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Part I Metal-Casting Processes and Equipment
B (ERR Part 1) B)EHIE LZ 58

Chapter 10 Fundamentals of Metal-Casting
10 B 5 R Bk Sl

10.1 Introduction &4}

10.2  Solidification of Metals 4 J& [ #E [&

10.3 Fluid Flow Jifkiis)

10.4  Fluidity of Molten Metal %% 1k 4 J& AL 81
10.5 Heat Transfer A&

10.6 Defects [

INTRODUCTION & 7t
The casting process basically involves (a) pouring molten metal into a mold pattemed after the part
to be manufactured, (b) allowing it to cool, and (c) removing the metal from the mold. As with all other
manufacturing processes, an understanding of the fundamentals is essential—both for the production of
good quality and economical castings, and to establish proper techniques for mold design and casting
practice.
Pl T AHEA EAIAE () BB IROEEDHBA R T B (b) R4 (o)
MBS PF . Qnla) %) B A At i 36 250006 —FF, ROIZARAT B4 o4k iy 328 5% 1 7
1, B RE 5 ) R B | B e T 2 T R LR A i B A S
Important considerations in casting operations are as follows:
PR T E R B LT i
® the flow of the molten metal into the mold cavity;
&R BV 5

® the solidification and cooling of the metal in the mold;
< I A RY I+ B ] O 20 5

@® the influence of the type of mold material.
1 B TR B 0

This chapter describes the relationship among the many factors involved in casting. The flow of
molten metals into the mold cavity is discussed in terms of mold design and fluid flow characteristics.
Solidification and cooling of metals in the mold are affected by several factors, including the metallurgical
and thermal properties of the metal. The type of mold has an important influence because it affects the

rate of cooling of the metal in the mold. Factors influencing defect formation are also described.
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Industrial metal casting processes, design considerations, and casting materials are described in
Chapter 11 and 12. The casting of ceramics and of plastics, which involves similar methods and
procedures, are described in Chapter 17 and 18, respectively.

5118 12 PR T & @ LA SISO MsEE R, PR R 5 i 9 K3k
AR 7RI, R AESs 17 18 B b fid

SUMMARY /45

® (Casting is a solidification process in which molten metal is poured into a mold and allowed to cool.
The metal may flow through a variety of passages (including pouring basins, sprues, runners, risers, and
gating systems) before reaching the final mold cavity. Bemoulli’ s theorem, the continuity law, and the
Reynolds number are the analytical tools used in designing, with the goals of an appropriate flow rate and
the elimination of defects associated with fluid flow.

i — R EEE T 2070k XA L2 R T B R B BB R R I 2 v
H, @RBTRERZSMEE (BRI, Pl ., MEE., BOMARD) A 3lkEs
R, PIRMSAER . BB MEE R MO TP TR, LUAFE S8 fiE i
o, BRI B A R T T A BREE o
®  Solidification of pure metals takes place at a constant temperature; solidification of alloys occurs over
a range of temperatures, depending on composition. Phase diagrams are important tools for identifying the
solidification point or points for technologically important materials.

ai G IR AERE MR A AL BERE, A S EEE7E— MR X W T HEDRH T #E L
SMRHBERE R EE TR
®  Composition and cooling rates of the melt affect the size and shape of grains and dendrites in the
solidified casting. Solidification time is a function of the volume of a casting and its surface area
( Chvorinov’s rule) .

G A IS R A A B 0 1 B ()5 R RS il B K/ NS AR o 68 (1 ik [ 2 S (A RRUR
ANFIH R IAR R eR S (R4 B vt R E ) o
® The grain structure of castings can be controlled by various means to obtain the desired properties.
Because metals contract during solidification and cooling, cavities can form in the casting. Porosity
caused by gases evolved during solidification can be a significant problem, particularly because of its
adverse effect on the mechanical properties of the castings. Various defects can develop in castings from
lack of control of material and process variables.

AT 3E & R 7 SRR B AR 1) SRR R AT I LURAS PO S e R . BN &R A B [ FS
HNA I 5 R AR S, BT AR RS U S . B (8 A I BT o SR R A R LR A ™ )
B, B R LS S 1A REAA AR . AT R R TR AR R L2 A b A Ak i T
FEFFF R ™ A A R BRI

®  Although most metals shrink during solidification, gray cast iron and some aluminum alloys actually
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expand. Dimensional changes and cracking (hot tearing) and difficulties which can arise during
solidification and cooling. Seven basic categories of casting defects have been identified.

IR K 20 B 4 TR A B [ ) P i, R R R R SR 8 S T R A I . TEBE (&
Fve BN IR AT R A RCHAE (LB (AR DL R e R, 2 %5 8 F BRI A £
%,
® Melting practices have a direct effect on the quality of castings, as do foundry operations such as
pattern and mold making, pouring of the melt, removal of cast parts from molds, cleaning, heat
treatment, and inspection.

FEERBRAE X PR A P, SR R Rk, IR RS B RIAE . & IR IR
G N 7oA G SRR RAUR IR I AT N 2 N

TRENDS % B#%

®  Argon-oxygen decarburization and deoxidation, as well as electroslag remelting, ladle metallurgy,
plasma refining, and calcium wire injection for the production of high-quality steels, are now being
practiced by modern foundries.

AR, LA HEEL . BRAiAE . FETHEEMSLEAY, EERARE
TN A
® Investigation of the following is underway: electromagnetic stirring of the molten metal in the mold
and vibration of the mold to obtain smaller and more uniform grain size during solidification; counter-
gravity pouring; and shrouding the pouring stream.

TOVIAARTFEEAEREA T« T8 1] 3 (1] ol P B 2 v 194 <2 i B i 3l 2R A ARG R A/ )
ML) R BN e s PRBCORTERA -
®  Computer-aided design and manufacturing techniques are being used to predict solodificatioo
patterns, prevent casting defects, and calculate weights, volumes, and dimensions for proper mold design
and economical production.

RARAGIERA I RIS Pt AL 7o 0, TH R LA BY BT A& SR IE UM T PR B
R, B7IESEIFBREG, PR SR RBARGT S,
® Improvements in the efficiency of fumaces, molten metal quality, and purifying and filtering

techniques are being made.

EAETF RN IR S i R R SR BB b A 8 SF R T2
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REME R TR

1. After molten metal is poured into a mold, a series of events takes place during the solidification
of the casting and its cooling to ambient temperature. These events greatly influence the size, shape,
uniformity, and chemical composition of the grains formed throughout the casting, which in turn influence
its overall properties.

(P242 55 1 BAS 1 A7) BIRRBRIHERS, EHEER LR HETROIRE 2K, —
FONVEAL, XSRS A RRRLI /N L TR L ST E RIS O AR K, X 2 3
WU i 45 1 S PERE

2. After the temperature of the molten metal drops to its freezing point, its temperature remains
constant while the latent heat of fusion is given off. The solidification front (solid-liquid interface) moves
through the molten metal, solidifying from the mold walls in toward the center. Once solidification has
taken place at any point, cooling resumes. The solidified metal, called the casting, is taken out of the
mold and is allowed to cool to ambient temperature.

(P242 %5 3 B3 1 A7) @ R AU BE T B 2 LR 18] 50, HG il 32 R 455 A T 0 45 4 0
M BERATTE (B—RA ) Gl SRR s, BEE M RIBETT thia oA . — B AbHT
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3. As the driving force of the heat transfer is reduced away from the mold walls, the grains become
equiaxed and coarse. Those grains that have substantially different orientations are blocked from further
growth. Such grain development is known as homogenous nucleation, meaning that the grains (crystals)
grow upon themselves, starting at the mold wall.

(P243 55 2 B 1 A7) WA S RVRERIBE B nK, PRGTREIKEh Jousiss, hobn AL A K 55 Al
il I AT S AN TR £t RE A S 20 4 132 BB 3 R Y o A K BORR O 3 S0
AR SRR A G, Mk T REE

4. Note the presence of liquid metal between the dendrite arms. Dendrites have three-dimensional
arms and branches (secondary arms) which eventually interlock, as can be seen in Fig.10.4. The study
of dendritic structures although complex, is important because such structures contribute to detrimental
factors such as compositional variations, segregation, and microporosity .

(P244 %55 2 BB 1 AT) TR AECZ AAE ) S TR IR MR A —4ESB A R B (—
iR, BN RS H L W 10.4 R, REMRE AT 2 E %1, H
O TSI, ORI 254 AT T a2 A . b AL SR A FH AR

5. Because of the presence of thermal gradients in a solidifying mass of liquid metal, and because
of gravity and the resultant density differences, convection has a strong influence on the structures
developed . Convection promotes the formation of an outer chill zone; refines grain size; and accelerates
the transition from columnar to equiaxed grains. The structure shown in Fig.10.5b can also be obtained
by increasing convection within the liquid metal, whereby dendrite arms separate ( dendrite
multiplication) . Conversely, reducing or eliminating convection results in coarser and longer columnar
dendritic grains.

(P246 % 6 B 1 17) i TS & i BE B U EAAE BRI, b (PR T R 2 i ™
PRI 22 5, I LA SRR XS UHE F 22 i Bl P A LG5 K o X ULAT B 0B BRI X
flatchr, PEIERER AL 0 SEAh A AL . 18] 10.5b A BT 7R (R 28 48 o vT LU ik 14 9 i A 4 s Y
XPGTTARA . SERTE T ke 70 25 (CRGAR IG5 - IR, ol /b s B Xk i 2 3 80K K T
A FEAREL i -

6. Recall that in a free-falling liquid (such as water from a faucet) the cross-section area of the
stream decreases as il gains velocity downward. If we design a sprue with a constant cross-section area
and pour the molten metal into it, regions may develop where the liquid loss contact with the sprye walls.
As a resull aspiration, a process whereby air is sucked in or entrapped in the liquid, may take place. On
the other hand, tapered sprues are now replaced in many systems by straight-sided sprues with a choke to
allow the metal to flow smoothly.

(P248 5% 4 B 1 A7) VALY b T AOOKIRL (BTN SR U T 9K, LR B 3L
A1) B L k) QORI T — > AR AN I BLGEE I 10 LDV E R R, T RE S
BB AT AN 3 D BE Y KB il FATAUER], RS R TREEA SR S
W, HETEC FLDEIE B (EVE 2 RGP B0 WA 1 091 BB DR IE R, LA 4 R O AR b i
4.



7. Techniques for minimizing turbulence generally involve avoidance of sudden changes in flow
direction and in the geometry of channel cross-sections in gating system design.

(P248 RBLH 6 17) 3R de/IME B T — U AR 58 1 AR GE s v HP i Tl 52 30 30 77 1] A
SR EATTE AR /N2 &

8. Although heating the mold improves fluidity, it slows down solidification of the metal and the

casting develops coarse grains and hence has lower strength.

(P249 IR 5 B3R 3 47) mARIAGERCE W s, (HRME r &RMEEE, SN
AR dRhr, DR T 58 B A

9. During the early stages of solidification, a thin, solidified skin begins to form at the cool mold
walls and, as time passes, the skin thickens (Fig.10.10). With flat mold walls, this thickness is
proportional to the square root of time. Therefore, doubling the time will make the skin +2 = 1.41 times,
or 41% , thicker.

(P250 fBI%050 2 B3 1 47) 1EBEE R, (e H P RUBE B BUBE R AR )Z,; P& AT (E)
R, WREHE (K10.10), GIRAEEVH, WEFIERKTHEIRNFIRE, Bk, s
(OB )R 15 R PRI 1,41 1%, BIISIE 419% . |

10. Cold shut is an interface in a casting that lacks complete fusion because of the meeting of two
streams of liquid metal from different gates.

(P254 55 1 B3R 5 47) WA Lo TR RIGE 0 WA B4 8 A 8 B oK fE 52 208
B 7 A R S

11. Whether microporosity is a result of shrinkage or is caused by gases may be difficult to
determine . If the porosity is spherical and has smooth walls (much like the shiny holes in Swiss cheese) ,
it is generally from gases. If the walls are rough and angular, porosity is likely from shrinkage between
dendrites. Gross porosity is from shrinkage and is usually called a shrinkage cavity.

(P256 25 2 B2 1 17) RAMERALN PR BT Bud & th TAFE SR BT BT REXE AR E .
RALFRERIE 9 F HBEHDCHE (RS LA T B AL L), @H ©REERMEH.
RAELEERUE T 0 2 MTE , X RE 8 FLIR AR AT B8 2 KR A% [A] W 48 A itk M R FL 2 B 48 BT 3,
EER AL
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INTRODUCTION f& 47

The first castings were made during the period 4000-3000B.C., using stone and metal molds for
casting copper. Various casting processes have been developed over a long period of time, each with its
own characteristics and applications to meet specific engineering and service requirements (Table 11.1).
Many parts and components are made by casting, including cameras (Fig.11.1), carburetors, engine
blocks, crankshafts, automotive components (Fig.11.2), agricultural and railroad equipment, pipes and
plumbing fixtures, power tools, gun barrels, frying pans, and very large components for hydraulic
turbines (Fig.11.3).

RIS R TE A TTHT 3000—4000 4 F 7 3k #1468 BUSUH R O R 25 0 7518 K iy i 31 o
KEH T SMEHNEE T, S LEMERAR A CREMAE, UHERER
TRERFFER (F11.1). FEFHMEAEEREMBEEEH, FERAIL (& 11.1).
FALas . KRahtlis, dhh . WEMA (B 11.2) RLMKRIRE . BEME FHRE. B3
TH, 8. ik, LAERIKEIMHE (B 11.3),



TABLE 11.1 Summary of Casting Processes, Their Advantages and Limitations

Process Advantages Limitations
Sand Almost any metal cast; no limit to size, shape or weight; | Some finishing required; somewhat coarse finish;
low tooling cost. wide tolerances.
Shell mold Good dimensional accuracy and surface finish; high | Part size limited; expensive patterns and equipment

Expendable pattem

Plaster mold

Ceramic mold

Investment

Permanent mold

production rate.

Most metals cast with no limit to size; complex shape.

Intricate shapes; good dimensional accuracy and finish;

low porosity .

Intricate shapes; close tolerance parts; good surface
finish.

Intricate shapes; excellent surface finish and accuracy;
almost any metal cast.

Good surface finish and dimensional accuracy; low

porosity; high production rate.

required .

Pattems have low strength and can be costly for low
quantities .

Limited to nonferrous metals; limited size and volume
of production; mold making time relatively long.

Limited size.

Part size limited; expensive patterns, mold, and
labor .

High mold cost; limited shape and intricacy; not
suitable for high-melting point metals.

Die Excellent dimensional accuracy and surface finish; high | Die cost is high; part size limited; usually limited to
production rate. nonferrous metals; long lead time.
Centrifugal Large cylindrical parts with good quality; high production | Equipment is expensive; part shape limited.
rate.
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FIGURE 11.1 (a)

The Polaroid PDC-2000 digital camera with a AZ91D die-cast, high-purity

magnesium cast. (b) Two-piece Polaroid camera case made by the hot-chamber die casting process.
Source: Courtesy of Polaroid Corporation and Chivago Withte Metal Casting, Inc.
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Bl 11.1 (a) Polaroid PDC-200 ¥ MABHLIEMR, FI AZOID 4RI ¥ Y o 40 152 BE ¥ 11
(b) i B E EH T 24 ™ 1Y Polaroid BAHL K, BERIRUE: Polaroid 23 w] Fil Chivago
Withte 4 J& #1422 7]

FIGURE 11.2 Typical gray-iron castings used in automobiles, including transmission valve body
(left) and hub rotor with disk-brake cylinder (front). Source: Courtesy of Central Foundry Division of
General Motors Corporation.

B2 AR E B ADKE SR, AR ERE (L) MR T (A1), 5T
KPR 8 BHLA B O R R

FIGURE 11.3 A cast transmission housing.

B 1.3 — A R A A A

Two trends are currently having a major impact on the casting industry. The first is continuing
mechanization and automation of the casting process, which has led to significant changes in the use of
equipment and labor. Advanced machinery and automated process-control systems have replaced
traditional methods of casting. The second major trend is the increasing demand for high-quality casting
with close dimensional tolerances and no defects (Table ll.2)~.

YRTA BTG TR EE iR S — R IETEG S TR 5 i AR LA
MA, ©SBEER &MY a8 TR AR R, SHtvUEA A s s S R %
CAPUC MEGERIEE ik, 5 A EEEE R HA TR R 20 22 0B B ) o ot 5 0
A RIETE R (R 11.2),

TABLE 11.2 General Characteristics of Casting Processes

. Weight Typical Section thickness
Typical . . .
(kg) surface Shape  Dimensional (mm)
Process materials . Porosity " .
finish complexity *  accuracy
casl
Minimum Maximum (pm, R,) Minimum  Maximum
Sand All 0.05 No limit  5~25 4 1~2 3 3 No limit
Shell All 0.05 100 + 1~3 4 2~3 2 2 —
Expendable All 0.05 No limit ~ 5~20 4 1 2 2 No limit
mold pattern
Plaster mold Nonferrous 0.05 50 + 1~2 3 1~2 2 1 —
(Al, Mg, An, Cu)
Investment All 0.005 100 + 1~3 3 1 1 1 75
(High melting pt.)
Permanent mold All 0.5 300 2~3 2~3 3~4 1 2 50
Die Nonferrous <0.05 50 1~2 1~2 3~4 1 0.5 12
(Al, Mg, Zn, Cu)
Centrifugal All — 5000 + 2~10 1~2 3~4 3 2 100

*  Relative rating: 1 best, 5 worst.

Note: These ratings are only general; significant cariations can occur, depending on the methods used.



