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Abstract

This research focuses on transient thermal anadyslsoptimization of a new casting process whidhyiéld a
defect-free valve spool. Typical spools are madhiinem a solid piece of steel, and the weight ais¢ed with this
structure limits the possibilities for improved pesse to actuation. Utilizing a hybrid fabricatiprocess
encompassing rapid prototyping and investmentrmgsiti is now possible to manufacture a spool caseglrof a
finely-detailed internal lattice. This structurdightweight to increase response time, yet adedyatiff in order to
withstand fluid pressures experienced inside theeviaousing. A spool with this internal latticelgtture has been
cast in copper using a process developed at Mileaschool of Engineering. Under the current casting
configuration, however, macroscopic defects apjetre spool due to non-ideal solidification of tmelten
copper. The finite element method and heat trarasfalysis are employed in this project to accuyatadel the
thermal conditions experienced inside the castimgace during solidification. This analysis provdde means for
predicting potential defect areas of the castinip Wie aim of optimizing ceramic mold geometry der to induce
directional solidification. The transient behavidmolten copper is investigated through modelihgarsious
ceramic mold geometries with the intention of tegtihis behavior experimentally in the future.
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1. Introduction

Fluid power applications in industry today requiedve spools which exhibit extremely quick and aatel
responses to actuation. Current spools limit resp@apabilities due to their inherent weight. A reasting process
developed in The Rapid Prototyping Research Demantet Milwaukee School of Engineering (MSOE) rebstb
the production of a copper valve spool containiriigely-detailed internal lattice used to reducegheé

Although the current casting configuration hasdael a spool with the desired geometric resolutiois,spool
exhibits macroscopic external defects in the fofrhai tears. This research employs the finite el@meethod and
heat transfer analysis to accurately model theliclition stage of the MSOE casting process andiges a
process for eliminating such defects through omé&diceramic mold geometry that induces proper ificktion.

1.1. background information regar ding spool valves

Spool valves are directional control valves usertde fluid to or from work ports connected toivas
components within hydraulic or pneumatic systenmsThese valves are used in a wide variety of flubdver
applications in various industries. The sliding@palve which is the focal point of this researghused in
pneumatic applications associated with robotic gopgint and animatronics.

A cutaway view of a typical sliding spool valvesisown in Figure 1. Sliding spool valves are congatief a
housing, a cylindricalspool, and any number afork ports. Larger diameter portions of the spool, callauis,



have a close fit to the housing to seal off regieithin the valve. Because the lands are of theesdiameter,
pressurized fluid entering the valve from an imlett acts equally on each land regardless of thelgmsition [2].
Therefore, the spool will not change position basediuid pressure alone. This enables an elettactaiator to
slide the spool back and forth inside the housinggen desired fluid ports and block others [3].

/ Actuator
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Figure 1 Diagram of a typical spool valve.

1.2. lattice-structured spool

All spool valve applications require a quick andw@ate response to actuation; this requiremerdiisqolarly
important in pneumatic systems which depend upad flouting at precise instances. Poor responséeeahto
inaccurate process execution and even equipmeffiimetibn.

Because typical spools are machined from solid rizté is nearly impossible to reduce lag time=da the
inherent weight of the spool itself. The only s@uatto this problem is to remove material from thiernal structure
of the spool, but in many cases a hollow spool oawithstand the fluid pressure inside the valvading. Prior
research at MSOE, however, indicates that in magyneering applications, it is possible to replackd material
with a lattice comprised of an interlocking netwarfirods [4]. Utilizing the unique ability to dewgd optimized
lattice structures with computer simulation, a dgmwovided by Enfield Technologies has been modif@include
an internal lattice which maximizes its strengthateight ratio. The original machined spool is shawifrigure 2,
with its size relation indicated by a penny. A gatiview of the modified spool is shown in FigureT®ie mass of
this lattice-structured spool is 57 percent ofdhiginal solid spool, allowing for the reductionlafy time during
actuation.

Internal Lattice

Hole for Actuation Pin

Figure 2 Original 'machined spoql provided by Figure 3 Section view of modified spool with
Enfield Technologies. dimensions shown in mm.

1.3. hybrid fabrication

The fabrication of a lattice-structured spool catyde made possible through a hybrid processpminarototyping
(RP) and investment casting developed at MSOE .gEmeral process is described herein:

1. Utilizing the additive nature of RP, a wax paitef the lattice-structured spool is created witlied wall
thickness to account for shrinkage. Also, a waxgpatof the desired ceramic mold geometry is crkate

2. A silicone mold is formed around the ceramic dnédttern.

3. The ceramic mold pattern is removed and thelgpatttern is placed inside the silicone mold.



4. A ceramic slurry is poured into the silicone chtd create the desired ceramic mold geometry.

5. Once the ceramic has set, the silicone moldri®ored, the spool pattern is thermally removed ftioen
ceramic, and the ceramic is fired in a furnace.

6. The ceramic mold is heated to the desired temtpes for casting, and the metal spool is cast upgEssure
in a furnace using a patent-pending process degdlapMSOE.

The proprietary MSOE process is used to cast exiyesmall geometry, such as the lattice rods whighless than
1 mm in diameter. This procedure is currently usedast various parts in copper, and developmenstswarently
underway to cast ferrous alloys in the near future.

1.4. casting defects

The MSOE hybrid fabrication process has been useckssfully to cast a lattice-structured spooldpper using a
typical constant diameter cylindrical mold. Howewiis part exhibits macroscopic external defectihe form of
hot tears, as shown in Figure 4.

Hot tears typically occur in castings due to caaistrof the molten metal during solidification [$h the
original ceramic mold configuration, the coppethe land closest to the metal feed point solidifiefore the
region behind it, effectively cutting off the mefakd from the spool. Therefore, as the coppemikttie first land
shrinks upon solidification, a tear forms in theface of the part.

Figure 4 Hot tear in a copper spool casting.
2. Objectives

The goal of this research was to create an accueatsient finite element model of the thermal dbords
experienced during the solidification phase of MH@OE casting process. The model was then to betosggotimize
ceramic mold geometry in order to induce directi@wdidification and eliminate casting defects in@per spool.

3. Analysis approach

To accurately model the solidification phase of M8OE casting process, a study of heat transferesiadthin the
furnace was combined with finite element analyBEA) through MSC Software’s pre- and post-procesBatran,
and its nonlinear solver, Nastran. This researchuéted an investigation of possible improvementgrior research,
an examination of metal solidification mechanisars] a study of accurate material properties anddbemy
conditions for analysis.

3.1. investigation of prior research
3.1.1. problems with previous analyses

Prior research was performed at MSOE by Matthevké&tiand Scott Kruepke in an attempt to eliminatetbars
through the use of FEA and ceramic mold alterat[6hsThis research led to the design of new a nexamic mold
to induce proper solidification, but the mold thielss was insufficient to withstand firing. Eacleatpt at firing the
ceramic yielded a cracked mold, so no actual cgstivere ever produced based on this design.



There were also a number of issues regarding fadtment (FE) models which were not worked out
completely due to time constraints on the previ@sgarch project. First, the FE models were creatad)
simplified, axisymmetric lattice geometry and a mdsnsity which was not fine enough to accuratedyleh the
lattice rods. Second, all analyses were performethe final expected spool material, AlSI 414Gkteather than
copper. Third, the results presented were inteedrby viewing both the metal casting and the ceranald in the
post-processor, leading to less accurate temperptats and an inability to view the solidificatiohthe lattice
rods. Finally, the optimized ceramic mold geometas used to push any hot spots, and hence defgctshe
center of the first land in the spool. This wassfeke at the time because plans were made to pashime a hole for
the actuation pin. However, it is no longer possiiol push defects into the center of the first laadause the hole
for the actuation pin has now been designed astdaature rather than a feature to be post-madhine

3.1.2. improvements to previous analyses

All of the problems associated with prior analylase been accounted for in this current reseaiict, B proper
minimum wall thickness of 5 mm was specified fdrmabld designs based on investigation of the crdekelds
resulting from Ricker and Kruepke’s research. Sdcail FE models were run using the actual nonyemisetric
lattice structure necessary for the final prototgpeol. Third, various iterations were run to defproper mesh
parameters in the finite element models; this adidwhe lattice rods to be meshed with elementslenaligh to
yield accurate results for solidification withirethattice. Fourth, all analyses were performedaisimpper rather
than AISI 4140 steel. This was deemed appropriatalise MSOE is not yet casting ferrous alloys; éemold
geometry created for a steel casting cannot y#tdied experimentally. Using copper, however, it ba possible
to test all ceramic mold iterations with actualtoags. In addition, copper is a good candidateafualysis because
in general, pure copper is regarded as “difficollcast as well as being prone to surface cracKirlgThis issue is
intensified by the small wall thicknesses of thedpso if it is possible to eliminate defects inapper spool
through ceramic mold alterations, then it shoulaében more feasible for 4140 steel.

In addition to these improvements, a method fowirig only the metal casting in the Patran post-pssor has
been devised so that any inaccurate interpretatibtesmperature results can be avoided. Finallgabse the new
spool design includes a cast hole for the actugtiopa gating system has been added to the castsgmbly to
provide a path for the exterior ceramic to attacthe interior ceramic. Therefore, all analysestlfis research were
run with the intention of pushing any possible d&fento the gating system.

3.2. metal solidification mechanisms

Pure metals solidify over a narrow range of temijprees, while alloys (with the exception of a seffeet) solidify
over a wide range of temperatures [8]. Pure melats exhibit much simpler solidification than alpwnd they
move directly from liquid to solid during phasertsformation [9].

The copper used in the MSOE casting process ialigitn powder form, and is 99 percent pure. Tlhare, it
was deemed appropriate that a solidification madald be created for a copper spool casting witlcontern for
complex solidification mechanisms such as the gnaftdendrites — tree-like growths typically seprailoy
castings. In addition, because this research facois@verall heat transfer and the elimination atrascopic
defects, there was no need to be concerned witmitr@structure formed during solidification.

3.3. finite element model setup

3.3.1. model dlicing

Due to the complex geometry of the spool and gatirsem, it was not feasible to run FE models ffulls360
degree casting assembly. Attempts were made téuiu860 degree models, but with such small geoimdé¢atures,
it would take well over half a million finite elemts to maintain a reasonable level of accuracyhWitmodel of
this magnitude, computer hardware limitations bez@moblematic.

Therefore, in order to run the analyses, a 72 @elgregitudinal slice of each casting assembly wsesiu
Because the lattice geometry is not axisymmetri@as necessary to investigate various slice sitas.72 degree
slice was chosen because it was the smallest p@ssite which would still show all important feads of the
lattice geometry, as well as the overall spool gaiihg system.



3.3.2. material properties
The material properties used for all finite elemeaidels are listed in Table 1.

Table 1 Material properties used for finite eletmmodels [10, 11].

Material Properties Ceramic Copper
lid Thermal Conductivity (W/m-K) 2.94 385
5 el Specific Heat (3/kg-K) 950 385
roperties -
Density (kg/m”"3) 3620 8960
Phase Reference Enthalpy (J/kg) - 0
Change Solidification Temperature Range (K - 1356185.356.91
Properties Latent Heat (J/kg) - -204,800

All properties for the ceramic were obtained froriopresearch at MSOE. These properties were gartefar
a general ceramic comprised of zircon and silicahould be noted, however, that they are, intyealinly an
approximation for the actual properties of the ngcaused in the MSOE casting process. Developmiemiooe
accurate ceramic properties is planned for theréutu

Properties for copper were obtained from the Mat\Walterial property database. Because the coppedgrow
used in the MSOE process is 99 percent pure, piepdor pure copper were deemed acceptable fdysiea

3.3.3. boundary conditions

The boundary conditions used for the transientysmmabre shown in Figure 5. The outer ceramic segfavere
modeled to be the same temperature as the aie ifuthace during cooling. Thermocouples were useddasure
the air temperature in the casting furnace dutiregcboling stage for a copper casting over a pexf@0D0 seconds.
This data was fitted with an exponential functiamng MATLAB which was used to eliminate any noisdhe data.
This set of transient temperature data was theliegpip the ceramic surfaces in the FE model. Bsedhis method
was used, convective heat transfer from the ceramfaces to the air in the furnace was excludeuh fthe
analysis. In addition, radiant heat transfer wassimered negligible through a study of ceramicategftemperatures
and furnace wall temperatures during the cooliregess. Using thermocouple data for these tempesatur
calculations were performed to obtain an approx@watue for heat flux associated with radiatiothte furnace
walls. This heat flux was calculated to be only @/&n?, so it was deemed accurate to assume that ratiatiald
not affect the solidification model.

Ceramic Initial
Temperature (1376.75 K)  Transient Furnace

Temperature

Zero Heat Flux (Insulation)
on Longitudinal Cuts Copper Initial
Temperature (1476.75 K)

Figure 5 Boundary conditions specified for FE mode

The initial temperature of the ceramic was spetif@ebe the same as the first datum point fronfuheace
cooling fit. The initial temperature of the coppeas specified to be 100 K above the initial ceratmmperature,
since the copper is superheated in the MSOE cagtiogess. Finally, zero heat flux (insulation) wspecified at the
surfaces of the ceramic and copper which weredlmegitudinally. In addition, zero heat flux wasesified at the



bottom surface of the ceramic where the metal fedatated, since the actual furnace setup inclpdeger
insulation of this surface.

4. Results and discussion

Three ceramic mold iterations were analyzed usatgald/Nastran. The transient solidification resfdtsthe copper
casting were thoroughly investigated from the stathe cooling process through the entire phasagé. In all
three cases, the temperature distributions in théetchanged with time until the first region oétspool was about
to solidify. After this point, the temperature dilstitions remained the same during the phase chamngactual
temperature in each region simply decreased. Thwered temperature plot shown just before solidifan begins
was deemed to be the most useful tool for predjaliefects in the spool. All results are shown usirgglor scale in
which the hottest portion of the casting is red] #re coldest portion of the casting is white.

4.1. original cylindrical mold

The initial transient thermal analysis was perfadméth a longitudinal slice of a cylindrical ceraammold, as
shown in Figure 6. This mold was based on the waigijeometry used for the casting exhibiting hat¢eA
temperature plot of the copper within this moldh®wn just before solidification in Figure 7.
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Figure 6 Longitudinal slice of cylindrical ceramic

mold (dimensions in mm). ) ) )
Figure 7 Temperature plot (in K) of copper jusfdoe

solidification in the cylindrical mold.

There is a slight hot spot just beyond the firatlaf the spool, which indicates the possibilityaadefect in that
region because the first land will solidify firstcicould cut off the metal feed. However, the terapee difference
between the land and the region in question is 0ril$ K. This may or may not be a large enough tratpre
gradient to cause a hot tear. In reality, therislefinitive data available through this reseancbther publications
which can give a finite value to the temperatuféedénce required to cause a hot tear. In suchlggaametry and
in a material prone to cracks, however, it is pgassihat 0.15 K may be enough to produce a defect.

It is interesting to note that the results for ¢igéndrical mold analysis show a hot spot in tha@xegion in
which the defect occurred in the original coppesticg. In this original casting, however, the atiturapin hole was
not cast into the part, so the first land was rwohgletely hollow. This most likely would have creata larger
temperature difference than the 0.15 K seen inahiysis.

In addition, the temperature plot for this mold getry indicates another hot spot in the rods ofdktece
furthest from the metal feed. Again, the hot spahis area is only 0.15 K hotter than the surrangdegions, but it
could still be considered a possible defect area.

4.2. conical mold

The second transient thermal analysis was perfomiida longitudinal slice of a conical ceramic ohohs shown
in Figure 8. This mold was designed to provide laton to the copper closest to the gating systetemperature
plot of the copper casting within this mold is shojust before solidification in Figure 9.
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Figure 8 Longitudinal slice of conical ceramic ihol

(dimensions in mm).
Figure 9 Temperature plot (in K) of copper justobe

solidification in the conical mold.

It can be seen from the temperature plot that ¢éimicel mold design has induced perfectly directiona
solidification toward the metal feed. These resuitBcate no possible defect areas within the spbioérefore, the
use of this conical mold will theoretically produaelefect-free spool, although this hypothesis rbadested in the
future with an experimental casting.

4.3. reverse conical mold

The final transient thermal analysis was performea longitudinal slice of a reverse conical mealslshown in
Figure 10. This mold was modeled in order to detibedy induce poor solidification. The temperatdigtribution
within the copper for this mold iteration is shojust before solidification in Figure 11.

As expected, this mold geometry causes very pdatifscation in the spool. The metal feed and ggtsystem
will solidify before any other region. Hence, a hedr will most likely form in the last part of tlspool to solidify —
the region just past the second land.

This final iteration of ceramic mold geometry coblel quite useful to test defect predictions expenially. By
casting an actual spool using mold geometry whielotetically produces poor results, it should besfae to
match the location of an actual hot tear with theation predicted from the solidification model.

1359.11;

1357.68
1357.55§

Figure 10 Longitudinal slice of reverse conical
ceramic mold (dimensions in mm).

Figure 11 Temperature plot (in K) of copper justdre
solidification in the reverse conical mold.

5. Conclusions

This research shows that it is theoretically pdesit» move hot spots and, in turn, potential dedeets within a
copper casting based on geometric alterationset@g¢hamic mold. However, the initial analysis tee tylindrical



mold yielded a questionably small temperature difiee in possible defect areas, so there is naitiefi proof at
this time that even the original mold geometry wdluse a hot tear in the spool. Through experirheatings in
the near future, though, it should be possiblectify the mode of defect occurrence for parts aastg all three
mold iterations.

6. Recommendations for further research

While this research provides a basis for predictibdefects in copper spool castings via finitevedat analysis,
there are a number of issues which merit furthedhstFirst, actual parts should be cast in ordgréwe the validity
of defect predictions. Second, more reliable makgnioperties should be formulated for the cerdmaised on its
powder and binder composition. Third, solidificatimodels should be created and tested experimgfdall
materials other than copper; the process presémtbds research can easily be altered to accomtaaech
analyses.

It should be noted, however, that if models arater for ferrous alloys, particularly 4140 steelill be
necessary to investigate the effects of wide-raagjdification. According to Dr. William T. Reynaodd Jr. of
Virginia Tech, 4140 steel solidifies over a widenfeerature range, and this range varies based aodiimg rate
for a particular casting process [12].

Finally, an investigation of better solidificatisimulation software should be conducted. Prediatiomot tears
through finite element modeling is still not a weéfined process, but current research is beindwttrd in various
labs to establish more practical simulation tolsigarticular, researchers in the Solidificatiorbbeatory at the
University of lowa have been working toward furtievelopments in this area [13].
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