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Paula Valdivia Reference Free Part Encapsulation (RFPE) is an automatic, universal workholding pro-
. cess developed by the authors and by researchers at Berkeley. In RFPE, a block of filler
Winston Fan material encapsulates the workpiece and provides a fixturing surface, and after each
. 1 machining operation, the filler block is re-filled with material to restore it to a perfect
Sa“lav E. Sarma block. The objective of this research is to compute the process parameter window for
. o RFPE. We examine the effect of process parameters such as the injection temperature, the
Department of Mechanical Engineering, preheating temperature, the cooling rate and the pressure on the effectiveness of the
Massachusetts Institute of Technology, process. We show that when the temperatures are too low, or if the mold is cooled too
Cambridge, MA 02139 much or too rapidly, the newly added material does not weld properly to the original

encapsulation. If the temperatures are too great, then the entire encapsulation is likely to
melt and lose location. The injection pressure, meanwhile, affects the surface finish of the
process, and therefore the accuracy. We develop models to understand the effects of these
parameters on process performance and design experiments to verify these predictions.
Using these techniques, we determine the acceptable parameter windows for the process.
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1 Introduction configuration to provide access to previously hidden faces. The
In 1995, Sarmdone of the authors of this papeand Wright action of changing setups, unfortunately, entails loss of locational

developed a process called Reference Free Part Encapsula'[riﬁ rmat_lon. For example, when an objec_t IS re'?‘f”‘se.d frc_)m a vise,
(RFPB at the University of California at Berkeldit,2].2 RFPE is a qcatlorlal references are lost. Upon |mm0b|l|ze_1t|on in a new
a multi-setup automatic fixturing technology that uses a low meffonfiguration, these references must be re-established using fur-
ing point material to encapsulate the stock during machining. THaer locational cues. This is a complex and time consuming task
use of low-melting point alloys is not at all néwn fact, the that has tradltlonally required human expertise and effort. .
aerospace industry has used the proces for several decades RFPE is a way to conceptually “freeze the component in
manufacture turbine bladd8]. However, the technique as it isspace.” Instead of space, the workpiece is embedded in a solid
applied today is somewhat limiting because it is used for a singkock of low melting point filler material. During change of set-
setup, to cast the fixture around the part as shown in Fig. 1. B&ps, the solid block of filler material is relied upon to preserve
tween setups, the casting must be melted and all location inféecational information. The steps taken to make a 3-D object using
mation is lost. It is here that RFPE makes its contribution; RFPRFPE are described below, and shown in Fig.TBe stock is
makes it possible to automatically fixture in multiple setups usingitially embedded within an accurate cube of the filler material
encapsulation fixturing, and moreover, RFPE is designed to be @obes are easy to fixture and handle automatically. The compo-
automatable process. In this paper we examine the physics of et is then machined through the filler blo@khich we will also
process and develop a basis for selecting the process parametefgr to as the encapsulatipmt the end of the setup, the filler
We begin with a more detailed introduction to the process beloglock is refilled and restored to a perfect block. The setup is
1.1 Review of RFPE. Consider the imaginary scenario inchanged, the new location and orientation of the block is known

which a stock of metal could be suspended midair using noWith respect to the external surfaces, and machining in the new
contact body forces such as, say, magnetic forces. All faces of ffaentation is begun. _ o
stock would then be exposed for machining. Any component RFPE offer_s potential advantages over conventional fixturing
could be machined entire|y in a Sing|e “Setup" by an appropriat@Chnﬂques. FIrSt, the range Of Shapes that can be manufactured
machine that can access all the sides of the component. Unforiging RFPE is significantly greater than by conventional machin-
nately, it is impossible to suspend an object rigidly in this mannéng. Parts with awkward profiles or delicate sections can be fix-
Instead, we must rely on physical forces of contact to immobilizeired with the same effort as simpler parts. Second, process plan-
objects. Mechanisms that deliver forces by physical contact aleing is simplified when RFPE replaces conventional fixturing
prevent machine access in the regions where the contact occtgshniques. Finally, unlike conventional fixturing devices, which
For example, a vise prevents access to the clamped faces hade evolved over the years for human use, RFPE lends itself to
usually to the bottom faces during milling. Thus we have thgutomation.

concept of setups—the object must be refixtured in a different i
1 The Process Window. In order for RFPE to succeed,

ICorresponding author. Address: Professor Sanjay Sarma, 35-010, MIT, Caﬁeve_ral performance reqUi_re_‘mentS must be met. _FiI’St, th? process
bridge MA 02139,(617) 253-1925, sesarma@mit.edu. requires that the surface finish of the encapsulation be high. Sec-

°Some experimental results presented in this paper were also presente i i -
NAMRC XXIX [2]. bAb, the encapsulation must be strong, especially after re

3Several materials have been used for this purpose. Issues range from mechaﬁ@&apsmaﬂon' Finally, we must make sure that the encapsulation

thermal properties, cutting performance, safety consideration and cost. A detaiisdaccurate, and that the part remain immobile during machining.

description of which is deferred to later publications. In anv manuf rin r her re “control variables”
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The injection temperature and the preheat temperature are obvi-
ously related to each other and to cooling rate. We therefore ex-
amine them together in Section 2. In Section 3 we describe how
pressure and surface finish interact. We conclude in Section 4. All
Grinding the analysis presented in this paper pertains to a 58/42 Bismuth/
Tin (Bi/Sn) alloy as the filler material, which is eutectic. The
techniques developed here can be applied to other materials.

2 The Temperature Window

There are two parameters that can be controlled effectively in
the molding process: injection temperature and the temperature to
which the mold is preheated. A third parameter, the cooling rate,

Fig. 1 Pratt & Whitney blades [Sprenkle 97 ] can also be controlled, though with less sensitivity. These param-
eters can have a significant effect on the quality of the molding
process. The incremental molding process in RFPE is a somewhat
delicate process; overheating can be as dangerous as under-

rameters as ram pressure, chamber temperature and packing titgating. We describe the problems below.
Careful selection of these parameters ensures that the molde
parts meet quality requirements. The acceptable and feasigl

ranges of these process variables are referred to as the procgess. I h - A
, tiller material is machined away and new filler material is

window. In a new process like RFPE, it is necessary to first ide 4 in. A weld f b h v ini d fill
tify the process window for feasible operation. In time, rules caf/¢cted In. A weld must form between the newly injected filler

it ; the pre-existing solid mass. If the surface of the pre-existing
be developed for process optimization. This paper concentrates""(s’l’ij
determining the process window using a combination of analyfiUetal were very clean, then the bond between the new and the old

cal, numerical and experimental techniques. The five process aterial W?]Uld t;e r\]/ery _gc_>0d|—W|th a ylel_dlst;'ength In t_he salr_ne
rameters we examine are: ange as that of the original cast material. However, in reality,

contaminants and oxides result in a poorer bond than desired. This

.1 Problems Resulting From Incorrect Thermal Settings.
Re-weldingRFPE involves incremental welding. After each

* The injection temperature can be a critical problem in machining and has exhibited itself in
* The preheat temperature cracked molds as shown in Fig(a3. We refer to it as the re-

* The cooling schedule welding problem. It manifests itself in brittle fracture during ma-

* The injection pressure chining, with the crack either initiating or spreading along the
* The surface finish of the mold re-weld interface.

ﬁller\ﬂ
stock——ﬁl

g B o W

Initial block  Machine features  Refill with filler Face-mill top Perfect cube restored

machining restoration

A NE4
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¢
Change setup Machine features  Refill with filler Face-mill top Perfect cube restored

Fig. 2 Reference Free Part Encapsulation: a new prototyping technology

New Encapsulation Alloy

Weldiine Old Encapsulation Alloy

with oxide contaminant Possible drift Site

a) Poor re-welding b) Drift problems

Fig. 3 Re-welding and drift problems
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a) Superheating breaks the oxide layer b) Underheating keeps.the layer intact

Fig. 4 Breaking down the weld by super-heating the injected metal

Drift. Temperatures that are too high can be equally destructivelt can be shown analytically that the minimum temperature re-
Simply put, too high a temperature can result in the over-meltinguired of the liquid,T,, for the solidification front to retrean-

of the supporting filler metal, and result in the embedded blogffitesimally backwardas shown in Fig. @) is:

settling under gravity. This can have a serious effect on the accu-

racy of the process. Drift is shown in Fig(83. Re-welding and Kop.C- )24 (kip:C- VYT — (Kep.C. ) V2T
drift were first mentioned speculatively [a]. T|=(( PsCps) I(pkl p'c): ?1/2'“ (ksP<Cps) =
1P1%&pI

1)
2.2 Addressing the Re-Welding Problem. It is well known
that welds are weakened by the oxide and contaminant layevberek, p and C, are the coefficient of thermal conductivity,
between the new and old metal. These layers impede diffusion afehsity and specific heat respectively, with subscripasd| in-
bonding of the two masses of material. In some cases, oxides aichting solid or liquid, and wher&,, is the melting point of the
contaminant can be removed by dissolving them in reagents. Uiller material, and finally, wher@&g is the temperature of the solid
fortunately, in RFPE, the use of fluxes, acids and solvents is pphase. Equatioril) is derived simply from an analysis of two
cluded by the difficulty of automation as well as by environmentaemi-infinite bodies instantaneously in contb&f
concerns. Equation(1) only applies if we are looking at the instantaneous
. . retreat of the front. However, the question we would ideally like
2.2.1 The Superheating Approactie propose that contami- 1, anq\er is under what conditions the front will retreat a set
nants can be removed by simpyperheatinghe injected metal. o4 nt say 0.1 mm. Unfortunately, because of the phase change
The superheated metal will then cause some sub-surface meliggh) e it is difficult to derive a similar analytical equation re-
underneath the contaminant layer, dislodging and dissolving it ”]&ing solid and liquid phase temperatures such that there is a

LZE’;LS"&S;% ]T;T:atl(') \{Vitz] n;%?tt;’égfr:jgtetrﬁigﬁveigg ghg]lijlcé(g‘;ﬁﬁlen penetration depth. Instead, for this more complicated situa-
T T > ion, numerical analysis is necessary. We describe it below.
2 orders of magnitude thicker, about 0.1 mm. The objective there- y y

fore is to have the solidification front move backwards about 0.1 2.2.2 Simulation of Phase ChangeWe developed a simula-

mm or more into the solid phase before progressing forwards t@n package which uses the Runge-Kutta method of Order 4 to
shown in Fig. 4b). The greater the superheating the less likelgolve the differential equation for heat transfer. After the materials
that the oxide layer will have an effect. The question that needstmbe simulated are designated, the solver breaks down each layer
be asked now is what the temperature of the liquid metal and whiato nodes of a specified displacement step size. The simulation
the pre-heated temperature of the solid metal needs to be. In a@s written in Labview™. The dataflow representation of Lab-
dition, because the higher the temperatures, the longer the coolgw results in surprisingly efficient computation for the copious
time, and it needs to be understood how much active coolingasounts of data we needed to generate in our analysis. The equa-
necessary and can be tolerated. tions of heat transfer, of heat conduction through a solid and of

Governing Equations

Time Rate
Heat Flux of Change
Energy Temperature To and From of Energy New Energy
State of of Each Node Each Node of Each Node State of
Each Node Each Node

p QtoT —» TtoW [ WtoQ [P RK4 TE—

: e

Record to Database

\

Fig. 5 Diagram of the algorithm to solve the heat transfer problem using
Runga Kutta and the proper governing equations
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T AR TP melt front travels into the solid is here designated as the maximum
A [ e £ Qe a e o penetration depth and it is the variable we are seeking to study.
Liquid Bi/Sn ‘ i‘;}'d B’/SH 5 From Figure 7, we can recognize that not only is the quasiity
Alloy EALIOY L r R i important in determining the maximum melt depth, but that the
> Q individual injection and preheat temperatures do play a role in the
S -1 3 Py

ok maximum penetration depth of the melt front. One sees that with
) - g

higher injection temperatures, a greater melt depth is achieved for
Fig. 6 Modeling heat transfer for re-welding

S

i Conlfecti\le i

Adiabatic

a given®. It could be surmised that the highest possible tempera-
ture for injection will provide the most benefit for the encapsula-
tion process. However, the injection temperature must be limited
by other practical considerations. For example, it has been ob-
served that an increase in injection temperature will increase the
oxidation rate of the liquid encapsulation alloy. With a greater

energy exchange during phase change are applied to each nod@Mpqunt .Of oxidation, the encapsulation alloy will not perform as
order to track the phase change correctly, the internal energy ?l (cijyrlng thﬁ encabpisulatlofndprf:)cess. In later sections, we will
each node is tracked instead of its temperature. This is shown&° 'SCﬁSSt e Erf’ 'c:e_ms70 anit. <o b H ing |
Fig. 5. Knowing the energy states allows one to determine not roml L € _graph 'ré) 'Igll' ,hltl carl; aiso be seenht a;_rge ting in
only the temperature of the node but also the phase. On the B§f€ral begins whef is slightly above unity. In the third case,
end of the model, an adiabatic condition is assumed. On the ot¥dfere the convective heat transfer coefficient is higher, we see
end, an ambient temperature and heat transfer coefficient cantf@ @ perceptible amount of melting does not occur uftils
prescribed and applied. This is shown in Fig. 6. close to 1.5. One can conclude that for the simulated geometry,
To optimize processing time, the time step can be programm:ﬂi’-e convective end cqndlt_lomll affect re_weldlng, and it is thus
cally varied. As shown in Fig. 6, the re-welding simulation conf€commend that cooling is not begun immediately so as not to
sists d a 2 layer model of the Bi/Sn eutectic. The first layer is ifinder welding. Figure 8 shows the solidification front simulated
solid phase and the second in liquid. Each layer is 0.0127 met8@inst time for a range of conditions. It can be seen that the
thick (0.50 in) and is held at a specified initial temperature. Apolidification front first retreats before marching forward, as de-
time 0, the two layers are brought into instantaneous contact a¥ffibed. Furthermore, we can see that the front reaches its maxi-
the heat transfer is simulated. While one end-condition is an adBUMm penetration before 20s. Therefore, we can also use this data
batic surface the other surface is subjected to convective cooliiggdetermine when to start cooling the mold. In general, we have

at a specified heat transfer coefficient. run hundreds of simulations like the ones shown, and we are able
We define a nondimensional initial conditié given by: to conclude that rapid active cooling can and should be begun
about 20s after the injection has been completed.
0= (T\=Tw) @ From the information generated by the simulation, one can con-
(Tm—To " clude that for an injection temperature of about 180°C, the solid

A d the simulati h h ding initi encapsulation needs to be preheated to about 110°C to achieve the
" S (;)_(pecte , the sllmlu ?\ﬁ'on i Owhsf t atdr_e_wef 'ng 'n]!t'atec?esired 0.10 mm of melt penetration depth. While increasing the
when® is approximately 1. Note that this condition follows fromy, e 4t temperature will surely increase the penetration depth, we

Eq. (1) whenk, p andC,, are the same for the solid and the liquidy, st examine how the preheat temperature will affect our second
phases. 'I_'he res_ults c_)f the simulation are summarlze_d in F'g: 7'.' ue, that of over-melting and drift. We will do so in Section 2.3
® =1, neither side will change phase and below unity, the liqui '

with start to solidify first. The simulation can also illustrate a more 2.2.3 Experiments. We conducted a series of experiments to
complex behavior than the simple analytical semi-infinite bodyalidate the results showfs]. Our experimental setup consisted
model. The semi-infinite model is only appropriate for either vergf a mold shaped like an ASTM tensile test specimen, which we
large bodies or for very short periods of time, and it cannot derhalf filled with molten Bs/Sn and cooled, then preheated to a
onstrate a melt front retreating into the solid region before movirigmperatureTs. We then injected in molten Bs/Sn heated to a
forward. The simulation on the other hand is able to show thtemperaturel, and waited for it to freeze, simulating a re-weld.
retreating solidification front. The maximum depth for which th&Ve conducted tension tests on a series of such specimens at dif-

X 10‘3 Maximum Melt Depth as a Function of Theta at Various Initial Conditions

1.2
Injection Temp @ 180°C w/ 30W/m2K
L e 2, N
JL| 7 tmiection Temp @ 20°Cw/ 30W/m K2 777777777777777 ._Note that the value of
’g - Injection T‘emp @ 180°Cw/ 290 Wim‘K 4 shown here is a
g ‘ function of how
£ 08p--oioe s RS SRR AR vigorously the mold
& ‘ ! ! is being cooled.
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Fig. 7 How the maximum penetration depth changes with O for given cool-

ing rates
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Melt Front Location wrt the Initial Boundary Place as a Function of Time
x 10 Liquid Temp @ 110°CSolid Temp at Various Temperatures

[ — Solid Temp @ 110°C
! ' Solid Temp @ 115°C
' ' Solid Temp @ 120°C |
_________________ eiieeo--...}| — Solid Temp @ 125°C |.

Melt Front Location (meters)

'
'

15 . ; ; :
0 50 100 150 200 250

TIME (seconds)
Solidification front stops retreating after 20 s

Fig. 8 The temporary retreat of the solidification front as predicted by the

simulation
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Fig. 9 The re-welding mold and process
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Fig. 10 Tensile test results for re-welds in different regimes

ferentTg & T, combinations to understand how the paramefgrs  The results of the tension test are shown in Fig. 10. It can be

andT, affected tensile behavior. The mold and process are shoween broadly that the greater the valuesTgf& T,, the more

in Fig. 9. Because of the expense involved in controlligg@ndT, ductile the behavior of the re-weld. This is not always the case,

exactly, we chose in our experiments to do a number of expebut appears to be a trend. We also include the results of two full

ments with a range of ¢ & T, values. castings for reference—samples manufactured without a reweld as
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TyT;=132/144 °C

* -~ -
TJ/T,;=127/199 °C
More ductile behavior

TJ/T,=28/160 °C TJ/T,=106/172 °C
More brittle behavior

Fig. 11 Pictures of failed section showing increasing ductility

Process Window as a Function of Injection and Preheat Temperature
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Fig. 12 The process window for re-welding with tensile test results
superimposed

one integral casting. In general the ductility can also be observ@He next is a piece of 0.127 meter thick of aluminum 6061-T. It is
in the appearance of the failed region; the higher the re-weldifigllowed by a solid layer of Bi/Sn, 0.0635 meter thick. Lastly a
temperatures, the more pimpled the surface appears, as showf.0635 meter thick piece of stainless steel is placed at the end.
Fig. 11. These results are summarized to show the trend mdéygain, the end conditions are given to be adiabatic on end and
clearly in Fig. 11. The lines shown indicate tBe=1 line and the convective on the other. The dimensions are representative of the
line for a penetration depth of 0.1 mm. The region above the lines

indicates the acceptable range of temperatures to prevent re-

welding. We also indicate the temperatures of the tensile test

specimens and their performance on the same graph to show the |
dependence of behavior dh and T, . 5

2.3 Preventing Drift. The results of the previous section,
summarized in Fig. 12, showed clearly that the higher the prehe
temperature and the injection temperature, the better the we
However, too high a temperature can also be detrimental, not ol
because it increases cooling time and therefore cycle time, t
also because it causes drift as described earlier. In this section
examine the upper temperature limit for preventing drift. Becau:
experimental verification of drift is difficult, we rely on numerical :
analysis for this estimation. Each vertical rectangle represents an element in the numerical method.

The drift simulation consists of a 4 layer 1-D heat transfer
model. The first layer is liquid Bi/Sn alloy, 0.0635 meter thick.

YT Y Y

Fig. 13 Simulation for predicting re-welding
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Fig. 14 Results of simulation for drift

typical RFPE molding operation, and the model represents an atabustness of the encapsulation process in terms of developing a
minum block encapsulated in Bs/Sn in a steel mold. This is showgood reweld strength while preventing drift can be considered
in Fig. 13. very high. With an injection temperature of 180°C, the preheat

Figure 14 summarizes the output from the heat transfer simggmperature can vary some 25 degrees, from 110°C to 135°C, and
lation. The figure shows that a preheat temperature of 110°C vdlj| result in a good encapsulation.

not initiate drift even when the injection temperature is as high as

230°C. At an injection temperature of 180°C, drift begins when 2.4 Summary. The findings from this section are summa-
the preheat temperature is between 135°C and 140°C. At 205%2ed below. They result in the composite temperature process
drift will begin when preheat is between 130°C and 135°C. Atindow shown in Fig. 15, and also significantly affect the design
230°C, drift begins between 125°C and 135°C. One observes théthe equipmenf7].

even with large changes in the injection temperature, the preheat ) o o
temperature needed to initiate drift does not vary that greatly. One® Re-welding can be assured by a combination of a high injec-
can thus conclude thahe preheat temperature is the dominant  tion temperature and a high solid preheat temperature, which
variable that controls drift With the melting point of the Bi/Sn result in an initial retreat of the solidification front.

eutectic being 138.5°C, one observes that drift only occurs whene Sufficient retreat of the solidification front is usually achieved
the preheat temperature is very near the melting point. Thus the within the first 20 seconds.
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Process Window For Injection and Preheat Temperature
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Fig. 15 The process window for pre-heat and injection temperatures

« Drift usually begins after 40 seconds. Therefore, cooling musto kinds of errors that can affect this tolerance: form error and

be begun after 20 seconds but before 40s. surface roughness. Form error can be measured and compensated
« Drift can be virtually eliminated by keeping the solid preheafior every encapsulation block. However, surface asperities can
temperature below 230°C. cause surface deformation which is difficult to predict or compen-
sate for in process. Asperities are known to reduce contact integ-
3 Pressure and Surface Finish rity because the area of contact is usually significantly less than

For reasons of convenience and practicality, it is desirable tﬁQF nomlr_1al areds]. This is s_hown in Fig. 16. We analyze this
the injection pressure requirements of the RFPE process be |owprﬁb'e.m in the currgnt section and conclude with an °Fdef of
the order of 350—700 KP&0—100 psi. Lower pressures require magnitude argument: that if the roughness of the surface is better
lower clamping forces and therefore smaller structures, and p an 12um R,, then the surface deflection will not S|gn|f|c§ntly
haps more importantly, with lower pressures it is possible to u ect the tolerance of the process. The explanation for this con-
standard shop air supplies or standard pneumatic compre358 sion foI_Iowg. - .

Pressures in these ranges qualify RFPE as a type of low-pressur nder fixturing Iqad, the asperities deflect elastl.cally af.‘d plas-
die-casting system. One of the questions that arises in low prﬁ_%@”y' In the elastic case, it has been proposed in the literature
sure systems is whether it is possible to achieve high enoug t the contact between two rough surfaces can pe treated as
surface finish. This question is especially pertinent in RFPE peontact between a flat s.urface aqd a surface of gﬁectlve roughness
cause the surfaces are used as fixturing datums. In this section,GveVo1+ o3 and effective elastic modulug*, given by 1E*
examine the relationship between surface finish and pressure, anti— 93/E,+1—95/E,, wheres, and o, are the RMS rough-
determine the acceptable range of pressures. ness values:; andE, are the elastic moduli, anl; and 9, are

We begin by asking what the required surface finish of thidie Poisson ratios of the original surfad@$ Assuming a simple
encapsulation block is. We address this question below fromstusoidal surface model, it can be shown that the limit of elastic
contact mechanics point of view. In Section 3.2, we ask the neseflection, s, , after which the material flow becomes plastic is:
guestion: how do the injection pressure and the finish of the mold 81 72Y2R
affect the finish of the encapsulation? So=— = 3)

Y16 E*? 7

3.1 Required Surface Finish of the Encapsulation Block.

We state that the tolerance required of RFPE igr85 which whereR, E* andY are the radius of curvature of asperities, elastic
corresponds to 0.001 in., a standard machining target. There eredulus and yield strength of the material respectiy&l§]. By

.-

y Vise plate Vise plate

fpaning

I

Error caused by
deflection of asperities

v

-

Encapsulation block

Ra=§roydl
KA

a) Surface roughness and R, Vise plate Vise plate

%

b) Deflection during clamping and fixturing

Fig. 16 Surface roughness under fixturing load
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inserting the material constants of cast Bi/Sn and compuijngt

can be shown that for machined surface finishgsis insignifi-

cant and that the plastic deformation will dominate. There has
been a significant amount of research into the plastic deflection of
asperities. Beginning with Moore’s work in 194&1], followed

by others[8,12], researchers have noted that asperities persist
even under extremely high compressive loads. In some cases, re-
searchers have been able to measure pressures in compressive
tests approaching six times the yield strength and the asperities
still exist[13,14). Most of these studies show that asperities even-
tually become, on a per area basis, stronger than the bulk material.
As a result, they transmit the load to the bulk material like struc-
tural members. This behavior is complex and it is hard to predict
the exact deflection of a surface in plastic flow.

We, however, make a bounding argument. Recognizing the fact
that plastic flow is incompressible, we make the argument that the
maximum deflection of the asperities must be, at niggt, In 2D,
where the deviation from a center-line is given \3$), R, is
defined as 1f}ydI. The definition of the center-line, meanwhile
implies thatf'oydl=0. This proves that the material in the peaks
can at most fill the valleys. Therefore, if the material behaves in
this way, the plastic deflection, which is the significant portion,
can at most equd, . In practice, the asperities resist plastic flow
beyond a point. Therefore, the plastic deflection will usually be
less thanR,. We therefore set the requirement that the surfaaality of the imprint was affected by pressure. The idea was to
roughness of the encapsulated block must not be worseRhansee how the surface roughness of the surface being imprinted and
=12pum. the injection pressure affected the replication.

o L ) A low-pressure mold, shown in Fig. 17, was manufactured to

3.2 Surface Finish Replication. As one might expect, the roduce Bi/Sn specimens with varying surface roughnesses across
surface finish of an encapsulation block depends on the surfac@ange of pressures. The bottom plate of the mold was designed
finish of the die itself, and on the pressure of the injection procesg. hold surface roughness standards from the Gar Electroforming
We refer to this transference of finish from mold to encapsulatigi-15 Surface Roughness Standard Set. A connector that attached
surface asurface replicationGiven that we would like to imprint from above was used to inject molten Bi/Sn at different pressures.
a finish ofR;=12 um on the encapsulation, we ask what combiaA KLA-Tencor P-10 Profilometer was used to evaluate the surface
nations of pressure and die surface finish are acceptable. of the specimens after the replication experiments.

There is a small amount of literature on this topic. Experimental To produce each specimen, the appropriate surface roughness
studies of the effect of squeeze casting pressure primarily on ririsert was cleaned and placed on the bottom plate and secured to
crostructure, and to a smaller extent on porosity and surface finisle mold body. The mold was heated to 150°C. Molten Bi/Sn
is presented i115,16,17. The results show that increasing presalloy was then injected into the mold. The top plate was then
sure improves the replication and the researchers argue that higtegured and the mold pressurized to the desired pressure. The
pressures force the molten metal into the surface more effectivedpecimens were produced at atmospheric pressure and 40 psi, 60
However, research has tended to be restricted to aluminum at vegj, and 80 psi above atmospheric pressure. For each pressure
high pressures, in the range of 50 MPa, and does not direcy€l, surface roughness standards of Arh, 0.4 um, 1.6 um,
apply to the situation described here. and 3.2um were used. Because of the high cost of these experi-

A related topic is porosity, which does affect surface finisHn€nts, only 16 separate experiments were conducted.

There is a significant amount of previous work dealing with po- 322 Results. The results of the experiment are shown in
rosity, but the results have tended to be very specific to the mafgy. 18. There are essentially four sets of data, connected by solid
rials, geometries and boundary conditions involy&H The mod- |ines. Each set presents the measured surface finishes of the im-
ern approach uses criteria functions, which are combinations grinted surfaces as pressure changes for a given reference surface.
several thermal properties such as cooling Rite thermal gradi- Each dataset is accompanied by a dashed baseline, which shows
ent G, solidus velocityVg and solidification timetg [18]. Unfor-  the associated nominal reference value.

tunately, the criteria functions themselves are material dependentit is easy to see that as the pressure increases, surface finish
and no results are available in the literature for Bi/Sn. For eapproaches the reference value. Also, it is clear that the better the
ample, the functions for steel and aluminum alloys respectivetyirface finish of the reference surface, the better the finish of the
areG/ R, andG><t§’3 respectivel\{19,20. Furthermore, the un- imprinted surface. Both these trends are as one would expect in-
derstanding we seek for the purposes of RFPE are fairly narroitively. The greyed out region on the left sides of the graph
we simply ask how well surfaces are replicated as a function tdicate that the data is unreliable because the roughness exceeded
mold finish and pressure, and a more detailed analysis seems ifi§-limit of the profilometer. However, the trends in this region are
necessary. Few analytical methods exist which can be generaliZgdl apparent. _ - _

Under these circumstances, experimentation remains the only el N intersections of the lines shown in Fig. 18 with theu®
course, and we explain it here. In order to understand the proct8€ 9ive us the acceptable pressures for different reference fin-

window for good replication, we conducted a series of experh€s: This data is represented explicitly in Fig. 19. The figure
ments on imprinted surface finish. shows the acceptable surface finishes for different pressures of

injection. Clearly, the higher the injection pressure, the less exact-
3.2.1 Equipment and ProcedureThe experiments worked asing the requirement on the surface finish of the mold. The region
follows. We replicated a range of standard surfaces of differean the right is essentially the feasible process window.
roughnesses on Bi/Sn encapsulations injected at different presThe conclusions from this experiment can be summarized as
sures. We then measured the imprinted surfaces to see how fillows. First, we have concluded in this section that a surface

Fig. 17 Mold for Bi /Sn replication test
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Fig. 18 Experimental results from imprint tests

We then examined pressure and surface finish requirements.
—e— Tolerable Roughness Through a series of experiments, we computed the range of ac-
(microns) : ceptable temperatures and surface finishes for the process. As ex-
pected, the greater the pressure, the better the surface finish of the
encapsulation. Similarly, the better the finish of the mold, the
better the finish of the encapsulation.
The results of our analyses and experiments provide the re-
Process . . .
Wcapable Process ; quired process windows. In particular, we noted that the accept-
Capable able range of temperatures is fairly broad, and that the process is
relatively robust. We also note that there is definitely pressure
requirement which can be met by low pressure die-casting. Higher
pressures are not required, but at the same time, gravity casting
will not suffice. This is an important finding because it enables our
’ : : process to become inexpensive and portable, and it profoundly
20 40 60 80 100 affects the design of our equipment. Finally, we concluded that the
process requires a ground mold. If the finish of the mold is not
ground, the imprinted surface finish will be poorer than can be
tolerated.

The research reported in this paper helps us in several ways.
First, it helps us establish the requirements for the design of the
. . . rocess equipment. For example, in addition to the conclusion on
finish of R;=12um is sufficient for RFPE. We have shown tha‘gressure above, we have also concluded that active cooling is

the pressure and the surface finish of the mold together determipg.essary. Second, it guides the selection of the filler material.
the surface finish of the imprintenolded surface. It is further o '58/45 Bi/Sn we have used offers robust performance. Other
possible to deduce from Fig. 19 that: . .
materials may be cheaper, but need to be analyzed in the same
* Molding pressure should be at least 40 psi. In other wordaay for performance. Third, the process windows we have com-
gravity pouring is not sufficient. puted indicate to us how the process can be optimized for perfor-
» Furthermore, if we assume that shop air is at about 60 psiance. Performance metrics that can be optimized include cycle
then R,=2 um is required. This means that the surfacéime and accuracy. We will present our findings in these areas in
should beground after milling. future publications.

w
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w
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Fig. 19 Process window for pressure and surface roughness

These results justify low-pressure die casting. This is crucial in the
design of the process. [[Y] we describe the machines designe% K led
with this assumption. cknowledgments
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