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ABSTEACT
Alwentimam castings [ntended for aerospace applicolions are govermed by stringent specificarions, Hase shee will be fivved an wheel and
brake system af miliiary airerafi are governed by MIL-W-5013L ASTLE] 058 0RM & ASME! S5 for shrinkage porosity and ailver
paramensrs. Creation of shrinkage porosiy 1§ influgaced by faciars such as: pemperaine Risary, coaling rate and rEmperafine gradieal
wikich qfiecr ihe solidification phemamenon and frear trangfer taking place in the whaneld, The locarion and geomerly of gove and rHrner
largely influence heat reansler in moiidd, A methodelogy hos been propased i evalnate die desigr iwsing Sofidcms simmaiarion saffware.
Alreraft nose whee! hail huk castimg was chosen. For developing die design, thoew galing svstems having one, S0 and three gares were
considered, For each nype of gating syIlerts nia different mumner cross-sectional dimensions were taken and drft angle of (.25 degree
and 0.5 degree was provided in st case, s develaging nrelve die designs for evaluation 1rsing Sajideast simiiation safhvare, Mounid
Jilling rime, mavintime i mimis lemperminres of costing and mpild were recorded @l reguiar intervals of iime fIY solidyficarion i
coniplated. The pest simuiation isg-surface piciiires have been plomed for mar il demsiey function (MO, Her Spor tsodidification fmel,
Ha Spor (Critica! Frmaticn Salid Time) and Critieal Fraction Selid Thme, The ncceplance eriteria wis fired as MOF vould be ar feas!
0,999 and ot spots wonld poi be present. Accordingly the models b Been evelnated qad resulis were interpreted with tive kelp of
grophs ploned for maxiiim and mininm easting and ol EENPETATIES, perceniage af salidificavion, e difference beraween Hhe
arimum and AtRim Costing fEmpenEiine andl pime dervative o maxinmn cOsRg fempErTHiTE with respective io 1imd, Conclusions

are drgun and recommendarians e placed.
Key Words: Temperature Gradiear, Cooling Fmie, Mgerial Densiy Finction, Hoispels. Critical Fractan Soiid Teme, Nipmme Cripgrion.

3, INTRODUCTION
The aluminum castings intended for military and acronautical applications pead 1o comply with stringent

quality standards. The castings used on wheel 2nd brake assemblies for miliary aircrat will have to comply with MIL-W-
S013L specification.  Ome of the most imponant crileria for acceplance of these castings is shrinkage porosiry.
Temperature gradient, cooling rate together with tempenatire, decide the locations of perosity. Solidification phenomenon
and heat transter, influcnce thesé paramelers. The design and location of feeder sysiem have large bearing on heat transfer
1aking place in the mould, Henee, different locations and gegmenry of fender system have mfluence of shrinkage porosity.
For evaluating and finding eptimim |oeation and geometry, it is proposed to use simulation package for casting process.

In this paper an atempt has bpeen made o provide o eomprefensive methodelogy to evaluate and selact the best
design layous for ahuminum casting die’s using Solidcast software.

4. LITERATURE REVIEW

Solidification of castings is 3 pon-Linear transient phenomenon involving change of phase with liberation of laten
heat from & moving liquid - solid boundary. The heat is transferred from the molten metal from the solidified portion of
the casting, then through the 2ir gap 0 easting- mould interface and finally through the moukd. All the three modes of heat
wransfer viz., conduction, convention, and radiation are invelved. The results From the solidification anabysis give the
lecation and extenl of shrinkags porosity defects. This requires the IempeTanre history of all points inside the CASUME. The
most important instant of time i when hottest region inside the casting is solidifying.

Sirrell, et al., [1]. were able to simulate behavior of the molten alumimum close to reality, 85 they studied the behavior of
the molten ajuminum  filling of different gating system by optical means and correlated the measares to obiam behavior by
some simulators, Jain et al [2] made comparative sfudy among SOLIDeast, Magma Soft and Flow 3D and described bow
Nivama Criterion, which is used to credit shrinkage porosity defects, is evajuated in each case. Li et al [3] carried out
numerical simulation of grey iron buterfly valve using hydro dynamics software Flow iD.

Couturier and Rappaz [4] described medeling of porosity formative in multi compaonent alloy. Hin [5] showed
mby using a simulation package viz. Flow 2D, it is feasible to predict core shooting, drying and defect development in

Casting.
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6. PREPARATION FOR CASTING SIMULATION,

The pouring height, mould filling time and pouring temperature were taken as |02mm, 11 sec and 750" C respectively.
After importing 3 - dimensional CAD models m solidcast, the following § windows were to be completed. Each pan
should be assigned with 8 mesh priority number and composition of metal 1o be poured, should be entered a2 silicon 0.83%,
magnesium 1 2%, strontium 0.3%. molybdenum 0.7% and aleminium 96.5%. then the nivama point and critical fraction
solid poinz, which indicate the directional solidification in casting. should be set as 40% and  35% respectively. Mould

material properties were chosen and then, afler finishing the water channel were selected as 34 Wisgqm UK. 1135
Wisgm DK, 710 Wisgm UK, 40 Wiag.m MK, 1532 Wisq.m UK respectively. Thereafier ambient emperanire was set at
32.2220¢C and the three applied parameters 1o permanent mould viz., reduce mould'metal hest ransfer co-efficient at
solidos point, solid cast fll m horizontal and therma couple time step as 1 were selected, Finally mesh name was sslected
as mesh 5 and number of nodes were aken as | million

Adfter inpuming all the above parameters. the simulation was run and the results were analyzed.

7. SIMULATION DESIGNS.
The following post simulation data was recorded.

{1} Filling states and solidification rime: In all twelve models mould filling was completed in 11 seconds and
solidification time varied from 1.5682 1o 1.7509 minates for ten models and for the remaining rwo models, it was 3,267 and
55672 minwes.

{2} Critical fraction solidification time: This is the time in minutes, for each pam of the casting to reach Critical
Fraction Solid Point at which alloy is solid enough that liquid feed metal can no Jonger flow. This is an mdication for
directionality of sobdificaton.

{3) Temperature Gradient It is a measure of how much change in temperature there is. from point 1o point, on the
casting. This is calculaied at each node within the casting #s that point hits Niyama point on the ¢ooling curve. High
1emperatre gradient is preferred.

{4) Cooling rate: This is measured ar each point in the casting as the point hits Nivama point on the cooling curve.

{5) Material Density Function (MDF): It is 2 measure of how much of the metal remains at each point in the
casting. It is indicated by a number that varies from 0 1o 1. A value of zero means that the metal has been completely
drained from the part of the casting and value of 1 indicates, completely sound metal. In accordance wath the applicable
standards MDF is chosen between 0,990 and 1.0 ie. if any pont in the casting is observed o have MDF (.99%, it is
rejecoed.

(i) Hot Spots: Hot spots or thermal cenires are plotted within the casting by comparing either solidification time or
critical fraction solid time of point within local areas. In secosdance with applicable standards if hot spot is observed at any
point in the casting, it is rejected.

{7} Range of temperamre gradient and cooling rate observed in the areas wherein defects were found afier
application of MDF criteria, hot spot (solidification time). hot spot (Ciritical Fraction Solid Point (CFS) ), are recorded,
The same in the areas where defiects were not ohserved are also recorded, Tn ease of models where defects are not observed
these ranges have been recorded for the full volume.

(&) Yield of casting: The vield of castimg has been caleulated as follows:

Yield (in %) = UFEI’ W

s x 100

ch_- Volume of casting with manner and gate.
¥, = Volume of casting
{9} Acceptance status: After application of MDF and hol spot eriteria, if any defects are observed those
models have been rejected and others are accepted.
The following resulis were analyzed.
1) The varation of maximum casting empergiure, mMinimum casiing (emperamre, maximum moekd remperaure and

minimum mould emperature with respect to time in ssconds,



7) The variation of difference berween the maximum and minimum casting temperamre with respect io timé in seconds.

1) The variation of time derivatve of maximum Gasting 1mperane and minimum casting remperanire with respect 1o time
in scconds,

The post simulation resuls such as observations selated 10 MDF and Hot spots, temperature gradient and cooling rame
chserved at locations where defeets were observed and defects were not observed, peak value, tme of reach 1507 C and
time 1o reach peak value of difference of maximum and minimum casting temperature, initial range {during escending
period) and time 1o reach peak value of time derivative, CFS at Nivama point and yield, were recorded. The variatron of
temmperature difference of maximum and minimum casting tempersiure and fime derivative of minimum casting
temperamure are indications of availability of temperature gradient in the casting. These results are given in Table 2.
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Table 2 - POST SIMULATION RESULTS
8. DISCUSSION ON RESULTS.

Since the geometry of the mould remaing same except for the change in the drafi provided, the hear transfer at
couter mould surface, the heat ransfer from liguid 1o solid phase remain unaltered among the models. But the number of
gates influence the hear ransfer berween the casting — maould as #se area of interface in a given time will be more in case of
more number of gates, which can be seen from the observations,

With increase in aumber of gates, the minimum casting [EMperamre, Empemre difference betwesn maximum
and minimum casting temperature increase. Since the location of gates (in case of more than one) is symmeiric. it ¢an be
seen that the heat rransfer is more uniform besides being faster. Henee, the bener results are obtained in  case of two or
three gates. It can also be ssen that in case of number of gates provided 18 two or three, 0o hot spots are ohserved except In
ense of model 7.3, When the number of gates remsin same change in the runner of cross section is affected the results are
observed 1o differ marginally, where the heighs of cross section is kept 2mm, the minimum casting ICmperanire increases at
2 marginally faster rate, which can be anribuied to the benter fow of molien material. The draft angle, when increased from
0.25degres to 0.5 degree keeping number of gates and runner cross section same, the heat oransfer is observed marginally
faster 28 the surface area inereases. As illustration, the discussions on result of following twe models are placed here



.1 FOR MODEL 2.2

Model 2.2 has a rwo gate system (Table 1). Solidification has Besg completed m 1.7509 mimtes. The iso-
surfaces for MDF (Fig. 4 1a), Hotspot (Solidification time) (Fig. 4.1b}, Hotspot {Critical Fraction Solid ime) (Fig_ 4.1c),

Critical Fraction sclid time at Mivama criteria (Fig. 3.1d) are grven. [n this case, MDF less than 0999 was not observed.
Hot spots were also not observed

=

a. Material Density b, Hot Spat (Solidification Time) <. Hot Spot (Cfs)

Fig, 4.1 Iso-surface Pictures for Model 2.2
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Fig. 4.1 Simulation Graphs for Model 2.2
The simulation graphs arc shown in Fig. 4.2 Hot spots were also not observed. The temperarure gradien: wes 47 —
79.50C/cm and cooling rate was | [49 :n]l%ﬂc.fmndﬁable 2) in the casting. Hence, no defecrs were observed. The

peak of casting temperature difference is 3257C, reached early by 42 seconds and 150%C by 5.5 seconds {Fig. 4.2c}. The

time derivative of minimum casting temperature reached its peak velue of 1990 /second in 17 seconds, These also indicae
the presence of high temperanire gradient, The directional solidification was favored (Fig. 4.1d). Model is accepled,
Casting Yield 15 41%.

£.1 For model 2.3

Model 2.3 has a rwo gate system (Table 1), Solidification has been completed in 1.571% minutes. The iso-
surfaces for MDF (Fig 4.3a), Howspot {Solidification time) (Fig. 4.3b), Hotspot (Critical Fraction Solid time) (Fig. 4.3¢),
Critical Fraction solid time at Niyama criteria (Fig 4.3d), are given. In this cage, MDF Less than 0.999 was observed ar the
bottom near sproe gate (Fig. 4.2a) and hot spots were oot observed (Fig. 43b & ¢).



. Material Density b Hot Spot (Solidification Time) ¢ HorSpot (Cts)

Fig. 4.3 lso-surface Pictures for Model 2.3
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Fig. 4.4 Simulation Graphs for Model 2.3

The simulation Eraphs are shown in Fig. 4.4 The temperature gradient and cooling rate were observed as 700 em
and 340"31:'Imiuuw respectively (Table 2). The Casting temperatire diference rising to 150%¢ in 10 seconds, is peak value
of 4000¢ i 39 secondsFig. 4.4¢), the time derivative of minimum CASTING femperture rising from 9 10 370C sse0nd in
twelve seconds (Fig 4.4b}, indicate the presedce of low lemperamre gradient, The low Iemperature gradient (ogether with
moderately high cooling rate near the entrance of mould, resulied if defeots, The directional solidification was nos favored
(Fig. 3.3d). The maodel 15 rejected
% CONCLUSSION:

There are 12 models for noss wheel half hub casting which have been tried o through simulation, out of which
model 2.2 having two EBIES i3 accepied es it saticfies 1] criteria wiiile [| are rejeored (Table 2). In cose of madel 1.2, the
spatial temperature gragient angd eooling rate are observed to he in the range of 47 10 79,5 Ciem and 1149 w 1290° Cimin
respectively, which implies presonce of high remperanre gradient and high cooling rate that resulted ing # defect fres
casting, Hence this degign s recommended,

10. RECOMMENDATIONS
From Table 2, the fivorable and unfavorable ranges for lemperatire gradient and the cooling rate can be inferred

as foliowing
f Unfavorable renge for T 0 Favorable for 1
Temperature gradien; Conoling rate | Temperanire gradiem | Cooling rate
| (cem) | (Cimin) (Clem) | (Cimin) |
TmE | 3150340 = | 114910 1207 =
Henee, it can be comcluded that a temperamure Eradient above 47 Ciem and cooling rate above |50 *Clem would produce
defedt free cHSHNES in these cases

Two gate fesder system i found to ke adequate to dissimate heat,
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