy values measured within a given
stress after a transient period, e.g., primary creep, and unliketemperature range have been observed to decrease continu-
conventional creep, no tertiary creep stage ensues thereafteously from 112 to 105 kJ/mol with increasing punch stress
Under power law creep, it is found that the impression ve- in Pb [22]. Likewise, experiments of3-Sn single crystals sa
locity and the punch stress conform to the same power lawin [100] orientation have shown that the apparent stress
as that for the conventional cre¢p,16,19] From the im- exponent increases systematically from 3.6 to 4.5 with des
pression velocity\) versus punch stress) data, the creep  creasing temperatures within the same stress rfitidein sz
some materials, such systematic temperature/stress depen-
mspon ding author. Tel:1-831-656-2851: dency of sFress exponents and activation energ!es truly reflect
fax: +1-831-656-2238. the material’'s creep behavior; however, as discussed sab-
E-mail address: idutta@nps.navy.mil (I. Dutta). sequently, similar effects may also arise during impressiamn
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creep due to a mechanics-induced artifact which severelyments and 37 2-D 3-node contact elements, with a total &f
prolongs the time necessary to establish steady-state cree2068 nodes. The contact between the indenter and the spc-
potentially leading to anomalous interpretations of the creep imen surface were modeled using contact elements wittsa

data. very small coefficient of static frictionyg = 0.0001). In s
In this paper, we discuss the source of these mechanics-order to be consistent with the axisymmetry of the problenag
inducedop—T dependencies oQ and n, and prescribe a  the applied displacement boundary conditions are: 20
solution to minimize these effects. It will be demonstrated _ -
that these effects, while being relatively negligible in rapidly #r =0 along the axisymmetric axis, o1
creeping materials, such as Pt], LiF [3], and succinoni-
trile [2], become quite significant in relatively slowly creep- ,,, =0 atthe bottom of the specimen 0
ing materials like Sn—Ag solders under similag/G and
T/Twm conditions. and 93
ug =0 forallthe nodes 94

1.1. Finite element modeling

) ) . Impression of the sample was simulated by applying &
Computational simulation has been commonly employed | nitorm pressurg, on the line representing the top-surfaces

to anquze the impression creep of djfferent materials since ¢ tha punch using a built-in feature of the FEA code, such
analytical solutions to many impression creep problems do ,

not exist[17,25-29] In this study, a commercial finite ele- that %
ment analysis (FEA) software, ANSY$, has beenusedto  p, = o,
model the sample/punch system. which are represented in a
two-dimensional (2-D) half-space of finite widtFig. 19 whereoy, is the desired punch stress. In the model, the gjg;
by taking advantage of the axisymmetry of the problem. cumference of the contact are the punch was assumeghto
The model was meshed as shownfiy. 1b using 667 have a fillet of 0.5um radius, in order to avoid potential singg,

two-dimensional 8-node quadri|atera| axisymmetric ele- gularities at the corner. It has been shown that a fillet radj_H§
of less than 5% of the indenter diameter has negligible gf;

| fect on the impression velocif25], which was adopted in;gs

| |6V this study with a 1 mm diameter punch. 106
@ The specimen, assumed to be a 5mm high cylinder,gf
10 mm diameter, was modeled as an elastic—plastic-creeRigg
solid, displaying bi-linear isotropic plastic hardening angy
steady-state creep via a power-law relation, given by: 11

99

. . -
i &= Ac" exp R_'IQ'
I
Specimen Surface i 11
I
|
[ Table 1
4 Material properties used as input in the calculatjdf,31]
(a)
Temperature (K) Young's modulus Poisson’s ratio
ELEMENTS _ (GPa)
Elastic properties: material 1 (Sn—3.5A80]
423 24.2 0.35
398 28.8 0.35
373 33.5 0.35
348 38.1 0.35

323 42.8 0.35
z 4 298 47.5 0.35
L. r

Elastic properties: material 2 (the indenter)

All 500,000 0.2
{ Temperature (K) Yield strength Tangent modulus
(MPa) (MPa)
Bilinear isotropic plastic properties: material[31]
298 30 200
(b) 373 18 184
453 10 166

Fig. 1. (a) Schematic of impression creep of a half-plane; (b) ANYYS
finite element mesh for the impression creep of a half-plane. A round Creep equatiofB0]: ¢ = 7.087x 10-8(c [MPa])>> exp((—38, 500 Jmol)/
fillet is located at the contact corner of the indenter, as shown in the inset. RT)[s~1].
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0.1

0.01 |

0.001

Opcen symbols: Yang et al. [18]
Solid symbols: this study

0.1

1 10
sinh(0.5010 /m)

which is identical to the input value from the measurements
by Chu and Li[2]. 130
Following model validation, the creep behavior ab:
Sn-3.5Ag under constant applied load was studied ovasa
punch stress range of 15-65MPa and a temperature range

of 298-373 K. 134
2. Results and discussion 135
2.1. Sress and temperature dependence of creep 136
parameters 137

A typical impression depth versus time curve is showss
in Fig. 4 and the corresponding impression velocity versys
time curve is shown irrig. 5. Although the simulation as-14

Fig. 2. Comparison shows a good agreement between the results by currengumed a steady-state creep law (i e. a strain-indepengig_nt

FEM model and the literature resul8] for Sn—Pb eutectic alloy.

wherez¢ is the creep ratef, the absolute temperatunmg;the
stress exponen®, the activation energy of creeR; the uni-

constitutive creep behavior), the figures reveal the presenge
of a transient or primary stage, during which the impreg,
sion velocity decreases gradually, eventually converging,; 19
a fixed value (i.e., a steady-state velocity) after an extendgd

versal gas constant, ad the Dorn constant. The specimen period of testing. A similar effect was noted earlier by Yy
material chosen for the simulations is Sn—3.5Ag, a lead-free and Li[18], who suggested that the steady-state impressjgn
solder of substantial current interest in the micro-electronic velocity may be deduced by polynomial extrapolation ofg
packaging industry. The 1 mm diameter punch is assumedthe velocity versus reciprocal time {Ltlata to infinite time 149

to be non-deformabl&able 1lists all the material constants

used in the numerical simulation.

After testing the model for mesh independence, its work- impression velocities were established well under 10 h gy
ability was verified by comparing the results of impression all testing conditions. In the experiments, the true primags
creep simulation on two different materials (succinonitrile creep region (during which the dislocation structure in the
and eutectic Sn—Pb solder) with data available in the litera- plastic zone evolves into a stable sub-structure) overlappgd

ture[2,18,25] As shown inFig. 2, the computed dependen-

(i.e., 1/t = 0). However, this effect was indiscernible ipsg
experimental work on succinonitrif@], where steady-state;s;

with, and masked the mechanics-induced transient behayigr,

cies of impression velocity on punch stress for the Sn—Pb thus enabling a steady-state impression velocity to be esigp-
eutectic alloy displayed very good agreement with those lished within a reasonable time. It should be noted, howevgs,

from the analysis of Yang et gR5]. And for succinonitrile,
the calculated stress exponent was found to be Hd ),

Inpression velocity (um/sec)

10

0.1

0.01

y=5.8773" xA(3.9917) R=1

T=37C

0.1

Punch Stress (MPa)

15
—~ £ i
= ,/
s
= 10} %] i
é’ S Vi = 1.42x10™ um/sec
= &
=l :
e =
a, )7
E
()'p=25MPa
5 Vi = 2. 12x10” um/sec T = 373K
0 \ .
0 2100 4108 6100 810°  110°

Time (s)

Fig. 4. Typical impression depth vs. time curve of impression creep of
Sn-3.5Ag. The testing time is set to be 900,000s (250h) under the

Fig. 3. The creep parameters obtained from current FEM model shows a punch stress of 25MPa and the testing temperature of 373 K. Note that
good agreement with the input values from the literature: an example of a transient is observed even though the constitutive creep behavior is
stress exponent of succinonitrilg] is given in this figure.

strain-independent.
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3 r r [16]. Importantly, once the plastic zone under the punchiég

fully developed (i.e., when it becomes a solid hemisphersy,

25| the Von—Mises effective stressdfs) within the plastic zone 19
remains roughly constant, as showrFig. 7a—¢ which plot 197

i 2 theoess distributions at 90,000 s (prior to complete evolutians

of the plastic zone), and at 540,000 and 900,000 s (followe
ing complete evolution of the plastic zone), respectively.2tb
is this attainment of a steady-state stress distribution within
| the plastic zone that produces the observed steady-state
creep behavior, even though the stress state within the zare
0.5} G =25MPa | is spatially non-uniform. 204
T=373K Fig. 8 shows how the profile of the punch impression s
the sample varies with time during a creep test. In the fige
ure,x = 0 corresponds to the punch axis. It is apparent that
a distinct material pile-up appears on the sample surface
Fig. 5. The corresponding impression velocity vs. the time curveigf4. around the circumference of the impression only after the
It can be seen that the impression velocity decreased with time increasing, Plastic zone under the indenter is fully evolved (at 360,006ks
which is consistent with the previous observatidisl8]. However, a or 100 h). Prior to this, the material simply slopes into thex
very long time may be required to reach a ‘true’ steady-state. impression around the edges, without showing any signifiz
cant pile-up. Thus, it may be possible to utilize the presence
or absence of an edge pile-up to ascertain whether a stahle
that for the testing conditions used in the experimental work stress state, and hence a steady-state, was achieved deiting
of [2] (op ~ 0.08-0.8 MPaT ~ 297-327 K), succinonitrile  animpression creep test, particularly under dislocation creep

T ——g

Impression velocity*10~ (um/sec)

0 i i
0 210° 410° 610 810° 110°
Time (sec)

creeps at a strain rate of 19to 10-3s~, which is two or conditions[1], although this needs verification. 217
three orders of magnitude faster than the rates expected in As noted above, the time required to attain a steady-state
Sn—-3.5Ag solder under the-T conditions of interestof, ~ impression velocity is related to the stabilization of the stress

15-65MPa,T ~ 298-373K). For conditions under which field under the punch, which depends on the creep resistance
the material creeps slowly, the true primary creep region of the testing material, the applied punch stress, and the test-
may not fully mask the mechanics-induced transient behav-ing temperature. For a given material, the stress field veilt
ior, thus substantially prolonging the testing time necessary stabilize within a shorter period under a larger punch stress
to acquire steady-state data from impression creep experi-and higher temperature. Under identical test conditions, ma-
ments. For instance, as shownFiy. 4, for o, = 25MPa terials that creep more rapidly (e.g., succinonitrile) will ress
and T = 373K, it takes approximately 360,000s (about quire less time to establish a steady impression velocity2s
100 h) for the impression velocity of Sn—3.5Ag to reach a contrast, considerable time may elapse before the plastic
value which is within 10% of the true steady-state velocity. zone is fully evolved (and a steady-state is reached) fora
Mechanistically, this evolution of impression velocity relatively slowly creeping material, e.g. Sn—3.5Ag solder229
within the transient regime may be associated with the Consequently, unless tests are conducted for very ex-
development of the stress/strain field in the specimen imme-tended times to ensure that a true steady-state is reacked,
diately beneath the indentd¥ig. 6a—eshow the evolution it is possible to infer anomalously high impression velogs?
of the Von—Mises equivalent creep strairi{) within the ities. This is particularly true for tests conducted at lowess
specimen just below the punch during a creep test with stresses and temperatures, or on slowly creeping materiais,
op = 25MPa andl’ = 373K, corresponding to the creep where the creep rate continues to decrease very slowly exsn
curve of Fig. 4 As observed irFig. 6a which shows the  after long test times, increasing the possibility of miscorss
&g distribution after 9000's of creep, the onset of creep oc- struing the strain response as having reached steady-state.
curs at the stress concentration at the corner of the indenteif this happens, the experimentally determinmedalue will 238
profile, even though the corner is filleted. With increasing be temperature-dependent, while Qesalue will exhibit a 239
time, the plastically deformed zone spreads out from the stress-dependence. 240
indenter corner, first becoming a hemispherical shell, and This is evident by comparingigs. 9 and 10which show 241
eventually evolving into a solid hemispherical shape below plots of InV versus Inyp (Figs. 9a and 10aand InV ver- 242
the punch by 360,000s. Between 360,000 and 900,000 s,sus 1f (Figs. 9b and 1Q0pfor creep times of 90,000 s (25 h}43
the size and shape of the plastic zone under the punchand 900,000s (250h), respectively. It is clear that at 2%,
remains roughly constant, although the strain distribution the n and Q values { = 4.4 andQ = 32kJ/mol) are sig- 245
inside it continues to evolve. Interestingly, the depth of the nificantly depressed relative to the values obtained at 2564,
plastic zone remains roughly constant at the same order ofwhich accurately reflect the input values used in the simular
the punch diameter throughout the entire test, in agreementtion (» = 5.5 andQ = 38 kJ/mol). This establishes two imz4s
with the observations of Chu and [2] and Dorner et al. portant points. First, once a true steady-state is established

MSA 17701 1-10
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.05 05
-044456 1044456
038911 038911
-033367 -033367
-027822 -027822
022278 022278
016733 016733
011189 011189
-005644 -005644
100E-03 *100E-03
(a)
-05
-044456
-038911
-033367
-027822
-022278
-016733
011189
-005644
-100E-03
(c)

05

-05

-044456
-038911
033367
027822
1022278
016733
‘011189

-005644
-100E-03

-044456
-088911
-033367
-027822
-022278
016733
-011189

005644
-100E-03

(e)

Fig. 6. The development of the strain field of an Sn—-3.5Ag specimgn: 25MPa, T = 373K, at (a) 2.5h (9000s), (b) 25h (90,000s), (c) 100h
(360,000s), (d) 125h (450,000s), and (e) 250h (900,0005s).
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—&— 9,000 sec

| —=—90,000 sec
—©— 360,000 sec
—&— 540,000 sec
—&— 900,000 sec

-15 . | i i
0 0.5 1 1.5 2 25

Impression depth (um)
= n

X (mm)

Fig. 8. The profile evolution of the sample surface with time during a
test. The gray area represents the punch, andxtiiglue indicates the
distance from the punch axis.

(e.g., at 250 h), the computed creep parameters accuratelysge-
flect the true material properties. However, if sufficient cayg
is not exercised to ensure that all the experimentally detgp-
mined data points represent true steady-state behaviorihe

0.001 - T
——y = 5.507 * e*(-3872.7x) R=0.99994
o
2
g
z
2
-2 0.0001 | ]
=
8
2
(b) 'g. G =40MPa
= Q =32 kJ/mol
107 . -
0.002 0.0025 0.003 0.0035
@) /T (/K)
107
y =1.6137e-11 " x"(4.3727) R=0.99955
m
g
2 10t} i
2
'S
(=]
o
-
=
s 5
% 107 E
o
<
£
IUﬁID 100
(c) (b) Punch Stress (MPa)

Fig. 7. The development of the Von-Mises stress field of a Sn-3.5Ag Fig. 9. The stress exponent and activation energy do not agree with the in-
specimen,op = 25MPa, T = 373K, at (a) 25h (90,000s), (b) 125h  put values when the testing time is assumed to be 2510 (&)32 kJ/mol;
(450,0005), and (c) 250h (900,0005s). The unit of scale is MPa. (b) n =4.4.
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P a, /
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© . 10" ‘
0 1 10 100
0.002 0.0025 0.003 0.0035 (@) p hS MP
(@) /T (1/K) unch Stress (MPa)
10~ - T
0.001
y=2.8898e-13 * x*(5.481) R=0.99997 %‘ . G = 65MPa. O = 38kJ/mol

—_ 10°F » £ 4
§ ~§ G,=60MPa, Q=35klmol X"

r 2 "%

E 2 10| o,=40MPa,Q=32ki/mol . g

pr 5 F & 3
> 2 <

£ = &

é 0.0001 ? % o, 25MPa, Q = 26kJ/mol o, ® -
5 = 10 b -
- 1=} .

o ‘@ =

9 w G _=15MPa, Q =25kl/mol & 5
z T-373K g 108 " 8
2 g \\ ]
a, n=55 ] E
g o
= A —7 i L s il

107 0.001 0.0015 0.002 0.0025 0.003 0.0035
10 100

(b) Punch Stress (MPa) (b) UT (1/K)

Fig. 10. The stress exponent and activation energy are identical to the inputFig. 11. Illustration of stress/temperature dependencies of measured creep
values when the testing time is assumed to be 250 hQ(&) 38 kd/mol; parameters: (a) temperature-dependent) stress-depende.
(b) n = 5.5.

temperature-dependencerofiave been observed in impres7s
calculatedn and Q values may be significantly depressed. Sion creep result,3,21,22] although it is unclear whether7s
Secondly, if impression velocities from the transient regime these observations are attributable to the mechanics-induced

are used to determine the creep parametevsjues deter-  effect described here. 277
mined will exhibit temperature-dependence, whe@asil-
ues determined will be stress-dependent. This is illustrated2.2. Proposed solution 278

in Fig. 11a and pbwhere then andQ values are computed

for a range of temperatures and stresses, respectively. Sig- It is clear from the above discussion that the mechanies
nificant variations in the andQ values are noted, depend- induced transient effect may preclude accurate measuge-
ing on the conditions under which they were determined. ment of creep parameters and produce artifacts suctesas
In general,Q values at highep levels are closer to the stress-depender® and temperature-dependent unless 2s2
true activation energy, since the material creep response getgreat care is exercised to ensure that all impression velogity
close to a true steady-state quickly under these conditions.data used for the computation of creep parameters repse-
However, then values determined from the transient region sent the true steady-state. For slowly creeping materialssat
appear to be constantly depressed irrespective of the testow stresses and temperatures, this means that tests haws to
temperatures, since at a give test temperature, the impresbe conducted for very long periods, eliminating one of the
sion velocities are over-predicted at low stresses, but areprimary purported advantages of impression creep, hamsdy,
closer to the values at higher stresses. Clearly, dependingts apparent ability to establish steady-state within a shzt
on the closeness of the various test conditions to the truetime [1-3]. 290
steady-state, appreciable variations of thand Q values In the following, we seek a solution to the above problemu
may be obtained. Indeed, such stress-dependen@eanid by developing a testing methodology to substantially accek
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erate the evolution of the plastic zone under the punch to a 107
stable state. In this methodology, the sample is plastically
impressed under a large normal stress before the creep test
is conducted, allowing a well-developed plastic zone to be
present right from the start of the creep test. As shown in the
following, this helps promote the stabilization of the stress
field within the plastic zone shortly after the beginning of
the creep test, thereby shortening the required testing time
quite substantially.

In the experiments simulated here by FEM, a punch stress
of 57.1 MPa was used to plastically impress the specimen
prior to creep. After the initial impression, the applied stress 4|0, =571 MPa
was reduced to the requisite value, and the creep test was 10 100
conducted at this stress. All other conditions are the same (@ Punch Stress (MPa)
as those in the simulations reported above. For comparison,

a testing time of 25h has been implemented. As depicted e
in Fig. 11, the calculatedh and Q values were appreciably
smaller than the input values & 5.5, 0 = 38 kJ/mol) with-

out the presence of initial plasticity prior to the creep. How-
ever, when the creep test is preceded by an initial plastic im-
pression, the calculatadand Q show excellent agreement
with the input values, as shown kig. 12

For comparison, typical impression depth versus time
curves, with and without the presence of initial plastic im-
pression, are presented Kig. 13 for a punch stress of
25 MPa and temperature of 373 K during creep. Itis seen that
the impression velocity with the initial plastic impression L [0,=57.1MPa
(initial punch stress, = 57.1 MPa) is about 40% smaller T 5o T D T iooes
than that without initial plasticity at 25 h and is within 10% (b) 1/T (1/K)
of the true steady-state impression velocity (as obtained af-
ter long times from the test with prior impression). Impor- Fig. 12. With the aid of initial plastic impression, a significant reduction
tantly, whereas the impression depth versus time plot without of testing _time is achieved and thg true creep parameters are obtained
prior plastic impression displays appreciable non-linearity Under a wide range of, and Tbcond_'t'o'_’s after only 25h (90,000s) of
till ~56 h, the plotis linear almost from the start when a plas- testing: (a) stress exponent; (b) activation energy.
tic impression precedes the creep test. This is attributable to
the existence of a well-defined plastic zone prior to the start
of the creep test, which allows early establishment of a stable

T =373K,n=54
107 | 4 1
2 /II“ =348K,n=54
% o
T B -
{)(I/s'  T=323K,n=56

e m/ /OT:E%K.U:S.I
v

10°° b /
| v 7 ]

Impression velocity (um/sec)
=

—

G, = 40MPa, Q = 38KJ/mol _
107} G, = 35MPa, Q = 38kJ/mol i %
G, = 30MPa, Q = 38kl/mol o e

N %

=1 #

G = 25MPa, Q = 36kI/mol < \\\\ g,

&\E\ \c
\E\\D
"o

Impression velocity (um/sec)
=

15 - T T

stress-state within the plastic zone within a short time dur- ’ o AT Pl
ing the creep test. This is clear froRig. 14a and bwhich Ll el ) g
shows the Von—Mises stress distribution in the sample after = /:4“ )

45,000s (12.5h) and 90,000s (25h) of creep testing. It is 3 i /Z/ -

apparent that there is little change in the stress state within :g Ve @'y

the plastic zone during this time-range, indicating that the R A

prior plastic impression greatly facilitates the establishment 5 g;g A ,

of a steady-state stress condition, and hence, impression ve- 7 s : L (pm/scc)
locity within a short time. Thus, the proposed methodology 2 o A A Zx10

allows us to reduce the required test time by at least an order E o b: 1.42x10°

of magnitude, and yet reach a true steady-state. The punch ¢ 1.46x107 g =25MP4
stress required to cause the initial plastic impression must ” s : d: 1.40x10” T:373K
exceed the indentation yield strength of the material, which 0 2100 4100  610° 8100 110°
may be approximated as&, whereoys is the uniaxial yield Time (s)

strength at the appropriate temperature. . o _ . _ _
In addition to enabling the establishment of a true E'rg'sgﬁégﬁ'ci?:ﬁ:pggsssﬁ'gnirgsgzs‘i’; t'mez‘;“'\r/lvgz vath %”7% ‘é"'tr‘%‘g the
) g . o . 0 = T = )
_Steady S_tate within much shortgr testtimes, the initial plastic slopes associated with different regions of the two plots are also noted.
impression also serves a practical purpose related to the tesf can be seen that the required testing time is much shorter to reach the

procedure. Our experimental work has shown that it is very true steady-state creep by introduction of the initial plastic impression.
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stress/temperature conditions for rapidly creeping materiats

3]
s

Eg like Pb, succinonitrile, or even pure $2,21,22] in slowly 364
oK creeping materials like Sn—3.5Ag solder, the impressisa
<5 depths are often much smaller, even after testing for 8—16eh.
S In this case, the indenter face never fully contacts the sam-

AV
AV

ple surface, allowing the effective punch stress to gradualy
decrease as indenter-sample contact area increases witkedn-
creasing impression depth. This precludes the establishmant
of a true steady-state, and thus leads to anomalous restts.
However, when the sample is plastically impressed priorsta
creep, this problem completely eliminated, since the plastie
impression ensures that entire punch tip is in contact with
the sample right from the start of the creep test. 375
One concern that arises when a prior plastic impressionris
utilized is that it is tantamount to a stress-decrease creep test,
since the test stress is typically lower than the stress used
for the initial impression. This requires that a steady-state
dislocation structure corresponding to the test stress asud
temperature conditions be established under the punchsbe-
fore meaningful creep data can be obtained from the test.
Since the initial plastic impression would result in a plasties
zone with much higher dislocation density than what woudeh
be produced by the test stress, this structure has to receaer
to a structure representative of the test conditions beforsea
steady-state behavior is obtained, potentially prolonging tise
primary stage significantly. However, our experiments shesg
that this recovery occurs quite readily, with little obviouss
prolongation of the primary stage, even under conditionssaf
low stress and temperatuf82]. It is likely that the addi- 391
tional recovery time required when a prior plastic impres:z
sion is used is more than compensated by the smaller tiae
necessary to (1) establish full contact between punch and
sample, and (2) overcome the mechanics-induced transient
effect. Thus, the approach proposed here proffers an eftee-
tive means to enhance the accuracy of impression creepde-
sults by reducing artifacts arising from the mechanics of the
Fig. 14. The development of the Von—Mises stress field of a Sn—3.5Ag test, and the test set-up. The proposed solution is particulasty
specimengp = 25MPa, T = 373K at (a) 12.5h (45,000s) and (b) 25h  peneficial for slowly creeping materials such as Sn—3.54g

(90,0005). ltis seep Fhat after initial plagtic impressiqn the creep reaches solders, where these artifacts can be particularly debilitatimg.
the steady-state within a much shorter time. The unit of scales is MPa.

0]
T
it

VA

V)
7

VAVAVAVAN
TAVAY

VAN
AN

NS

IR

(b)

3. Conclusion 402
difficult to align the indenter axis exactly perpendicularly to
the specimen surface, even when considerable care is exer- A mechanics-induced artifact, which can lead to anomas
cised in mounting the punch and sample, and a self-levelinglous interpretation of impression creep data, has been iden-
specimen stage with a universal ball joint is utilizg2]. tified. This effect causes the appearance of an extenasd
This is evidenced by frequent observation of gibbous im- transient regime in the creep curve, even when the casm-
pressions following creep testing, suggesting that the entirestitutive creep behavior is strain-rate independent. It has
punch-tip did not come in contact with the sample even after been shown that this mechanics-induced transient regiose
long test times. For instance, when the axis of an indenter of coincides with the time-period over which the plastic zone
diameterD deviates from the normal to the sample surface under the impression punch grows and evolves to a stahde
by an angled, a punch penetration dd sinf is necessary  shape corresponding to a solid hemispherical cap. Onane
before the entire punch face comes in contact with the the plastic zone attains this shape, the Von—Mises strass
sample. Fop = 1°, and D = 1 mm, this amounts to an im-  distribution inside the zone becomes stable, and does a1t
pression depth of 17 /m. While typical impression depths change appreciably with ongoing creep. This results ima
much greater than this are readily obtained even under lowtrue steady-state impression velocity, and creep parameter
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(i.e.,n and Q) calculations using this steady-state velocity [6] M. Yamaguchi, Y. Umakoshi, T. Yamane, Trans. Iron Steel Inst. Jpra4
accurately reflect material properties. However, very pro- 25 (1985) B367-B367. 445

Ionged test times may be necessary to establish this true [7] P.S. Godavarti, S. Hussien, K.L. Murty, Metall. Trans. 19A (19886
1243. 447

steady-state behavior, particularly for slowly creeping ma- (g) N.Q. chinh, Z.S. Rajkovits, G. Voros, I. Kovacs, Key Eng. Matends

terials and/or low stress-temperature conditions. In order to 44/45 (1990) 257. 449
rapidly establish true steady-state behavior, and minimize [9] P. Gondi, A. Sili, Z. Metallkunde 82 (1991) 377. 450
the possibility of erroneous creep parameter computations,[10] K.L. Murty, Met. Forum 15 (1991) 217. 451
an experimental methoclogy is proposed to substanaly ) Y, T Sere 3 N e s e e
shorten the requisite test time. This involves plastically im- 133. 454
pressing the sample surface prior to creep testing, in order[13] P.P. Rao, K.S. Swamy, Z. Metallkunde 86 (1995) 760. 455
to facilitate the development of the plastic zone under the [14] F. Yang, J.C.M. Li, Mater. Sci. Eng. A201 (1995) 40. 456

punch. It is shown that this procedure also yields accurate [15] R-S. Sundar, T.R.G. Kutty, D.H. Sastry, Intermetallics 8 (2000) 42%&7
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