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Commercial, aluminum die-cast alloys are subject to long-term stresses leading to vis-

Materials Science Program and Engineering coelastic material responses resulting in inefficient engine operation and failure. Constant
Physics Department, load creep tests were conducted on aluminum die-casting alloys: B-390, eutectic Al-Si and
University of Wisconsin-Madison a 17% Si-Al alloys. Rupture occurred in the primary creep regime, with the eutectic alloy

having the longest times to failure. Primary creep was modeled(by=A +Bt" with A,
B, and n dependent on stress. Poor creep performance is linked to the brittle fracture of
the primary silicon phase as well as other casting defe{d®I: 10.1115/1.1789953
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Currently, small engine design is done with the designer’s d kT G RT
awareness of the viscoelastic nature of their materials. We con- i . L .
sider viscoelasticity to include time dependent behavior whidffnereb is the Burgers Vectod is the grain sizeD, is the self
may be nonlinear or partially non-recoverable. Non-recoveradfidfusion coefficient,G is the shear modulusy is the applied
time-dependent behavior may also be described as viscoplastEeSSK is Boltzmann's constant, is the activation energy for
Work has been done on creep in pure aluminiin®], various C'e€P:R IS the universal gas constaritis the absolute tempera-
aluminum alloys[3,4] and aluminum composites with SiC par-t“re andA, p, andn are dimensionless constants. This equation

ticulates[5,6], however experimental data for die-cast aluminurfi2s bfe?rr: useg ?Sn? E)hent?lmelnosl}oglzalbcurverrflf vtvh(;srte |nt?ger val-
alloys is sparse. In addition, because die-casting is an extremgfy? OF the constam (usually 1—¢ can be correlated to various
variable process from manufacturer to manufacttireregards to creep mechanisms including multiple forms of dislocation motion

gating methods, mold sizes, pressures and temperatanesin anlgq%r:tlir:)rkn)(il;qusdgr?llyslzlgtla?l% |f1 tlﬁéarhaterial exhibits a steady-state
conjunction with the fact that die-cast alloys have been tradltloré-Ireep rate. Furthermore, in most engineering applications the al-

ally k_nown to exhibit poor creep resistance, the study O.f d_|e-ca| 1Wable strains are small. Consequently, it is expected that com-
aluminum alloys has been largely neglected by. academia in fa Ynents in service never reach the secondary phase, or worse, the
O.f i"?{)s thgt are thﬁor?cally more creep resistant, such as ?tiary stage, for safety and performance requirements. Modeling
nche _aseh S:Jp?(rafor)][_ ]h d he di . of the primary phase would be far more useful, but is diffifdlt

espite the lack of high-temperature data, the die-casting P, ygition, Eq.(1) provides no information on the time to failure
cess is still W|_dely used due to the ability to achieve high paHy fracture or “failure” by the attainment of some allowable
volumes and tight part tolerances at low-ct More than ever, «hreshold strain. This is extremely important for design as the
the market is demanding more efficient engines that run with little ~iarial can fracture in any of the creep regimes.

or no post-factory maintenance over the operating life of the en- gyggested curve-fit for the high temperature primary creep
gine. These increased performance demands are forcing desig is g
, i H&hfon is given by7,13

to take creep and relaxation phenomena into account to meet their
design goals, thus creating the need to determine the high- gp=g,tA(c, THt" 2)
temperature properties of their specific commercial alloys. In ad- ) ) o ) o
dition, since this industry provides a high volume and inexpensivéerez is the primary creep straim, is the elastic strain, is
product, the ability to employ techniques such as directional sée, n is the rate exponent, not to be confused with the creep
lidification or the use of advanced alloys to minimize viscoelast@<Ponent in Eq(1), andA is a time-independent constant that can
responses are not feasible due to the very high cost of these ma#Rend on stress and temperature. It has been shown that for a
facturing methods. large variety of materiala has a value on the order of 1/_33 com-

The most important viscoelastic phenomena occurring in eftonly referred to as Andrade’s Laj43,14. For more flexibility,

gine components are creep and relaxation. Creep is a materidr§eries of power laws can also be uggy

strain response to a constant stress over time, whereas relaxation n
is the stress response due to a constant strain ove[g]nkm both £p= E Ao, TN D ©)
cases these processes can lead to degraded engine performance. =1

Component failure or loss of tolerance is attributed to creep; and
relaxation, occurring largely in bolted joints, can contribute té\gain, Egs.(2) and(3) are only curve-fits which can be used for
engine deficiency through seal leakage and piston blow-by. ~ design if the stress and temperature dependenéeaniin can be
Creep of most materials can be separated into three phagi&ermined. This can be done by doing a range of creep tests over
primary creep where the strain rate decreases with time, secondéi§ material’'s entire stress and temperature operating envelope.
creep with a constant strain rate and lastly, tertiary creep wherelhe activation energy for creep can be determined if the ob-
the strain rate accelerates to fract{ifed]. Extensive analysis can tained empirical creep curves for one stress and various tempera-
be found in the literature for materials exhibiting a steady-stafgres can be superimposed on each other to form a master curve.
creep ratdé10]. Secondary creep is normally described using somidlis ¢an be done by time-temperature superposition through ap-

form of the Dorn equation typically given HL0] plication of the Arrhenius rate equatim5].
. o o Qc
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Fig. 2 Micrograph of a fractured Al-17Si creep specimen near
(a) the fracture surface demonstrating the presence of gas poros-
ity and aluminum beads and their possible influence on crack
growth

2 Experimental Methods and Materials

All test bars were supplied by commercial die-cast component
manufacturers. As-cast tensile specimens were used with gauge
dimensions of 2/5x0.28' diameter and 2/5<0.2483 diameter
due to two different specimen sources. The alloy compositions
were as follows: B390 as Al-17Si-4Cu-0.5Mg, Eutectic Al-13Si-
3Cu-0.2Mg(hereafter referred to as eutegtiand Al-17Si-0.2Cu-
0.5Mg-1.2Fe(referred to hereafter as Al-17Sn weight percent.

Constant load creep uniaxial tests were conducted using a dead-
weight lever frame. Strain was measured using a full bridge of
discrete strain gauges, with two gauges located on a temperature
compensatioidummy) sample comprised of the same test mate-
rial. WK 350 Ohm gauges were used on all samples and dummies.
The initial 200 sec of each test was captured using a digital oscil-
loscope. Data after 200 sec were taken manually using a digital
voltmeter in such a way as to approximate logarithmic time steps.
The first data point is not reported until after the first 10 sec of
each test since the rise-time of the load history was about 1 sec.
Preload on the sample from the fixturing was on the order of 20
me. Once in the testing fixture, the sample was brought to tem-
perature and allowed to maintain steady state for at least twelve
hours prior to application of load.

Samples for optical micrographs were prepared from crept
specimens using a low-speed diamond saw. The specimens were
potted and pucks were wet-ground using silica sandpapers, with
coarse polishing done using a 1.0 micron diamond paste and fine
polishing using a 0.03—0.06 micron colloidal silica solution. After
Fig. 1 (&) As-cast microstructure of the eutectic Al-Si alloy; (b) polishing, samples were etched with a 0.5 percent HF solution.
as-cast microstructure of the B390 commercial alloy; and (c) Micrographs were taken using an optical microscope equipped
as-cast microstructure of the Al-17Si alloy. with a digital camera and accompanying software on a PC.

Tests for blistering were done by bringing an oven to a tem-
perature of 480° C and placing the as received samples inside for
1 hour. The density measurements where made using the protocol
provided with a ME-33360 Mettler Balance density determination
kit. This method compares the sample’s effective mass when dry
(5) and when immersed in water, using Ef).

R

) R\T, T,
wheret, is some characteristic time. By taking empirical data and p= _PwMd (6)
determining the time ratio required to superimpose two creep (Mg—my)

curves at different temperatures and the same stress, the activation

energy for creepQ., can be determine[®,15]. The process can Herep,, is the density of watem is the dry mass of the sample

be repeated for other stress levels to determine the stress depemtm; is the suspended mass when immersed in the reference
dence ofQ, liquid.
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Fig. 3 (a) Creep results obtained for the eutectic Al-Si alloy for 220°C. Curves with X's are to fracture, those
without were stopped due to time constraints. Curve-fits are of the form shown in Eq. (2); (b) creep results
obtained for the eutectic Al-Si alloy for 260° and 280°C. Curves with X's are to fracture, those without were
stopped due to time constraints. Curve-fits are of the form shown in Eq. (2); (c) comparison of creep results
between the eutectic and Al-17Si alloys at the same stress of 32MPa and various temperatures, X indicates

specimen rupture; and  (d) comparison of creep results between the eutectic and B390 Al-Si alloys at the same
stress of 32MPa and various temperatures.

3 Results and Discussion visible. Both defects act, at a minimum, to decrease the load bear-

. B . ' o ing cross section and as crack nucleation sites. The size and quan-
Figures 1a-c) are typical field photo-micrographs of the asy of both defects will decrease the rupture time as grain bound-

cast microstructures in the gauge sections of the eutectic, B e - .
and the Al-17Si alloys respectively. Qualitatively, the Al-17Si ha! ry cavities do not have t.o.nucl'eate ”0”.‘ collections of vacancies
the highest aggregation of the primary silicon phase with the largt 16l @ well as randomizing time to failure. Moreover, the gas
est particle sizes on the order of &n, the B390 is less aggre- orosities W|_II exert a compressive radial stress, e_lnd a tt_ansne
gated with the largest particles sizes on the order o0 The c[rcumf(?rentlal stressry, on the surroundm_g matrix. During the
eutectic has the most refined microstructure with silicon particfiié-casting process trapped bubbles are highly compressed volu-
sizes of 5um or less, although isolated particles can be found Jpetrically and then frozen during solidification. Upon reheating
to 10 um in size. The presence of some intermetallic particles cAhese bubbles tend to expand, which can give rise to blistering. It
also be found in the eutectic alloy. was found that samples simply exposed to a temperature of 480°C
Besides the differing microstructures, each alloy had varyirf§r 1 hour showed significant localized swelling, or a decrease in
degrees of entrapped gas porosity and aluminum beads, whichlaegl density. For example, one measured cylindrical gauge sec-
typical defects from the die-casting process. Figure 2 showstian underwent a decrease in density from 2.7 to 2.4 g/cin
micrograph of a failed specimen of the Al-17Si alloy near thehould be noted that this result is only a worst case example and is
fracture surface where both gas porosity and aluminum beads atended only to demonstrate that the effects of entrapped gas
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Fig. 4 Master curves obtained for the eutectic alloy from time- C). X: Original results from 31 MPa-220°C  ¢: Shifted from 31
temperature superposition to the lowest test temperature. ®: MPa-280C A: Shifted from 31 MPa-260C.
Tested at 31 MPa/220°C, A: Shifted from 31 MPa /260°C, [
Shifted from 31 MPa /280°C, M: Tested at 42MPa/260°C, ¢:
gﬂ:ggg ffrr:r;n SAéZMI\F/I)Za/Z/gg‘EJC.C, X: Tested at 56 MPa/220°C, L: the material that performs worst be the lowest. At this time the

data are too sparse for the B390 to acquire a reliable valu@ for
but further studies are being conducted.
The master curve approactime-temperature superpositiois

re-expansion can be significant. Blisters were more noticeallgicqy valid for linear systems or for a subset of nonlinear sys-
near the end of the specimen corresponding to the overflow ggigs in which the shift is independent of stress. Since the shift

during manufacture, where porosity tends to be highest.

Figures 3a—d) show creep curves of strain as a function of
time for all three alloys. Fig. @) is a log-log strain-time plot of
the results for the eutectic alloy for at a temperature of 220°C and
a range of stress, while Fig(l3 shows the results for the eutectic
alloy at temperatures of 260°C and 280°C. Fi@z)3s a compari-
son of the eutectic and Al-17Si alloy at a constant stress of 32
MPa and varying temperature, while FigidBshows curves for
the eutectic and B390 at a constant stress of 32 MPa and varying
temperature.

To compare creep curves, curve fits of the form shown in Eq.
(2) were used. In almost all cases the values for the creep expo-
nent,n, were found to be on the order of 0.32 withas a free
parameter. Sincea<1, the material is still in the primary creep
regime. A value oih=1 would indicate a steady stafgecondary
creep regime and allow the use of Efl) for modeling purposes.
The largest values of strain obtained to fracture were on the order
of 0.3 percent strain. This indicatg$) the material never reaches
steady state creefdii) there is a single rate controlling process
which also dictates the fracture mode. From Fig. 3, it can also be
qualitatively seen that the eutectic alloy displays a slower creep
rate and longer times to failure compared to both of the hypereu-
tectic alloys over the entire testing window. The Al-17Si alloy has
a higher strains to failure than the B390. Comparison between the
two hypereutectic alloys is complicated by the nature of the manu-
facturing defects previously discussed.

Master curves were generated by shifting curves horizontally
on the log time scale to the lowest test temperature for a given
stress(Figs. 4 and & This procedure is used for both polymers
[17] and for metalg15]. The shifts were used to determi@e by
application of Eq(5). Considering first the eutectic Al-BFig. 4),
the activation energies acquired were 163, 197 and 261 kJ/mol for
stresses of 32, 42, and 56 MPa respectively. It should be noted ¥ &% ! . i :
that the activation energies almost scale linearly with stress, where el SRR T e i i
Q. (56 MP3 is almost exactly 1.33 times greater th@q (42
MPa) and Q. (42 MP3 is slightly greater than 1.3 timed, (32
MPa). . . . Fig. 6 (a) Example of a cracked silicon particle in the Al-17Si

Master curves were also obtained for the Al-17Si allBig. 5 alloy: The gray areas are primary silicon phases; and (b) ex-
resulting inQ. (32 MPa on the order of 185 kJ/mol. This result isample of a cracked silicon particle in the eutectic Al-Si alloy:
surprising as it would be expected that the activation energy fohe gray areas are primary silicon phases.
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Fig. 7 (a) Cavity coalescence along lines perpendicular to stress direction in a fractured Al-17Si creep speci-

men; (b) Sub-fracture crack due to the coalescence of cavities in the eutectic alloy; (c) Enlarged view of the
crack tip showing crack growth into new cavities; and (d) Further enlargement of the crack tip showing
cracked silicon particles and void growth on the Si-Al interfaces aiding crack propagation.

factors in the present study depend on stress, the activation ensed. This is consistent with the qualitative observation of de-
gies obtained from them are not directly representative of a fugraded creep performance with increased silicon particle size seen
damental linear process on the atomic scale. Nevertheless, ith¢his study.
master curve can be used empirically to extrapolate results to time~racture of all specimens was brittle and intra-granular with no
scales too long to be practical in experiments. Caution is need@ddence of necking. Cavity coalescendgg. 7a—d) and crack
since, as seen in Fig. 5, the overlap of shifted curves is not exagtowth were deduced as the failure mechanism. Low fracture
Nonlinear superposition methods are required to accurately modehins are attributed to the fact that cavities are both pre-existing
these materials in a more general sense since the time dependentgrown during creep, which makes prediction of time to failure
response depends on stress and temperg@iire using creep damage parameters, such as the Larsson-Miller and
The size of the primary silicon particles can be correlated to ti&herby-Dorn parametei¥], difficult as manufacturing defects
creep performance. Analysis of micrographs of crept specimevery for each casting.
revealed that large silicon particles were highly susceptible to
brittle creep fracture. Figures®-b) show examples of cracked .
particles in crept specimens. From the data in Fig. 3 and the quali- Conclusions
tative silicon sizes as seen in Figs. 1 and 2, it can be said that a&onstant load creep tests were studied for one eutectic and two
larger silicon particle size, especially in the presence of other deyper-eutectic Al-Si alloys. Activation energies were calculated
fects, will increasingly degrade creep performance. using time-temperature superposition with an assumed a tempera-
Silicon is added to aluminum to increase stiffness, improvieire independen@.. However, it was shown that, in fact, the
wear resistance and to maintain melt fluidity during casting. Hownaterials studied do not obey linear time temperature superposi-
ever, as stated by Kim et dI3] the formability of these alloys is tion as the effective activation energ®,, of the eutectic alloy
limited by rupture of the silicon particles, as was also found in thiscaled, almost linearly, with stress. Thus, these activation energies
study. Additionally, they were able to achieve superplasticity in @re not directly representative of a fundamental atomic scale lin-
hyper-eutectic alloy of similar compositigi\l-25Si-3.7Cu-1Mg- ear process. They are reported to provide a limited predictive ca-
0.42F¢ by greatly refining the silicon grain size through forgingpacity for industrial designers. It was found that the eutectic alloy
This suggests that the creep resistance, or at least strains to failbeg larger strains to failure and longer rupture times than the two
of the alloys examined in this study could be increased throudiyper-eutectic alloys. Most of the creep strain observed was due
refinement of the primary silicon particles, although methods irreversible local damage accumulation, though an unreported
other than post-casting mechanical deformation would have to macroscopic recovery of a small component of strain upon un-
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loading was observed in some tests. Brittle fracture of the primary4] Bae, D. H., and Ghosh, A. K., 2002, “Cavity Formation and Early Growth in

a Superplastlc Al-Mg Alloy,” Acta Mater.50, pp. 511-523.
silicon partlcle? was found to |bed th.ehmﬁjor factor Co?m?]unng tOLES] Spigarelli, S., Cabibbo, M., Evangelista, E., and Langdon, T. G., 2002, “Creep
poor creep performance, coupled with the presence of other manu- Properties of an Al-2024 Composite Reinforced With SiC Particulates,” Mater.

facturing defects. Sci. Eng., A,A328, pp. 39—47.

It was observed from the acquired results that all specimengé] Ma, Z. Y., and Tjong, S. C., 2000, “High-Temperature Creep Behavior of SiC
failed in the primary creep regime Therefore mode"ng of the Particulate Reinforced Al-Fe-V-Si Alloy Composite,” Mater. Sci. Eng., A,
creep-strain histories was done using the modified Andrade Lawm A218, pp. 5-15.

Nabarro, F. R. N., and de Villiers, H. L., 1995he Physics of Cregfaylor
as shown Eq(2), by letting n be a free parameter. However, and Francis, London. Y ey

through curve fitting, it was found thatwas on the order of 0.32  [8] Kalpakijian, S., 199Manufacturing Processes for Engineering Materjaisl-
for all cases. Based on these results, it can be assumed that thesedison Wesley Longman.
alloys display the same behavior normally described by Andrade’ég] Lakes, R. S., 1998/iscoelastic SolidsCRC Press.

L ith t | to 1/3. H F l 0] Raj, S. V., 2002, “Power-Law and Exponential Creep in Class M Materials:
aw with a exponent equal to owever, use or noniinea Discrepancies in Experimental Observations and Implications for Creep Mod-

superposition methods is required to full characterize these mate- ejing,” Mater. Sci. Eng., AA322, pp. 132-147.
rials over a range of stress and temperature [11] Sherby, O. D., and Taleff, E. M., 2002, “Influence of Grain Size, Solute Atoms
and Second-Phase Particles on Creep Behavior of Polycrystalline Solids,”
Mater. Sci. Eng., AA322, pp. 89-99.
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