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A synthesis method for the production of amorphous metallic foam is introduced. This method
utilizes the thermodynamic stability and thermoplastic formability of the supercooled liquid state to
produce low-density amorphous metallic foams in dimensions that are not limited to the critical
casting thickness. The method consists of three stages: the prefoaming stage, in which a large
number of small bubbles are created in the equilibrium liquid under pressure; the quenching stage,
in which the liquid prefoam is quenched to its amorphous state; the foam expansion stage, in which
the amorphous prefoam is reheated to the supercooled liquid region and is processed under pressures
substantially lower than those applied in the prefoaming step. Results from a dynamic model
suggest that the foam expansion process is feasible, as the kinetics of bubble expansion in the
supercooled liquid region are faster than the kinetics of crystallization. Within the proposed
synthesis method, bulk amorphous foam products characterized by bubble volume fractions of as
high as 85% are successfully produced2@4 American Institute of Physics
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I. INTRODUCTION rate. The quench rate is dictated by the rate of heat removal
such that limitations are imposed on the dimensions of prod-
Metallic foams find increasingly more interest as Struc-ycts that can be cast amorphous. The largest size that can be
tural materials. This is to a large extent due to high stiffnesg. g5t amorphous is often identified as the critical casting
in_conjunction with very low specific weight and high thickness. Recently, an amorphous metallic foam product
energy-absorption capabilityroams can be classified as €l was successfully produced by a method involving bubble
ther open or closed porous. Open foams are characterized %\éneration and expansion above the liquidus temperature and
u

interconnected bubbles and are mainly used as function bsequent quenching to the amorphous &Ftgis method
materials. Closed foams are characterized by spatially sepgs jjystrated schematically in Fig. 1. The drawback of this

rated bubbles and find applic_ations as structural materials. ethod is that the foam dimensions are further limited by the
has been found that perfection of foam morphology has Lritical cooling rate of the alloy, as a consequence of a dra-

cruma}l mfluencg on its mechanical properﬁes. matic reduction in the “effective” thermal diffusivity of the

. Since foam is an unstable strgcture, the process of.foa oamed material due to the presence of gas bubbles. There-

Efbgrep:gilngf Isro?/vfﬁ a!igigrlnnegntt;?(l)(ﬁ Trzeerdina;]'gscgl_ore, the critical cooling rate imposes an upper bound on the
' 9 ’ ! ge, dimensions of amorphous foam products, as well as a lower

lapse scale inversely with viscosity. The viscosity of a PUr& Jund on foam density, and hence limits their potential ap-

metallic liquid at its melting temperature is of the order of .~ .. . . i
103 Pas® The viscosity of a bulk metallic glasBMG)- plicability. Thus, techniques in which bubbles are created

forming liquid at the liquidus temperature is of the order of
1 Pas® Therefore, the foaming kinetics of BMGs are ex-

pected to be drastically slower compared to pure metals. In E
order to accomplish such sluggish foaming kinetics in alumi- €
num, experiments were performed in space under micrograv- expansion
ity conditions® The sluggish foaming kinetics of BMG-
forming liquids could enable better control over bubble size
distribution, spatial homogeneity, and bubble volume frac-
tion. Such controllability over foam morphology is expected
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to yield foams that exhibit superior mechanical properties. \ &
The challenge in vitrifying is circumventing crystalliza-
tion upon quenching. A minimum quench rate is required to t

bypass crystallization, which is termed the critical cooling
FIG. 1. Foaming method by bubble creation and expansion in the liquid

state and subsequent quench of the foamed liquid to its amorphous state.
3Author to whom correspondence should be addressed; Electronic maiSymbols T, and T, denote liquidus and glass transition temperatures,
jan.schroers@liquidmetal.com respectively.
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and expanded in the equilibrium liquid are not very promis- T
ing for commercial production of bulk amorphous foams. Bubble
In this study, a foam-synthesis method is introduced that eneration
utilizes the thermodynamic stability and thermoplastic form-
ability of the supercooled liquid state. In this method there-
fore, the constraints dictated by the critical cooling rate are
removed such that low-density amorphous foams in dimen-

T,

Quenching Y’

T,

L X
sions that are not limited to the critical casting thickness can \ _."T'b'bl'-'é_' .T
be produced. The fundamentals of this method are outlined \ : ex[",‘;,;s'iﬁn TE
in the following section. The effects of the viscosity charac- - -
teristics of BMG-forming liquids on the morphology of the t

final foam product are also discussed in Sec. Il. In Sec. lll,

the feasibility of processing foam expansion in the superf!G. 2. Proposed three-step foaming methdd:a large number of small
P : : -hubbles are created in the equilibrium liquid under press@ethe liquid

cooled |IQUId _reglon is assessed by mea_ns Of_ a _dynamlgrefoam is quenched to its amorphous sté&g;the amorphous prefoam is

model tha_t 5'”_1U|<_'ﬂes the bubble expansion kinetics IN" Geheated to the supercooled liquid region and the pressure is substantially

BMG-forming liquid. In Sec. 1V, the details of the experi- reduced to activate bubble expansion. Symi¥IsT,, and T, denote ligui-

mental method are outlined, and the amorphous prefoam arftys. crystallization, and glass transition temperatures, respectively.

foam products developed by this method are presented.

Owing to the excessively high viscosities characterizing
BMG-forming liquids, bubble sedimentation can be reduced
to negligible levels. The sedimentation velocityof a gas

One of the most unique features of BMG-forming lig- bubble in a liquid can be approximated by Stokes equation:

Il. FOAM-PROCESSING ABILITY OF BMGS

uids is the existence of a supercooled liquid state that is 8R(p, - po)g
continuous and exhibits excellent stability against crystalli- U= —9779— (1)

zation. This metastable liquid state appears in a temperature
region between glass transition and crystallization. This statevhereR is the radius of the bubblgy and p, are the densi-
can be reached by rapidly quenching from the equilibriumties of liquid and gas, respectivelg;the gravitational accel-
liquid state, however, it can be attained more conveniently byeration, andy is the viscosity. To evaluate the sedimentation
reheating from the amorphous state. Viscosity in this regiordynamics in BMG-forming liquids, the sedimentation veloc-
varies smoothly between 10Pa s and 10Pa s, and crystal- ity of 1 atm argon gas bubbles in the jdi;Cu,-P,, liquid
lization is extremely sluggish. Consequently processing winis considered at two different temperatures: 870 K and
dows for thermoplastic forming of the liquid can be utilized 650 K. The temperature of 870 K is the liquidus temperature
in this region. Owing to the high viscosities characterizingof this alloy, while the temperature of 650 K is within the
the supercooled liquid, the kinetics of foaming would be ex-supercooled liquid region. Therefore these temperatures rep-
tremely sluggish as well. Furthermore the strong dependenaesent the processing temperatures for the prefoaming stage
of viscosity on temperature would allow for precise control(step 3 and the foam expansion staggep 3, respectively.
of the foam expansion process by varying temperature withindeal-gas law is used for the density of argon, while for
the supercooled region. Pd,aNi;(Cly7Py liquid the density is taken as 9340 kg?m
The unique characteristics of the supercooled liquid statémeasuregland the viscosities at 870 K and 650 K are taken
can be utilized to develop a three-step manufacturing methods 0.6 Pas and 1410° Pas, respectiveK/A limit for de-
for producing amorphous metallic foams. The first step in-tectable sedimentation can be established by considering that
volves the generation of a large number of small bubbles intén 1 cm samples, sedimentations of less than 1 mm during
the equilibrium liquid under pressure to produce a prefoanexperimental times of 100 s are undetectable. This criterion
having a small bubble volume fraction. The intermediate steppherefore suggests that undetectable stratification can be
involves quenching of the bubbly liquid to its amorphouscharacterized by sedimentation velocities of less than
state by cooling at rates greater than the critical cooling ratelO um/s. The results for the sedimentation velocity as a
The last step involves reheating of the sample to the supefunction of bubble radius as estimated from H@) are
cooled liquid region and reducing the pressure to values sutshown in Fig. 3. At the temperature of 870 K, where prefoam
stantially lower than those used in the prefoaming step irprocessing takes place, the criterion for negligible sedimen-
order to activate bubble expansion. This method is illustratediation can be fulfilled for bubble radii of less than ifn.
schematically in Fig. 2. Since in this method bubble expan-This suggests that sedimentation would be undetectable in
sion takes place below the nose of the temperature-timgarefoams with an average bubble size of 4. At the tem-
transformation(TTT) diagram, the critical cooling rate to perature of 650 K, however, where foam expansion is pro-
bypass crystallization is essentially infinite. Therefore it be-cessed, the criterion for negligible sedimentation can be ful-
comes trivial to quench the foam from the supercooled liquidilled for bubble radii of less than 1 cm. This implies that
state to the amorphous state. Cooling-rate constraints on vituring foam expansion, bubble sizes in the centimeter range
rification are therefore relaxed and consequently low-densitgan be produced without detectable sedimentation.
amorphous foams in dimensions that are not limited to the Therefore owing to the excessively high viscosities of
critical casting thickness can be produced by this method. BMG-forming liquids, no density gradients along the gravity
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- ' - kinetics of crystallization. Consequently the time allowed for
o | | expansion would be limited. Therefore, the processing tem-

10 . .
perature for expansion has to be carefully determined by
10% | 870K ; considering the simultaneous kinetics of bubble expansion
.| ] and crystallization. An ideal processing window can arise

when the time scale characterizing bubble expansion is
shorter than that characterizing crystallization. In this sec-
tion, a model for the kinetics of foam expansion in a BMG-
forming liquid is established in order to assess the feasibility
of the foam expansion process. The model utilizes available
kinetic data for the supercooled liquid and evaluates the ex-
pansion kinetics of individual bubbles by assuming the
bubbles to maintain spherical symmetry and the liquid to be
infinite and incompressible. The current model is not in-
tended to accurately simulate the expansion evolution during
FIG. 3. The sedimentation velocity of bubbles in,fd;,Cu,Py liquid as ~ foaming, but to rather give an approximate assessment of the
a function of bubble radius at temperatures 87Qliquidus) and 650 K feasibility of processing foam expansion in the supercooled
(deeply undercooled regipas computed by Eql). liquid region.

Denoting the bubble pressure on the gas side of the in-
direction caused by bubble sedimentation are expected t@rface agy;, the pressure on the liquid side of the interface
form in foam products produced by this method. Howeverasp, and the far-stream liquid pressurems the total driv-
nonuniformities in the morphologies may appear in foamsing force for growth(p;—p..) can be expressed as a sum of an
prOduced by this method. Such nonuniformities are attrib'interfaciai driving force(pi—po) and a far-stream driving
uted to the strong dependence of viscosity on temperature igrce (p,—p..), as follows:
the supercooled liquid region. As will be demonstrated in the
following section, the kinetics of bubble expansion scale in-  (Pi = P-2) = (P = Po) + (Po —~ P=). (2)
versely with viscosity. Therefore, even shallow temperaturerpe jnterfacial kinetics are taken as suggested by Porftsky:
gradients during foam expansion can give rise to steep vis-
cosity gradients, which would contribute to spatially nonuni- (P - Po) = 477dR/dt + 20 3)
form bubble growth and ultimately to nonuniform morphol- b R R’
ogy. Therefore in order to achieve spatially uniform foam
morphologies by this method, it is essential to process foari\ﬁg1

e

expansion under uniform temperatures. The foams develop o
in this preliminary stage were expanded using eithelr'ght represents the prlnC|pa_I normal stresses on t_he bubb!e
compact-resistance heater or rf-coil, neither of which pro-Wh'.Ie the second term anSt't.UteS. thg surface tgnsmn contri-
duces uniform temperature distributions. Therefore the mor.puuon.' The far-stream Inertia anech are glven by the
phologies of the foam products developed in this study,'rrc’tatlonal'fIOW analysis of Rayle@has follows:
which are presented in Sec. IV, appear to be only moderately d’R 3(dR)\?

uniform. The primary intent of the current study, however, is (Po = ) = piRF + 5(&) i ’ (4)

to demonstrate the potential of the proposed synthesis

method to produce low-density amorphous foams that ar&herep is the liquid density. Furthermore, the pressure at the
not limited to the critical casting thickness. Work is under-9as side of the bubble interface can be related to the number
way to develop a furnace apparatus by which foam expancf moles of the gas by assuming ideal gas law:

sion can take place under uniform temperatures. Such iso- nRT

Sedimentation Velocity (m/s)

10" 10° 10

Bubble Radius (m)

hereo is the surface tensiory is the liquid viscosity, and
is the time-dependent bubble radius. The first term on the

thermal annealing conditions are expected to substantially pi:m, (5)
improve the uniformity in foam morphology. (4ml3)

whereR is the gas constant aridis temperature. The num-
Ill. FOAM-EXPANSION KINETICS IN BMG-FORMING ber of molesn, which is conserved during expansion, can be
LIQUIDS obtained from knowledge of the initial gas pressure in the

The bubbles created in the amorphous prefoam ingdPUPblePo. Substituting Eqs(3)«5) into Eg. (2) we obtain

have attained an equilibrium size, which is dictated by the R 3 [dR\?2 4pdR nNRT 2o
ambient pressure used durlng_the prefoam'mg process. In or- pR e + 2P< dt) + Rdt (4m3R R
der to activate bubble expansion, the ambient pressure must
be lowered such that a pressure difference between gas and Equation (6) is a differential equation governing the
liquid is imposed, hence constituting a driving force for ex- growth evolution of a single bubble from an initial siRg to
pansion. In order to kinetically enable bubble expansion, then equilibrium sizeR., which can be obtained by setting
prefoam must be reheated into the supercooled liquid regiodR/dt=d’R/dt*=0 in Eq.(6). Owing to the excessively high
such that a reduction in viscosity is effected. Heating into theviscosities characterizing BMG-forming liquids, E®) can
supercooled liquid region however, would also enhance thée simplified substantially by means of a scaling analysis.

—p.. (6)
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Two relaxation processes take place during bubble growth: 200
far-stream hydrodynamic relaxation, which for such irrota- 190r Eq. 6
tional flow is characterized by a time scaig,=ARvVp/Ap, 180} mmemmm Eq. 8
and interfacial stress relaxation, which is characterized by a 170k
diffusive time scaler,;;=pAR?/47. In the above expressions = 160l
AR=R.q—Ry and Ap=p,—p... Defining dimensionless vari- EL ssol
ables asR=R/AR andf=t/7-hyd, Eq. (6) can be scaled as E .
follows: E or
R N\ R 130}
Aﬂ?+§(d_R> +Mid_R 120}
diz 2\ dt Tyis R dt 110}
nRT 1 20 1 p. %) ©° 3 ” " s ' 4
= —- - 10 10 10 10 10° 10
Ap(4m/3)AR® R ApARR Ap Time (s)

For excessively high viscosities the time-scale ratio becomeBIG. 4. Expansion evolution of a 1Q@m radius bubble initially atp;
Thyd! Tis>1 such that the inertia contributidfirst two terms =10 Pa expanding in undercooled iy Cuy Py liquid at 675 K and
on the left of Eq.(6)] becomes vanishingly small compared P=~1 P as computed by Eq$) and(8).
to the interfacial stress contributigthird term on the left
Accordingly the evolution equation can be simplified to thepressurep., is taken to be 1 Pa. Under these conditions, the
following dimensional form: time-scale ratio becomes,q/ 7,;s~ 10°, hence implying neg-
4ndR nRT 20 ligible inertia effects, and accordingly E@) must be a good
— == — — Pa. (8) approximation to Eq(6). Equationg6) and(8) and are both
Rdt (4m/39R° R nonlinear and were therefore solved numerically\uATLAB
Equation(8) can be used to model the growth evolution of asolver with a relative tolerance of 1% was employed. The
single bubble expanding in a highly viscous liquid. Sincecomputed evolutions from the initial size to the equilibrium
inertia terms are vanishingly small, the constraint for theone predicted by the two equations are shown in Fig. 4. The
liquid to extend to infinity can therefore be relaxed. Thisevolutions appear to be identical, hence verifying the validity
implies that interactions between adjacently expandingf the scaling analysis and suggesting thatByjis adequate
bubbles would be negligible, i.e., bubbles would essentiallyf0 simulate evolution in a highly viscous liquid.
expand like balloons. The above argument, however, is only ~ The developed model, E@8), is employed to investi-
true when no merging of bubbles takes place. Neverthelesgate the effect of varying temperature in the supercooled
under the assumption of no bubble merging, @y.could be liquid region on the expansion evolution. Expansion of a
employed to adequately simulate the growth evolution of al00 um bubble for 3000 s in undercooled i;Cuy7P2o
size distribution of bubbles expanding in a viscous liquid. liquid was considered. The far-stream pressure was taken to
In the context of this study, the supercooled liquid will be 1 Pa. The computed evolutions at temperatures 625, 650,
be assumed to be structurally relaxed to its equilibrium stat@nd 675 K for an initial gas pressure of*1Pa are shown in
during expansion, i.e., its viscosity will be assumed to be afig- 5. The results suggest that for the processing conditions
its Newtonian value. Under this assumption, nonequilibriumconsidered, the bubbles at 650 K and 675 K would attain the
effects contributed by quenched-in free volume or induced
by strain rates during growth are neglected. In practice, how- 200
ever, such nonequilibrium effects may become important and
may contribute to dramatically decrease the viscosity and
hence substantially increase the kinetics of expansion. Under '8 675K
such assumption, therefore, the kinetics are accounted for 1701
conservatively and hence expansion is evaluated at the slow-
est possible rate. The Newtonian viscosity of
Pdi3Ni(Cuy/P, as evaluated recently by Fa al.” will be
employed:  logy(7)=—-6.8+2x 28804 T—447H{(T-447?2
+4X7.3T]Y2 Pas. The surface tension of di;Cl,7Py0 1307 625K
can be approximated by that of RBUSig™° 0=1.399 1200
+0.26X10%T-1033 N/m. For the density of
Pd,3Ni;(Cl7P,0, the measured value @f=9340 kg/nt will
be utilized. 1% 10? 10" 10° 10’ @ e
In order to evaluate the accuracy of E(®).and(8), and Time (s)
hence validate the scaling analysis given by &g, the ex-
FIG. 5. Expansion evolution of a 100m radius bubble initially atp

pan_smn ofa 10Qum bUbee.m SUpe.rCOOIGd E;;NI_lq(?uszo =10P Pa expanding in undercooled Ri,Cu,-Py liquid at p,.=1 Pa and
liquid at 650 K for 3000 s is considered. The initial bubble (emperatures of 625 K, 650 K, and 675 K. The onset of crystallization at

pressurgy is taken to be 10Pa, while the far-stream liquid each temperature is marked with an asterisk.

1601

150r 650K
140}

Radius (um)

1101
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FIG. 7. PdaNi;(Cuy7P, prefoam processed for 5 min at 2 bar pressure and
o 1170 K. It consists of 15 vol % bubbles homogeneously distributed through-
Time (s) out the prefoam with an average bubble size ofur.

100

FIG. 6. Expansion evolution of a 10@m radius bubble initially at pressures
of 0.5x10°, 1.0x1C(°, and 2x10° Pa expanding in undercooled :\\/I/EE,:(EIEEIL\\ANIIENTAL PRODUCTION OF AMORPHOUS

Pd,3Ni;(Cuy7Pyg liquid at 650 K andp..=1 Pa. The onset of crystallization

at 650 K is marked with an asterisk. . . .
In this section, the experimental methods employed for

the preparation of the prefoam and for the expansion of the
equilibrium size, while the one at 625 K would grow sub- foam are outlined. Furthermore, the amorphous prefoam and
stantially but would not attain equilibrium. From the results foam products developed by implementing the method pro-
it appears that the expansion kinetics are enhanced substa#fsed in this study are presented.
tially by increasing temperature as a consequence of the dra-
matic decrease in viscosity. The viscosities at temperatur
625, 650, and 675K are 35107, 1.1x1(f, and 6.6
X 10* Pa s, respectively. In order to assess whether adequate During the prefoaming process, a large number of small
expansion is possible before crystallization sets in, the exbubbles are introduced into the liquid sample. The morphol-
pansion kinetics must be compared against crystallization kicgy of a final foam product should exhibit narrow bubble
netics. This can be accompnshed by Superimposing the t|m§|ze distribution as well as uniform Spatial distribution of
for isothermal crystallization, as obtained from an experi_bubbles. It is therefore critical that the prefoam morphology
mental TTT diagram, onto the expansion evolution. Thea}lso possesses those size ar_1d spatial t_jistribution characteris-
crystallization times at temperatures 625, 650, and 675 K arlicS, SO that it could evolve into a desirable foam product.
obtained from the experimental TTT diagriras 2470, 600, Amorphous metal prefoams can be generally produced by
and 112 s, respectively, and are superimposed on the plot Bptroductlon of bubbles in the equilibrium Ilqum_j undgr pres-
an asterisk. From the results it appears that at 675 K ang e and by subsequent qu_ench (.)f the I'qu'(.j o its amor-
650 K, expansion equilibrates before crystallization sets inphous state. In_ or(_JIer fo attain cooling rates_r_ugh enough to
however, at 625 K crystallization precedes equilibration. Thebypass crystallization, prefoams should additionally possess

model therefore confirms that under the slowest possible ki§ma|| bubble volume fractions such that the effective thermal

) . o ) . properties are not extensively degraded. In this study, pre-
netlc_con_d|t|ons(|.e., equilibrium Newto_nla_n c_ondltlo_msex foam production was achieved by means of two techniques:
pansion in the deeply undercooled liquid is feasible, as

ing ti ind ists bet . q as-releasing agents and mechanical air entrapment.
{)rl?cef_5|ng IMe window exists between expansion and Crys: 1 the gas-releasing agent technique, a requirement for
allization.

" N the agent is to have low reactivity with the BMG-forming
Additionally, the model is utilized to explore the effect alloy, as a reaction could degrade its glass-forming ability.

o_f _initial gas pressure on bubble expansion. The same COllyost importantly, however, the agents must be able to re-
ditions as above were used. The computed evolutions fOgase gas at temperatures near the liquidus temperature of the
initial gas pressures of 0%610°, 1.0X10° and 2.0 alloy.  PdNi;oCly-Pyo with hydrated BO; agent was con-

X 10° Pa at temperature 650 K are shown in Fig. 6. As eXsjdered for prefoam production using this method. Hydrated
pected, higher initial gas pressure results in greater equilibg,0, releases water vapor at temperatures above the liquidus
rium bubble size, since it corresponds to greater molar quaiemperature of the alloyand does not reduce its glass form-

tities. The expansion kinetics at different pressures appeahg ability. In fact it was observed that,B; could even
similar: relaxation to equilibrium size occurs betweenimprove the glass forming ability of this alldﬁzls

300-500 s in all three cases. This is attributed to the factthat  |n the context of this work, PgNi;Cu,-P,o was mixed

the dependence of kinetics on molar quantity is very weak agith 50 vol % of B,0O; and was processed in a quartz tube at
compared to the dependence on viscosity. The time for th@170 K for 5 min under argon atmosphere at 2 bar pressure.
onset of crystallization at 650 K is also superimposed on the\fter being processed, the prefoam was water quenched to
plot, suggesting that similar processing time windows existsts amorphous state. The RBNi;;Cu,7P,, prefoam produced

at all pressures. is shown in Fig. 7. The prefoam consists of 15 vol % bubbles

R Prefoam preparation

Downloaded 10 Mar 2005 to 131.215.30.135. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



7728 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Schroers et al.

bubbler rotor

FIG. 8. Schematic drawing of the eggbeater constructed for the mechanical
air-entrapment method. The setup comprises a molybdenum brush of 3 cm
diameter spinning at speeds of up to 2500 rpm.

homogeneously distributed throughout the sample having an
average size of 7@m. Its amorphous nature was confirmed
by thermal analysis.

The alternative prefoaming technique is to mechanically
create bubbles in the liquid by air entrapment. In the me-
chanical air entrapment technique, bubbles are created as a
consequence of induced liquid-gas instabilities, known as
Rayleigh-Taylor instabilities. Such instabilities are often
quantified by a dimensionless scaling number called the We- ; i AT .-
ber number. The Weber number scales inertia forces to sur- — 100 microns (b
face tension forces. It is defined as W&#2R/ o, whereu is ) )
the relative velocity between liquid and brush amds the TG 9 (@ Zrss b2 sClis iz flso 5 prefoam synthesized by the me-
L . . . chanical air entrapment method. It consists of 10 vol % bubbles with an
liquid-gas surface tension. When Wd inertia forces ex-  average size of 25pm. (b) Magnified view. The bubble size distribution
ceed interfacial tension forces and consequently interfaciadppears fairly narrow.
instabilities are generated. Such instabilities develop at exist-

ing liquid-gas interface, and contribute to interface break—upbrage size of 25@m. The spatial distribution of bubbles
such that small bubbles are generated. The Weber numbggsears 1o be fairly uniform, which implies that sedimenta-
can be employed to calculate the size of bubbles that can (g, \yas negligible during processing. Furthermore the size
created by assuming that bubbles can be broken up Wheflstribution of bubbles appears fairly narrdeee magnified
We>1. Using typical values for density and surface tension e in Fig. qb)]. It can therefore be concluded that pre-

asp=6500 kg/ni ando=1 N/m and a relative velocity of  foams exhibiting adequate homogeneity can be produced by
u=3 m/s, the smallest bubble radius that can be broken uge gir entrapment technique.

based on the above considerations-i20 um.
With a kitchen eggbeater as a role model, a setup was
built as shown schematically in Fig. 8. The setup comprises a _
molybdenum whisk of 3 cm diameter that is spinning atB- Foam expansion
speeds of up to 2500 rpm. This results in relative velocities  In the foaming stage, prefoams were heated into the su-
between liquid and brush of up to 3 m/s. The liquid samplepercooled liquid region by means of a compact-resistance
is processed in a graphite crucible that is inductively heatecheater, or alternatively by an rf coil. The samples were then
Small bubbles are created by breaking up large bubbleannealed at a given temperature in the supercooled region
originated by either entrapping gas through the surface or bgnd foam expansion was activated by reducing the ambient
releasing gas through a bubbler positioned underneatpressure. The ambient pressures imposed in the foaming
the whisk. In the mechanical air entrapment technique, relastage were of the order of 1dmbar.
tively high material quantities are required due to the  Figure 1@a) shows a PgNi;(Cu,7P,o foam exhibiting
large size of crucible needed in this process. Therefor85% bubble volume fraction. The foam was processed by
Zrsg Nb, Cuys Nigo Al g 3 alloy was instead considered in rf-coil heating with a heating rate of 40 K/min. Figure(ap
this prefoam technique due to its relatively low cost. therefore demonstrates that production of low-density foam
Figure 9a) shows a Zgg Nb, {Cuys Nijo gAl g 3prefoam is possible using this synthesis method. The magnified view
synthesized by the mechanical air entrapment method. Thef this foam is shown in Fig. 10). This figure depicts that
quenched prefoam consists of 10 vol % bubbles with an avbubbles deviate from their spherical geometry at such low
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‘ 1mm - . ) (a)

00 microns (b)

FIG. 10. (a) Pds3Ni;(Cu,7P,o foam expanded for 6 min by means of rf-coil
heating. The foam exhibits a bubble volume fraction of 888pMagnified
view. Bubbles deviate from spherical symmetry, however, bubble merging
appears to be restrained by the interconnecting films.

densities, however, bubble merging appears to be restrained
by the interconnecting films. This points to a self-stabilizing
mechanism between bubbles in BMG foams.

In Fig. 11, a PgsNi,Cu,,Pog prefoam is shown together
with the corresponding expanded foam. This figure illustrates
bulk expansion of the sample, which is a consequence of the
foaming process employed in this synthesis method. The pre-
foam consisted of 10 vol % of bubbles and was processed by
the gas-releasing agent method under 3 bar pressure. The
expanded foam exhibits a bubble volume fraction of 75%.

The amorphous nature of the foam was verified by thermal _ _ _ .
FIG. 12. Microstructure growth evolution of Rfi,Cu,,P,, liquid pro-

analy_s's' ) ) cessed by compact-resistance heatiiay.Prefoam(10 vol % bubbles (b)
Figure 12 shows a BgNi;(Cuy;P, prefoam along with  processed for 7.5 min50 vol % bubbles (c) Processed for 30 min

two stages of expanded foam. The prefodfig. 12a)] con- (65 vol % bubbles

sisted of 10 vol % of bubbles and was processed by the gas-

releasing agent method under 3 bar pressure. Foam proces$o,, while in the second was 65%. In Fig. 12 it is clearly
ing was performed by means of a compact-resistance heatgfemonstrated that by the proposed synthesis method it is
The processing time for the first stagfig. 12b)] was  possible to expand the foam in stages, which allows control-
7.5 min, and for the second stagféig. 12c)] was 30 min.  |apility over the final foam density.

The bubble volume fraction in the first expansion stage was  The foam products developed in this study by the pro-
posed synthesis method do not exhibit any observable den-
sity gradients attributed to bubble sedimentation. However,
non-uniformities in the foam morphologies appear as a con-
sequence of temperature gradients during foaming. These
findings therefore validate the discussion in Sec. II.

1cm V. CONCLUSIONS

FIG. 11. Size comparison of RdNi,Cu,,P,o prefoam(left) and expanded . -
foam (right) by rf-coil. The bubble volume fraction of the prefoam is 10%, A foam-synthesis method that utilizes the thermody-

while that of the final foam is 75%. namic stability and thermoplastic formability of the super-
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cooled liquid state is introduced. In the proposed methodthis study that foaming could be performed in a controlled
creation and expansion of bubbles becomes decoupled, asanner such that desired foam densities can be accom-
follows. plished.
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