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CHAPTER 10

driving force of the heat trancfer decreases away from the mold
walls, the graime become caulased bnd coorse. This sequenca of
gran development 15 known o5 homogenous nuckation, meaning
that the grains [orystals) grow upon themselves, stamng at the
madtd wall

FUNDAMENTALS OF METAL CASTING

First usad about 6000 vears 00, casting contnues 1o be
At imparant manutactuning process far producing very small, as
witll 25 velry large and complex, parts

10.7 Introduction

The casting process basically invalves {a) pouring malten
mwal inie @ mold, patterned after the pant to be cast, (b) allowing
it to solidify, and (¢) removing the part from the mold’ As with all

othet  manufaciuring processes,  an understanding of the
underlying science is estential for the production. of oo equiahty

g'"

. s of il
and #écanomtical parts, and for elalilishing proper techniques for -
mokd gesian and casting practice » Teew

1Pl

Impartant consideratinns in CALnG opeationsg an
FIGURE 10 {a) Tomperature as a functian af tme for the salidifrcation of

pure melale note that freetirg takes pipde at 3 constant temparaiui, (b)

. How of the molten metal inm the mald cavity, and design
Densety at a funcan of time

of gating systeme or pathways for mohen lteral to fill the cawvity

® salidification and cooling of the metal in the mold 10.5 Heat Transfer

. Infiventcs of the mold matonal The hest transfer during rhe complete cycle (from

pounng, to sohdikcation, and 19 coaling to room temperrture) =
another important consideration in metal casting, Heat flow at
different locations in the system is 2 complex phanomenon and
depends on saveral factors relating to the matenal cast, the meld
and process parametars.

10.2 Solidification of Metals

After malten metal it poured inth & mold a sequence of
evenls takes place during sohidification and cooling of the metal 1o
ambient temperature. These events greally influence the sire,

vhape, umformity, and chemical compodition of the graint formed
throughout the castmg, which, i tuin, influence the overall

praperties of the casting, The significant factors. affecting these
Cveils arg

10.5.1 Solidification Time

During rhe early stages of solidification, a thin siin beging
to form at the relatively cool mold walls, and as tima passes the
thickness of the skin increases. With flat mald walls. the thickness
i proportional to the sqisre rool of time; thus, doubling the time

e The Type of matal cast, will make the sian v2 = 141 Umes or 41% thicker

¢ The thermal properties of both the metal and the mold,

« The geometric relstronship between volume and surface
ares of the casting,

«  The shape of the makd.

The solidification time is a8 function of the volume af 3 casting and
its surface atea (Chvadinov's rule)

Sulidibeation tme = € { :

Vil e [
Sutlive ares l

1021 Pure Metals

Because a pure metal has a clesry defined melting, or

freazing, point i <olidifies at a constaml lemperature, Afrer the  Where C i a constant that reflects (@) the mold material i) the

tempoeralise ol the molten metal drops to s freeing point, its
lempefature rémand constant wihile the &fent head of fusian s
given off, The solddscation front (the solid-liquid interface) moves
through the malten motal from the mald walls in Toward the centar.
Mhe salidified metal, calfed the costing, 5 then removed fram the
mald and allowed 1o ool 1o ambugst tamperatures,

Metals shrink while cooling and, generally, also’shrink
whien they- saldify, This £ an impaortant consideration, hecaute
shnnkage can sl 10 midracrackong and the atsociated porosity,
wihich cap adyessaly atfect the mechan propermics of the casting

Ihe grains genedilly grow in a direction opposite to thay of the heat
tratuifer otit throdgh the mald

those grams that have Tavorable onentation grow preferentally,
i ate called colummar grains. Those grains that hayve substantially
different, orientitions are blocked from forther growth, As e

metal propenles (ncluding latent heat), and () the [P ReTATLY e
The paramoter nhas 3 vidue between 1.5 and 2 but usually s saken
a5 2. Thus, a large solid sphere will salidify snd copl 10 smbiens
empersture at i much slower rite than will 3 emaller solid sobese
The-reason for thig is that the volume of a spheére Is prononianal 1o

the cube of its diametor, whereas the surface aroa s IO pOHisnal
1o the sgquare of us dinmesse
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A B
1 min

FIGLIRE 10011 Solidified tkin on a steel cagting. The remaining mahten mets
% poured out 81 the times indicated in the fgure. Hollaw ornamental and

decomtve abjects are made by a process called flush casting, which s
based an this panciple.

5% 2 min

10.5.2 Shrinkage

Because af their thermal expansion charactenstcs, metals
usunally shrink {contract) duning solidification and while cooling to
rmaam temperature. Shrinkage, which causes dimensional changes
and sometimes warping and cracking. is the result of the following
thiee sequeéntial avenis

1. Coantraction’ of the molten metal as it cools prior W s
colidification

2. Cantraction of the metal during phase change from liquid
to solid

3. Contraction of the solidified matal (the casting) as ils
temperatute drops to ambient lemperaiure

The largest shrinkage occurs during the phase change of
the material from fiquid ro salid, but this can be reduced or
eliminated through the UE or tints o pressure feeding of melten

metal

FIGLURE 1017 Exprmples of hol tsars in costlind. These difects oocur becaude
e tatting cannot shenk freely during cooling, twing 1o constramts n

wrinlit portions of the melds and cores. Exathermic [heat-preducing)
campounds may be used (a3 exothermic padding) i contrul conking Al
critical socniars 1o avoed hil leanng

10.6.1 Porosity

Porosity In a casting may be caused by shrinkage,
entrained or dissalved gases, or both, Poraus regions can devilop
i castings because af shrinkage of the wolidified metal. Thin
ectiang i & casting wofidify soonar than thicker regions) as a reslt
malien metal Nows it the thicker regions that havi nol yel
velid fied, Parous regions may develop at their centers bdcauie of
enniraction as the surfaces of the thicker region bedin 1o doldity
first. Microporasity oldo can develop when the liguid metal

| ' spedrite
colidifee and shrinks between dendrites and Botwesn dan

branches

' | fa
Parasity iz detrimental to the strength .Ill'lld l:leﬂlT'Ij:;:n
casting and Qs surface finich, potentially making the il;ﬂmz
q:»u:.me:ah!ﬂ, thus affecting the pressure tightness af a cast pr

veessal,

Porosity caused by shrinkage con he reduced OF
eliminhtfd'hy varous means, including the follawing

+ Adequate liguid metal should be pravided o prevent canties
cawsed by shrinkage.

« Internal of external chills, also are an-effective means of reducing

shrinkae porasity, The function of chills is 1o fncrease the rata of
solidification in eritical regions. Internal chills are wually made from
tha same material as the casting itsell, and are laft in the casting.

However, problems may arse that involve proper fusion of the

internial chills with the casting; thus. foundries generally avoid the
use ol intetnal chills: External chills may be made from the sams

material as the casting or may be made of iron, copper, of graphite

+ With' alloys, porosity. can be reduced of afiminated by Righ
temperature gradients, that ig. by increasing the cooling rate. lar
example, mold materials with higher thermal conductivity may be
used.

- Subjecting the casting ta hot lsostatic pressing is anothar methor
of reducing parasity,

FIGURE 10,14 Vanous types of (a) intemal and (b) external chills
(cark areas at corners) used in castings to eliminate porcsity caused
by shrinkage. Chills are placed in regions where there s a larges
volume of metal, 4 shown in{cl,




SUMMARY

Lasting 15 a solidification process In which molen matal ks
poured into a mold and allowed to coisl The matal may flow
!hruugh A varmty of PasipEqes {pl:n.lring B SRIUeS. MUNErS
MSErs, and gating systems) before reaching thie mold cavity,
Remoulli's thearem, the continuity law, and the Reynolds number
ate the analytical toals used in designing castings, with the goaly

ol achieving an approprate flow ate and elimmnating defects
disociated with fluid fhow

L

solidification of pure metals takes place a1 a constant
temperature, whereas solidification of alloys occuts ever a range of
temperatures. Phase diagrams are important toals for identifying

the solidification point or paints for technologically imporant
metals,

The composition and cooling rates of the molten metal
both affect the size and shapo of the grains and the dendrites in
the sofidifying allay, in turn, the size and structure of grains and
dendrites  influence properios of the solidified casting.

solidification time 1 3 function of the volume and surface ares of
a casting (Chvarmeov's rule),

. The gmin structure of castings can be controlled by
Yanous means o obtain desined properies Because most metis

captract during soldification and cooling, caviliez can lom in the
casting. Porosiy caused by gases evolved during solidification can
be a significant probiem, panticularly. because of its adverse effec
on the propenies of castings. Varous defects aleo can dovelop in
castmgs from kadx of control of materal and process variables.

. Dimensional changes and crchng (hot 1eanng] are
difficulties that can arse dunng sofidification and cooling. Sevaral
masic categones of casting defects have beep wentibed,
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CHAPTER 11

METAL-CASTING PROCESSES AND EQUIPMENT

mald wilh
These classifications aie iolated 1o miokd materals, pattern production. milding processes, and methods of feeding the

malten metiel Tho major caleqomnes an

1. Expendable molds. typically made of sand, plster, ceramics, and similar materials, and generally mixed with various Singers
Monding agents) for improved properties. A typical sand mold consists, of 0% sand, 7% ¢lay, and 3% water, These materials ant refrazionies
(12 they are capable of withstanding the high tTemperatures of molten metal). After the casting has solidified, the mald & hroien up o
remove the casting: hence the word expendable,

The mald & produced from a pattern in some procesases, and atthawugh lhe'r_tbﬁld' " I:Hne'ni:lall.rlp. the pattern B reused (O prod ucr::
teverd] mokle Such prociedses s efdired to as expendable-mold, permanent-pattern canfing processes. On the other hand, imvEsimat
costing moubes 8 partem for each mald produced, and is an exampls of an expendalile-mold, expendablie-polier fOCEES

. Permanent molds. made of metals that maintain their strength ot high temperaturés: The molds are used repoatadly, and afe
designid in such a way that the casting can be removed easily and the mold used for the net casting. Metil molds are DRSS heat conducions
than expendable nonmeralic mobds, bence the soldifving casting i subjected 10 a higher rate af cooling, which in tun affects the
rmicrostructure and gram size within the casting

3 Composite molds, made of two or more differant matenals (such as sand, graphite. and motal), combinang the J_ddllnqgui ofaach
material Thess molds have a permanant and an expendable portion, and are used in vilious casting procasses 10 Jmprove mild strength
control the cosling rate, and optimize the overall economics of the casting aperation.

Provess Midvaniage Limset sdpenies
Sand Mgt any metal can be cont; po limiz o pare S fimishing reiieed; selamvely coare sirface
nidz, shape, orwengh; fow toiling cimy finmh: wide tilerances
Skl iinld Comid dimenaidioal accurasy amd surfsce hmshe  Pare siee Tunited: expeonsve patserms aod ogupineni

high proidocton rate
Evaporatmoe ptiern . Most metsls can be cast, wath no limt i size Farterns have low steeogth and <3p be costly for

chumplew pary sl pes sy uaneities
Mlastet inodd laneradnee prare shapes: goesd dimonsimnal Listiinead to nonferrows mictals; limind pare sire and
| 1 5
sesuracy and surlace Bohg low porosity visliime o prosduction: mold-makimg tume eelareds
liing
-I'. AT AN |=:|..I|J'|_f rlll N Al I'll.l i I-I'I-th! P l.:'ll'l'llr':rllh'l'-ililh.l.' F."ﬂ."l-.'. t].ﬂl!.llﬁi |:'!|.-|i'[|. W
] ststfaee hpohy line conling rate
L d sl Irtrssite ot ahapess esoellent suntade ik Pt sree imthted; expersive parmerns, modids, amd
and accwradey alaidedt any imetal con he canl Lalseir
Mernanent il Cotmnd anerfo'e frrish and dimeoshimal sdcurady; High mold dosep himbed: pary shape and complesies;
leewe poeosiry; hugh production rame ri st ble For hgh-melong - posme metaks
The Exvellent dumenvenal gooarsey amid wirfae High die contg Dimited pare sire; generally Timtd
Beriashi; Bkt pevsd e 1o Rl sonferronm mctalss g bead ime
L -|4|!1'|I||§:.1| Larg: cyhindncal i tobular P waiil !E:'-‘-In-] Eypoemsive @qurpmenitg binunnd part shaps

qualiny; high povdiction rate

11.2 Expendable-mold, Permanent-pattern Casting Processes

The major categones of spondpble-mold, pormanent-pattein cCasnog processes an sand, shell mold plagter. mald, coramig. mald, apd
VICLIUITE CASting.

11.2.1 Sand Casting
Sand casting bilsically eansuty al;
() placing & patttrn having the thape of the part to be catl, in tand 1o milkd.jin impeint,
(B} it oenting 4 gatitd) 4ystem
Chromowinag the gattoro aid filling the modd cinnty with molten fmethl.
] sikevving thn metsl 1o cool gl [ dahdilies,

I peaking dway e Sing mold, and

ad
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W e roving e carting

ve ond i sutable a5 a makl e hant
cnnd: naturally banded [bank s
¢ {ewnelries

Sands, Most saivd-camting aperations wse slica sand (507 as the mold material Sand 15 intXpend
bocause of its hiah-temperatute charctatistios and high melting point. Thie ate tvo general fypes of
and symihetic (fake sond) Becauss ity campouition can be contraliod more accurately, synthelic sand i praferred by mos

: rapertiel have 10 o2
Several factare are impotant a the selsction of mnd for maolds and certain tradeaffc with respect to-prap

comidoned. -S-Jﬂd.hn'-'lng e qrains can bo pnl:h:*:l tlissely aned thids lerres A smoath priciled uifodms .|"|-“|'Il:.||JI:_'I|'I- fire HM:HTJIT”::
enbances mold strength, thi fie grains abio lower mold permeabiity (whern Musds and gases can pads through pares) Sk pﬂn}lr Igj -
miskds and cores allaws gases and sieam evelved during the casting process io tscape eatily, The mald alzo thould hirve good collopubddy,

0 order 1o alkow the casting to shrink while it & coolna, and thus provent delects m thvir cAsTIng, uh ok ROt Loarnng ared cracking

Types of Sand Molds: Sind molds aie charactorized by the types of sand that comprise them and by the methpds w19 produce them

Thete are thiee basic types of sand molds
L} Qreen-sand,

) eold-hox and

el no- bk mnlds

Tha mast common mold materal s qreen mn.l-:lmg'g..m:k, a euatuire of sand, clay, and waler, The-1erm “green” refers 1o the fact thal
the cand in the meld i3 medst or damp while the metal is poured into it

sand Prapanies:

¢  Retoctonness
o Colushvemmss
Ll Firervea bl iy
*  Collapaifility

In 1he cold-hox mold process, various organic and inorgansc binders ane Blended into the sand to band the grains chamally fof
grEater strengih These molds.ane mare demaesionally accurate than green-sand molds but are friore expentive to maks. In the ro-bake mold
proceds, 8 tynhetie liquid resin & mied with (he sind, and the mixure hardens:al room temperature: Because the bonding of the mald in
thie and in the cold -Box process takes plade without héat, thoy ame called cold-setting processos

Sand malds can be oven dned (bakedd poor 10 pounng the molten metal) they then become stronper Than gaeen-3and malds and impar |
better dimensional docurscy and swurface finish to the casting. However, this methed has drawbatks n that;

(i) dhisterticm af the mold i giealey;

(b} the castings are more suscegtiile ta hat tearing, becaute of the lower collapsibility of the mald and
(c] the production rate i lower, because of the considersbie dnang tmi mdguered
The magor features of molds in Sind casting e

] Tha flask, which supports the mald incell, Two-piece malds contst of a.copo on 1op and a drag on the batom: the seam batiedén
tharim is the paming line When mose than two pleces o wstd (ng sand mald, the addtional parts are colled cheels

d A pauring basin or pouring cup, indo which the moten metal b pouraed,

A aprue, thrmugh which the mnlten metil loves dowmsesnd

i, Phit runner system, whch has channels that carry 1he molien imetal iom the spruss 1o the mold cnaty, Gates are the infets into the
miold ety

*I

4 Risars, which suppily additianal meltan metal 1t the casting ds B shrinky disting solidifcation. Two types o tode - g blind rier a0
Gr) SO FEar

G Cares, which ane insens macke from sand; they are placesd in the mold to form bollow regions or othenwite deling the lntetior surface
of the casting Coms alto are used on the cutside of the casting to form features, such as Settering or numbering,

T Vit which ate placed in maldi 1o carry off gases produced when the molten metal comes inte contact with the sand in the mald
i fhe gare Wty alie adbaust jir fram the mold daditg as tha b meetsl flows intg the mold

Fatterne Pattems are ubed (0 mold the sand midyee into the shape of the cavting, and may be made of wood, glattic. or matal. Battarms

A AND mkaddo QF B oenibinal o OF maleasds to reduce waar in Crtieal I N THeEy usudlly are coated wili | prting sgent b= Laoltate the

Fini (FRl LT T gLy ] g
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ments. Orie:piece patiens, also
Hy are pude of waad and are

p casting; in this way, castings

Patterns can be designed with a variety of leatures for specific applications and atonaimic require
called loase ar sodid patrers, are generally used for simpler shapes and low-gquantity protuction they genera
mexpentive. Sphit patterns are two-prece patterns, made such thal each pan forms a portion of the cowvity for th | eI e
with complicated shapes can be praduced. Match-plate patterns are a common type af mounted pattern in which Two-pIees F:h: i3
comtructed by wounng magh hall of one of mare split patterns 10 the spposile tdes of a single plate. In sch copstpEtion?, chinfs wnd
cystum can be mounted of the drag side of the pattern, This type of pattern I used most often in conjunction with madfng ma

for large production runs to produce smaller castings.

An impantant development in mold and pattern making is this application of rapid prototyping. fn sand castind fof example, &
gatiern can be fabricated in'a rapid-prototyping machine and fastened ta a backing plate st 3 frmction of the time and the cost ol """’""J"'"';g
a pattern Theie ane several rapid-protatyping technigues with which these tools can be produced quickly, These technologies are DestSul
Far el production nms
proper metl

Pattern desian is 3 entics aspoct of the totul casting opesation, The detign shauld provide for metal shrinkage, peamit N
&r G0 -

flaw in thie imold cawty, and allow the nattern to be easity removed from the sand mold, by means of a taper ardraft or some oih
feaTLe,

Cores. For castangs with internal cavities or passages, such as those found in autometive engine blocks ar valve bodias cofes ant ufilized,

Cores are placed in the meld cavity to farm the interior surfaces of the casting, and are removed from the finished part during shakeout e_ml:l
further processing, Like mélds, coses must possess strength, permeability, collapuibllity. and the ability o withstand Beal. honcs cofes dre

ratie of sand aggregates

The ot is anchired by core prints, which are geometric features added to the pattern 1o locate and suppcn tha core and lf:r
providee vants for the escape of gases. A common problem with cores is that, for some casting requirements, a3 in Ihe o= where 3 recess o
requited. they moy lack sufficiont structural support in the civity, To keep the core from shifting, metal supports (chaplets] may be wsed 1o

anchor the core in place.

FIGURE 118 Exaigles of wond cores, showmg cors prmts and chaplers 1o suppsn the cores

Sand-molding Machines. The oldest known method af molding, which 15 still ured for simple castings and for small production runt, i
comoact the sand by hond hammenng ampiog) of ramiming & around the pattern. For most operations, however, the sand madure S
campacted around the pattern by moiding machimes Thess machines aliminate arduous labor; manipulate the meld In a coptrolled mannes,

offer high-qualay casting by improving the applicatiin and distrtbution of fodces, and increase production raty

In vestical flaskless molding, the pattern hatves form a vortical chambier Will againgt which sand s blown and compactead, Then tha maial
halves are packed horzontally with the parting line onented vertically, and moved along & pauting conveyar, This i a timple opesation and
chiminates the need to-handle flasks, allowing Tor very high production rotes, particularly when other aspects of the opatatian {such s conng

and pouring] are mitomaled

Sandslingers fill the flaske unilormly with sand undnl 3 high-pretsure strearry they are used (o Bl lege sk and’ are often
sutomated. Animpelier in the maching theaws spnd from s blades or cups ot such high speeds that the: maching not only places the sand

bt also rames it appropristely,
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Core prints

A @ S

Eom——
(8) Mocharical drwing (b} Copa patiarn (c) Drivg patiom (d} Corn boxos
of pat clate pinle

Spr
Rusars
Fliachk I

(o) oo halves  (f) Copd raacly ko rermioving patiarn, (h) Drag ready

(AL 0T Tl =114 sorue. and risers lor £l Ty panom

{11 Dvag wath oo (k) Copo and dmg (1) Cashng as (m) Casting
=0t W0 placo isspmblad and ready ol romoved from mdid; rendhy for
ExchLar] hatiil trasatod ST

FIGLIRE 119 Sehpmrate dlestratiom ol tmrquines of speritions lar sintd catting, (a) & metbancal drawirg of the pant & used to gongrate & desgn o ik
Batien. Congsderrtans sech o pan shrinkage and draft must be built into the drawing, (b)) ond &) Patterns have been mournted en platet equipped with ple
v aligmmrent natd tha presanco of core pints dengnad 1 hodd the core in place, (8] and (0] Com Bored producoe core halvey, which arm pated togrimer the
vorm wil be wsed o produce the saflow area af the pant thaven m [ak (0 The cope kalf of the mold sasembled by Securineg fhe ¢ope patters plute 10 the
ek with algming pre end aaching imens to ferm ihe zprug and niser. (gl The: Rask s rammeed with. sand, smd the plate end eerts ane mmoved, (R The
crirg hall 18 produged in g dnklar manniet with the patier nderud 8 bottom boand is placed below the drag ant sligned with ses { The paiter Dk, pad

botien Baand are invirted, Bodd the patteem i3 withdrioan, lesving G hppooprate impond, §) The core i st in place within the diog cevity, (§THe =imid o
cloned by placuf the cope on top of the drag ahd secuning the assaertldy wiath i the Rasks are thar ibpedted ta prassame fo cownterant Saoyant fances n
Wi Niggungl, which maght 1l tha cape. () Alter the metal solidifes; the catting i nemoved fram the miid, (m} The sprue nnd tden are cut alt dnd recwslied nnd
1% clirg m deaned, ewected and hadt bresled (when Rpcessnmyg,

11.2.2 Shell Malding

shied] malding had grown sighitcantly becade & can pradice many types of cattings, with close dimensional wierances and good surfaca
fifiahy ared oy low cost, Shall-malding applications include small mechanical parts reguiting high prediton, such as gear houpngs, oyiindes
hewds, and connecting rody The process isabo usad widely in producing high-precigion maolding cores

In this process, a mounted patten, made of 2 fermus metsd oF aluminum, &
[ih) neated 10 a range of 175" -3 10,
() coted with a porting agent (such as silicone], and
() dampend 103 box ar chambes

The box contamns fne sand, mised with 25-4% of a thermosetting mesin bindar [such as phenal-formatdihydé), which coaty thetand
pranticles, Eqhar the boe i rotaled bpsede down (Fig. 19,10} or the saned mixtura 5 blown aver the pattem allawng it 1o form a coaning

fahetll L.Elnlj']'l.?-'.- a muth anslier fplmie serie @il therelore 8 ower 1]I.'FTI'1-EilhI|i1.'_I,I‘ tham the s=2nd wsed For B =5 |'|1.|;|r|;||-ng The
decompasitian af the shell-sand binder alao produces o high wolumme of gas Thus unlexs the molds s yented properdy, raprod 3 and Givs
can result i defects in the chell molding of ferrous castingd: The high quality of the fintihed casting can redugs elaning, machining, pnd
other fimishing costs siguinicantly; Compien shapes can ba produced with less labar, and the process can be automated by easily.




Coaled
sand

T =it

. Pattem motated 2 Pattarn and durnp 3 Pattern bnd dirnp Done
and clamped 10 dumip o bar rotntod i possiticn for the iryeiirnae

Clampa malol boads

d. Pallprn ang shodl 4. Mald hnhvos jmad jogothor d. Mold placed o itk
removed hom dumd Do ant medil pored

SIGURE 11,90 The sholl-meidmg progesy, e called The dump- Do trchaigue

11.2.3 Plaster-mold Casting

rhid piocess ane kngwn =5 précision casting, because of the fugh dimensional sccuracy and good surface finish plitsined. Typical
Baits made dre lock companeme, gears, valves fittings. tooling, and ormaments.

Because plaster malds have vary Jow permaability, gases evolved dunng selxdrcatan of the metal cannol ascaps; comaguently, 1ho
molen metal 18 poured either moa vatuum of Under pressure. ttold permeatbility can e incieasdd substantizky by 1he Arfioeh froCess. 1n

-
which thi malds are debydratad in an sutochve (pressurized oven) for 6121, andl than rehwdrated in i for 14 h, Another mathod of
vcreadig the permedbility af the mald & o use foamead plaster, contmming trapped aw bubbles

11.2.4 Ceramic-mold Casting

The eeramic-mald cagting process (akio called cope-and -drag invesiment caiting) s semyikr vo the plaster-mold plocdss excopl that
i wees refractony mald materials suitable {far high - temperature exposure, Typicad parts made are impallers, cullers for mahining operslina

s for eitahworking, ond moide for moking plastic and nebbier companents
The pattem may be made of wood or metal, Aftar sstting, the molds (ceramic facings) are removed. dried. ignited to burm alf viotatiie

muotter, and boked. The malds ane damped :|'|n-|:.|:,r and wied ot Al cetpmic maldd. In the Shaw proceis. the demmic {acings ore Dackes Dy
fireclay which iesests high tormperatures) to give wrmngth to the miold, The facings ane then asembled into a complete mold, resdy 10 be

pouned

Th Hiah-temperutune fesistance of the relactory melding matenals allows these molds 1o be usedd for 2asting frmous and olhe:
high: temperature alloys stainiass sdees and todl steels. Althounh the proceds i somewhal expenive, the costings have good dimeasional
accurany and pyrfaca fimith cver & wite range of sized apd injpicate shaped

11.3 Expendable-mold. Expendable-pattern Casting Processes

Fvaporatve-paniemn and invertment casting alsy are referred to ub expendolite-pattem casting procestst o egendoble 0w
I enciafde prOTTErTT proceiset =|1.|;':|- ETEL :|'||“I,||1 ey (hist & mold and 3 Fh!l'll!'l'ﬂ- rdigl :I.JIJ' FHI}EIIII"l'ﬂd [or amxch I-'“"l"l{l,l T‘!."ﬂIL al J|J'_|.'|ri|::||il'_|l'|! e
|,-,-|r4-.-.j.-_.g — snitling hlocks crankshafs, brake components maniiolds, and maching Daies

11.3.1 Evaporative-pattern Casting (Lost-foam Process)

The evaponahnes - o T CaEig (EPC) proceds uied 4 polystyiens patlerr, which evaporates upon contact with inaiten matal 1o farm
a ety for the casting; this process is alio known o5 it focin easting, of full-mofd coating (AWC) prodess It Has become onn of the male

important cagting processes for fetedus and nanfertous motals, particalany for the automative inausry

In ihlE procis pohatyrens hasdi, cantaining 5-85% pantang (v volaibe hydoocarbom, am placed in o proheatod du, usually made
of  alurvifierm -I'.'_'.mp[-ni PETTRTEE Ty be mdde h‘; |'J|'.'II-'|-|'!|IﬂI_'|i vahous  mithichaal ]1|'|||!|!||'- i sEcticonl Tniiagg HOL ekl ASdfiEsrys
Fotymethylmethnergdate (PMIMA) and polyalkyléne carboratn alio mdy be wsed 35 piiltedn maleriale foe hanous catipgs
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FIGUREE 1112 Lohesiatie dintestite of the exposdalis paiteen _E_u',_u..ru; procect. alus keown 25 lotl: o fr evaporalive -patiemn Caiting

11.3.2 Investment Casting
T l":"-'i'!-t'fﬂE'l"l"U-"illl'IE Rt ] |-|!'_|:|- called the lost-wax process, Wit fiest Lrseed dm:ng the FEri'IEII.'.F Imam 4000 10 000 He

The pattirm i tade of was ar of 3 plastic such as polystyrene. by moldeng o rapid-prototyping techrimques. IV then dipped into
o shurry of refractony madenal sach as vy lino slica and binders, inchuding wates, l:ilh].!'li silicate, and ocids. After thes inttial coating hat s,
the pattern b couted repoatedly to increase i thicknass, for higher strength, Mate thit smaller pirtiches can be wsed far the inital coating
to develop a better wilace finlsh n the casting: subsequent layers ude luger particles and are intended 10 incrpbse the coating thicknass

quisckly

Thwt teiren Investiment derives froum the foc1 that the patternis invested (surrounded) with the refractony matersal Wik patterns roguire
careful handiing, because they are not siong enough 1o withstand the farce 3 encountered during mold makng: unlike plattic. pattamds,

Hicrweesnr, wa Can be recovened and reused.

Ceramic:shell nvestment Casting. A varlstion of the investment-casting process is ceramic-shell casting, it ues the cime type af ware ar
pladte patiern, which i dipped fimt in athyl silicate gel and subsequently into a flusdieed bed 'of fine grzned fused silica of zitcan powdar.
Tha pattarn iz then dipped into cooraer grained tisca, 1o Build wp addmonal coatings-and devedogp 3 proper thickness 1o that the pattern can
withadand the thepmal shock duning pouring. The rect of the procadun is smilar 1o svestment casting. The: process s economicol and 3 uzad
sxtemfpely for the pracision casting 'of steels and high-tempsature alloys

SUMMARY

Expendable-rmold, permonent-pattern processes inchude sand, shall-mold, plaster-medd, and ceramle-mold catting, Thiede procesies
eciiine the destnjction of the mald lor each cariang produce, trut mold production & faciibsted By rewsable mattarns

. Expondabie-mold, expandabie-pattém processes inchude jost-foam and 'ivesiment casting, In thede pocesses o pottermn I8
conumed for each mold produced, ang the mold « destioyed after each casting,

- Formanent-mold processes have mokds o dies that can be used to produce castings at high produciion rates. Cormmon permaneat
il poocesses selude shush casting, presagrs cashing, die casting, and centrifugil casting.

. Mhis malds wied in permmanent-mold cisting ate imade of metal o graphite, and ane useed repeatedly to produce o large number of
paits Because mekals are good hidt conducton bul do not allow goses 1o eacape, permanint malds haves hinchamisntally diffurent etects on
caslmnys than sand ar olher agoregate mokd matande

. [ permanent- ol casting, die and equapamant costs o relabivitly high, but the pocisLrs afw eCanomical for large procduction s,
=<1 koss s low, dimensional accuracy s relatieely fughy and good surface detadl can be achisved,

[t ﬂ'lﬂ |'.|r'-|:||J|J|.'1.I|:|ﬂ- i -.]III_.'_'ll'Ei'-I'I'-". L ,l|!|'|.|:|:||-l.| Ar] [_q..'.lil’L'jI '::f 'lIJH_ill! {ll'lr'i:lﬂl |,'i|'|'|T|F||_'|n|'ll|"||:i |_'|;|_l||:li'| 4% Turbuse .Jhl:i,n-:_ anid Lificon ||"|lg|'Jt".- fae J"-.Ilh-ll'lﬂ
Wl ab antecpribed Circuil marmifac i) ;

a

| P Ml .l.||-_,_ DIOrDyYt ans I!I-|-l;|' Coitrad J||.|.:| e ||1_||_I|:Irl_.1il.1 !.Jfll:,lrﬂ. Ify |'.-|:.1:|||'|! QT LIS, EH.:-_'- qnn'hjdl_'- I'_|r|:||:'_-|-':|' |r|r|I'|||'|:1 al the MoLF
;. gt nen T @Sy sngd remnoyal O3] and ross S JACAF TN the malen metsl inlo this eriishi] o |-_“|J.|_..,-|;|:;:|;;| - casting: for pasuhle
ﬂ '“IHI -II--I i | 1118 i A R et | ||i.|||r"-|.'.-I||-'|.|1|||':
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13.1 Introduction

Rolling s the process of reducing the thickress or
changing the (mss-section of 3 bong workpiece by Compresshes
forcet appled through 2'set of rolls [Fg 13.1), a process that ks
sinilar 10 nolSng douigh with & rolling pen H::Jtﬂ:;,wl"uiﬂh BECORNES
for stoutl '90% of all metals procuced by metalworking
proceses, was it developed m the late 15006 Modemn
stecimalong practices and the production Of varous femous and
nandferrous metals and alioys now genesally indegrate confimadus
casting with roling: processes; this method greatly improves
productivity and lowers production costs, a8 gescribod n Secuon
54 Nenmemlic materals also ae wlied o reducd thow
Wickrest angd énhance thar propadies

Roling s first camed out a1 plevatod temparatures (o
ming), Dunng this phase, the coarsg-gramed, ‘britle, and
pormus fructure of tha ingst or the continuaysly et metal i3
broken down ie a wrought strugture, having a finer grain oge
arndl anhanced propees. swohoas ncreased strepgth and
hardnest. Subsequently, rofing can be periormed al room
femearature (cold roffing), whereby e rolled’ sheet has hagher
strapath snd hardnoss; 2nd oetter surfase finsh. Coid roling will
howesvial, fetull it 8 product wih anKoiremc proparses, cug o
civdorred orentaticn or mechancal Bhering,

Flates getierily have a thickness of more thin Gmm,
and Bre cied for stnictural appfcapons, such a5 ship hulls,
boidery, btidges, and heavy mucnmingry.

Sheats jre generally 2ss than & mm thick, and -are
wpicaily peovided to manufactuning faciities a3 ok wihing
a4 much 4 30000 kg, or a5 Ral sheots for further processing into
a wide variety of sheat-metal products Sheets are used fof
rucky and aircralt bodies appliances. food and Deverage
ceniglrmis and Wichen and office equiprment Commgreinl
alieraft bzelages wod waller bodies usdally e maid of
ahurmisnem-alioy shests, with @ mirdmgm thicknsss of T-mm

13.2 The Fat-rolling Process

The metil scceleratos in the ol gap, in the same
manner @s an ncompressible fluid [ Hlmuljh a Converging

cRanneL

1.2 &y Schiwmude Mastrafon ot it fLal-eofling pfacel (b Feidaon
s e seeties 1o ol foeoe, £, and torgune. 1. acling on th

e The whidth ol 1he Sligh. w. trilaaty ninbaies duning Icsng

fReducing Boll Foroe. Roll forge can cause significar
gafiaciian end fBauening of the ol 8§ doet in a rebbar bre
SLch ChangE wel an Tulny, SHECT UM Noehng Qrocess. 118 ETICIRNCy,
atied 1% absbiy b e eeliuce 3 anform thickness i e rosed Beed

lnciwn @5 gade control), Alsa, the columng & I redl stand
wil i dﬂﬁu-'zl utider tigh rofl forces 1o such an extent that the
roll gap may Open U SIgraicanty. Cansequanily, the rells ke
b b et ot than odiginally caleutated in ordes 1o cOMpRISate
ot thly Histlsetion and to cbtain the desined final {hereress

il Foitcos can be reducad by the foliowing Meani

e Lisng smalled clameater rois 1o recfuce the Confact 3red
o Takirig smafler reductions per pas, 1@ reduce the

COnLAcT Aied
e Ruiling it elovated tempestures, 1o fowsr e Siergin

of the matenl

«  Appving back ancl/or front tensions ta the sinp. 16
recluce tha roll preswre

e Restucig friction at the rall-workpece interface

Ly

FIGURE 13 3 Schermiat Skt ation of wairisud foll arrshgements. (o) Twa-Tkgh
il 4f & twa-tegh null 1 ased Tar et hut aport workpinoes, it will conmmondy
b 3 bkt back dmtl Yocth momlips pestel down 35 a8 reveriee] Ml Lh|
Thessbimb mill il slevaiorn e multyple: paassd, i£) Four-high oling mil
shawing vanioirs Teuterss (e shiltess of the houued, the IO and U el
Dearmgs-ar 2 (M@ i Co0oing na FrkEnTanTeg T Thickndes of 5h
falied sinpy K Taridivm raffireg, wiil Ehids starads, bl Plasetisy redl == ()
Chtipr il 340 brevwn 3| 3 Senilnmd e 2l

13.2.2 Geometric Considerations

Because of the forces acing on the ol thin undengo
hape LIandges that Mg reiliteg. Just A% & Sinsght- eam LT s
ander a trarsverse keatl 10f Torees e 10 doaholy bend phe
riills dwring rolling; a5 2 teslt, the roled sir will be icker &
s coviter than at its edges; known 23 crown. A comman method
of aviging this protilem js to gring the-mills in Such 8wy ha
thatir chinmneter at the center i gy Linger tham that at the

all
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PAges (Called camber), Thus when the rolis band, the wiip Cering
'ed will have a comstant thickness diong s wadth

FIGLIFE 124 [a) Bonding of nuracht cdaueedl ol cansed try tol fonces. 1)
NI - OF roeS Qround sl Cambir. producing 3 srig with undommi

et theaugh the wng wadth, (Rafl deflections T ien exaggoraned
IoF ek §

Spteading. In tolling places and thaesy with Kigh width-
i-thickness ratios, the width of the wirip remaing oifactively
CEMTLANL dhring r|_':5!|||L_: Howeyer with smaller ratiog fouch gd 3
Bl wWith & uane orosd-sactian), is width intreates significantly
#5 11 passer thiough the ol an effect that Gan casey b
Caserved In the roling of dough with a reling pin Tha increats
N wWaCth i called spreading

it can be shown that spreading increasas with (a)
UETIEaNg width-lo-thickeeis ratio of the entring strip
tecmuse of reduction n the width comstralnt, (b) incressing
rcnon, and (c) decreating ratio Gf rall fadivg to suip sckness
Ipreading can also be prevenisd by using viertical rolls, in
COMA with the strip Bdge kncwn 05 edoer mill, the vertcal
FOdlE prowide a phiescal contlraing (o dpresding

3.2 3 Vibration and Chatter

Vibraticon and chattes can have sgnificant adwerse
efrects on product qudity and producthaty. 1 manufactusing
opirstiony Generally dehined a2 wnll-eviled] wbrition. chattar n
rolling lesdy 1o pefodic vanlstions [ e rodlisd sheat thecknegs
ind sirtapcs finish, and may laad to sscescve sorap Chattar in
relling 15 fourd predominanthy' in tandem milk Chirter & very
datrienental o productity

Allhaogh nol abways practical to implamont, |t also had
been suggested that chatisr can be 2ducsd by (3] intreasing

ihe distanco bavanen [ crands af the rolri mul, -!I_'..]muﬂ.:qs.ur.g
the strip width, (£]decressng the rediction per pass (it (d)
ireraiing the mll radiug, (8)increasin the strip-rall fnction, and
[lindarporating external dampers iy the rall tuppoits

CURT T35 Sinteating i Hat tollng; note that il
yreading €an ho otseretd when gough n rodaeg Wi
3 tollitig fin

I

JIFHERTY

Vg wit
ez e,

e
el

PGURE T &) Chahges in the grain st of Caar or of nde-gr 2in whoug™
mintals gunngg hot rolng . Waot rolieg 1 40 eRechg sy T reSyde paar

= melaly for wrproved girengih and Suttaty ta e
CCnE Y L l:ﬂ.1.'|"|-I] BE romvrtnd 2o A WSt frlcturs By BT werless

3.3.2 Other Characteristics of Rolled Metals

Residual Stresces. Becauto of nonunifarm defdrmation
of-the matarial in the roll gap, residual syeseey can daeloe
olied plats and thests, spedEly n cold n'ﬂmg_ Brall-
cametel rolls or smdll thicknss reductions per pasc =nd o
pastically detorm the metal 10 a highar degres at s prfacey
than In 45 -bulk. Thet Shuaton el comprassive aidial
s1esses ‘on the surfaces and tersile wnsisss i the bulk
Convorsoly, lage-dlameter modls o hgh sedluctions par paes
tend to deform the bulk meee thar i wifsces. This b dus o the
higher frictional constraing at the siurfaces along the @ of
(ontacl, & stuaton that produces residual stress disribtions
that arc the oppotite of those with ol =thamater rodle

I'I-.:llll---' :. -'J .-

Dimensional Tolerances. Thickness wolraness for cald
rolled. shoats usuatly range from <00 to 0.05 mme tolerances
are much grestes for hol-ollsd plites. Flatness Inlerances i

Uiy within =15 emingm for cold resfitieg and =55 i for bos
roiing

3.4 Ralling Mills

theugh' the desigey. of equipmeant for het and colid
thllireg are essentally the same, thers are imporan? diffsiences
Ity e rol matenati HIOCa)s PAramaiery, ubistanks and conl "5
yiems. Ine desayn, condtroction, and opetation of redlkd mil

MEARHIER VTRapor invaavments. Mhly automated mills now peoducs
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closewolerance,  high-qually plates and  sheets. & Heah e

aroduction rates and at fow. cost per unit weight, particutarly G

when integrated with continuows casting. The width df rofle -

aroducts fhay tanga up o 5 m, and rolling speeds arc wp g S0

i | Ciem FRFT

rrfs
My

kol Materlal, The basic requrements for ol matenals ane |
G win o 41

FCLIRE 1304 (b Production o glest| kil Ly 10 o o Bl [

. ¥
Peescluction of sleel bods by upiesting a Cfndncs Glare M -E.'Lh-: foperriai it )
of MEit. The BoSs made by theso proceivess A9 sy sty Qrouna ar

pahatd Tor g m bl Besifir

stran i and FessTance 1o Wea

Skew Rolling. A process amilar o rofl Torging o che rothndg,
typically usad e making ball bedrings.{ hig 13.14a) Rt wir
ar ot & fizd Inlo the rall gap, and soksaricH blanks are fofT
contimsotisty by the action ol the rotating rolls. LANGT
of forming ball bearirgs is Mustrated i Fg. 12
basically @ forging opsration) The Bads whic
finishing, are subsequently ground and [

machineyy

Ring Rolling: In ring roling, & fing-shapes
between two rolls, one-of which I draven wiln Ihe
13.5 Various Hﬂﬂing Processes and Mills (Fig. 1.15a), The thickness of the hng te peducad by BErgang |
rolls closer together o they rotate. Since the volyme oF 5
ramars constant during defomatign (wehime CoRsta!
reductian in ring thackness result mn ity ncress N 04
process can be: cartied out 8t room EMEELIUN
plsvatod temperature, depending on e, and swengts
ductility af the rmatedal

FIGLAE 131 Anexarmgle of @ tandam-nolhng ooseation

Shape: Rolling. Straight and long struciural shapes (Such as
channei |-baams radroad rais, and solid bars) are forrmed Dy
shape rofing (profite rofing), n which the heated SO0k passes
thialigh pakrs of specially desgned rols Cold shape rolling also
a3t b dinn, with the starting matetials in the-shape of rod, with
yiRBUt orots-cestions. Because the antering maternas Cross-

werticn it 1edisced honuniformly, the proper- osigr of a rall Depending on its size. ng Dlank may oE | MOEAWCED Ty
corjuence, callad 1oll-pass deslgn, 1§ crithcal in Order 10 prevent such means as culting from -3 platd, piefond, ©F awng L
the fotmation of external and internal defects, hold dinensional shearing a thick-walied pipe. Varniols shapas cin D2 rng 10ed
it ares, antd 1o reduce roll wear using shapad rolis (Fige. 13.15b-d), The thickness of rings 40 Can

be roduceéd Ly an open-die foging process; howsver
dimesnsionsl control and wurfaca finish will not b2 &5 go0d 25 N
ring redling. Compared with other manufactuting procesies tha
are capable of producing the same part, the advaniages O 7ing
rafling-are-short produrcton imes, iow SCp, COse Qimernsona
olerminces. and focorabie grain figw. o ne proguect,  thus
anhancing its strisngth i tha Desirad dirgcton

Roll Forging. In this opuration, al called cross roling, the
eross-section of a round bar i shaped by passing it through o
pair of rolls with specialiy profiled grooves This procest i
wypacally wsed o produce tapered 4hans and leal springs, tabie
ennes. shd hand tecls: Roll forging akko may D& Ussd as a
seliminany forming operation; (o be followed by qther forging

(i Bged

FIGURE 1315 0 Schomatbic dugsoatean of @ nng -mofhing operation thinmdts
meddocton Ut & oan o i the pan divmeies (10 treetugh U
J_::jrr||'||;-, Al Fiott-carsivmst that eur B formed Ere ringg rE-'l-rL]

Thread Rolling. Thievd ralling 1§ a cald-forming process by which
stratight o tapered threads arc formad on round nods or wife

g & Stagw 3
TP T et Enyrg rols Fiesing hor e | e threacls are 'fr_irrnr:.ﬂ Gif 1 rr_-j G Wh & With &3 eIk O &
B e A Fol and yoNice rods - 1
par ol ML reCHnocaling oees (hig. 10160, N anoereer metned
MEIRE 1302 Ssoptin (he shae moling of an b belm Yarkois olvirsniciunl thredids arc folmed using two s (g, 13,085} of nGtary Of
N i channéts and el o are rofied by s proces planetary dies (Fig. TLH), at production 'rates 85 high as B0
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PeCes per second. Tvoical parts made s screws, boits; and
sTMlEr threaded parts Depending on die deign, the majo
Gliameter of 3 rofed theead may or may rot be larger than a
machea thresd (Fg. 13 1a), thar . the sme 25 the biank

HE

The thread<olling process Has lhe diehRirtadi cif

JERErging threads o1 high production ratés ‘and dathout. any

Wrel)

The swrface finith roduced = very smooth, and " the

process Induces compressive resddual stresses on the surfaces,
thins imprcving tatique tfe, Thread molling % supenor to other

methoas af theead manyufacture; becauso machinung the threads

QUE Thraugh the grain-fiow lines of the matarisl, wharads rolling

e Threads requlls in a-grain-flow panen that improves thraad
srength (Fige 12 Wb-c) Intermal thread rolling can be carried
il wnih 3 ke ﬁ:ﬂ'l'ﬂl"g @R This is anopsration that 15 sirmbat
1o eternal thread roling, and it produces accurala intermal

trreads and with good strenath

Sput and helical goars can be prodiced by a cold-
rolleng process siomlar to thrsad rolling, the aperalion may be
cartiad out gn eold ovindiical blanks o on precut geare Cold
oling  of goars has etersie appicstions. v automatic
rarmmEsnns and n power toos

Lubncaticn s important m thread -nolling opstations 1h
order Yo obin good surface finsh-and surface mtegrily and 1o
minirmize defects. Lubirication afiects: tha: manner in which the
duntig dalormation, an
contedaration becase of the poschility of internal defacts being
developnd Tyoically made of hamoened R8s, rofing dies an

maierigl | detonma

imporiant

ripangve because of ther complox shiape, The dies ufually
cannct be reground afier they are worn, With proper die
rateriats and pregarabon however, die life may range yp 10

rmilllans af piaces

FEGURE 1330 Thiesd-rolle procedses (1) redleees alien) Uil i e 0
prodete 4 thieadod Lntbred. (b two-iod diey (2] rotany ot plosetary de ot
WG ) 3 Costainn . of Troead adled  pamt made ecohbendealy st hioh

|'|r|'.'.".__ Lo P

machined Socd (o) rolled thipads, Unlike epac hining, wingh Culs Enroe

L E el

FGLRE 1317 () Features of @ machined o retierd Al Grain flea in (D)
ggh 1he

gﬂﬂhﬂ ihas etz the rollieg of heads impars [iricicreed STrERGEN DRI
of pokd werking and Trearabie Gran Row

Rotary Tube Plerding, Alto krown as the Mannesmann progess.
this 5.3 hot-Working ﬂp-m.,q.l;ir.-;n. (e !na!-:m:_; e, thi -8 0 IET
searmiess pioe und tubing Rotary k= plercing s carmiéd r:fm.
Jsing an-arrangement of rotating rolls {Fig. 13.38c), The axes ol
that raifls are skewed in order fo pulp the round bar through the

roly, by the axial componant af the rotary molc)

Ly
e e .
&
.
Hte s p
o it
ILL e )

FIGUAE 1318 Carity formabion in 3 558, renired biar ana its uliizabon a ihe
rotary tubi punrcing proceds e minng SEEmies poe and tibng

Tube Rofling. The diameter and thickness of pipes and tubing
can be reducad by lube rolling, which ullizes shapec roils,
configurations  (Fig

ranged i vorious 3.5

fih |

FIGLIRE 13.19 Schematic Muvraton af vanous tube-rofieg proces

3 fangd mandrel (8] with. 3 Noateg mandeoel, () withow? 8 manahe 4| b
pliger modng over a rmanGr and @ pair of thaped ol Tuss duarmidess an
inCENesses a%0 n O hangpd Dy offer processet wah an grawrdg
srution, and Jpinmnng

]



14.1 Introduction

Forging is a basic process in which the warkpiece is
saped by compressive forces applied through vanious dies-and
tooling. One of the oldest and most important metalworking
opetations, dating back at least to 4000 B8.C; Unlike rolling
cperations, that generally produce continuous plates, shisets,
sinps, and vious structural cross:sections, forging operations
produce discrete pans Because the metal ow in a die and the
materal's grain structure can be controlled, lorged parts have

qond strength and toughness: and are very reliable for highly
stressed and onibical applicatong

Foraing may bo carnigd out at room lemperature (cold
forging) or at elévated temperatures (warm or hot forging).
depending on the homologous temperature. Cold forging
requires higher farces, betause of the higher strength, of the
workpiece material, which alse must possess sulficient ductility
at moom temperature 10 be able to undergo the requined
deformation without cracking, Cold-forged parts have good

Clased die: Redatively good utilization of material; generally
better properties than open-clie fargings: geod dimensitnal
accuracy; high production rates goad reptoducibiity

Blocker: Low die costs; high production rates

Conventional Requires much less machining than blocker fype.
high praduction rates; goad utilization of matesal

Bracisian Clase dimensional toferances; viery thin webs and
flanges possible: machining generally not ReCEsSry, ¥E1Y good

material wiilzation -
14.3 Impression-die and Closed-die Forging -
in i.:‘.l!lﬂ.l"ﬁﬂl‘!ll"ul'd!-l! fh.ffﬁl'-l!ﬂﬂr thie wotkpioce akes [he !

shape of the die cavity while baing forgad betwean two shapatl
dies.
Closed-die Forging. The proress shown in Fig. 14 ks also

referred to as closed-die forging. In true dosed-die forging.
however, a flash does not form (hence the term fashless

surface finish and dimensional accuracy, Hot forging requires
lewer {orces, but the dimensional accuracy and surface finish of
the parts are not a8 good as thote in cold forging.

Fargings aqenerally are subjected to - additional
finishing operations, tuch as heat trealing to modify propertias
and machining for accuracy in final dimensions and. good
surtace finith, The finishing operations ¢can be minimized by

precision forging, which iz an impartant example of nel-shape
of mear-net-shope forming processes

14.2 Open-die Forging

Open-die forging is the simplest forging operation
Although mest opendie forgings generally weaigh 15 to 500 kg,
Fart sizes may range from very small {Ssuch as pins, nails, and
bolis) to very large [up to 23 m long shafts for ship propellers].
Open-die forging <an be smply described by a metal
workpiece [biank), placed between two ot dies, and reduced
in Felght by compressing L 0 process called upsetting or flat-
die forging.

Lirmitations

Open O Umited 10 simple shapes; difficult to hold cose
alerances machiming 1o final shape necessary; low producton
rate; refatively poor utilization of matenial high degree of kil
requined

Clozed (e High die cost, not economical lor small quantities;
michining often neécessary

Blocker: Machining to final shape necessary, pans with thick
webs and large Gllets

Comventional Higher die cost than hilocker type

Fracimmn: High looging forces, imtnicate des, and provision for
remaving farging fram des

Adwvantages

|:I_.:]|-I_"| i ':-|||!1||I|-.,'- drus I TRV E du_' . l.'!..'.lde r.111|'=|-|3 -|:a| |r.3rl -5-|.,'|I'q_-l_l-__
qood strength charsctionstics generally for small guantities

farging), and the workplece completely fills the die cavity

Precision Forging. In order to reduce the number of additional
finishing operations thence caost), the trend continues toward
greater precision in forged products (net-shape forming).
Typical precision-forged products are gears. connacting rods,
and turbine biades. Precksion farging requires (a) special and
mare complex dies, (4) precise contral of the blank's volume
and shape, and () accurate positioning of the blank in the die
Cavity.
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RGURE- 1410 Campanson ol (a4} closed-die lorgrng with flash and (&)
precision or flashless forging of a round billet

14.4 Various Forging Operations

several other operations related to the basic foiging
process are described below,

Coining. A closad-die forging process. coiming was ariginably
used in the minting of coins, medalions, and jewelry, bul
curtently s used 1o produce a wide range of parts with high
accuracy, such a3 gears, industrial seals, and medical devices
Lubricants should not e applied in coining, Becaise they can
become  entrapped  fn the die  cavities and, being

incompressible, preverst the full reprodiuction of die-suifocs
detaily and surfacs finlsh

Marking pans with letters and numbers alko con be done
rapidly through coming. Sizing is 8 process used in forging, @
other procgsses, 1o amprove suiface finish and o impant (ha
desired cimensional accuracy with ittie or no chandge m pan

iz
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Heading. Also called upset forging, heading s gssaitially an
- upseiting operation, performed on the end of a rdd or wure In

" order 10 increase this cros-spetion.

=u
=%
=

Heading operations are performed on machines called
fieaders. Hot heading on larger parts typically are performed
an horizontal upsetters.

Piercing. This is a process of indenting (but not breaking
thraugh) the surface of a workpiece with a punch, in order (o
produce a cavity or an impression

The piercing force depends on () the cross-sectional
area and the tip geametry of the punch, (b) the strength of the
workpiece, and () friction at the punch-workplece interfaces

Hubbing. This process consists of pressing a hardened punch,
with a partcular tip geometry, into the surface of a block of
metal, The cavity produced s subsequently used as a die for

fﬂrmlng operationt, such as those employed in making
tableware, The die cavity usually is shallow, but for deeper

cavities, some matenal may fist be removed from the surface
of the block by machimng pror to hubbing,

Isothermal Forging. Also known a5 hot-die forging, the dies in
thiz process are heated 1o the same temparature as that of the
hot workpiece, The process | expensive and the production
rate ks low,

Rotary Swaging. In this process, alo known as rodiol forging,
rotary forging, of wmply swoging, a sold rod of whe i5
subjected 10 radlal impact farces using a set of reciprocating
Lip

Tube Swaging. In this process, the internal diameter and/or the
thickness of the tube is reduced, with or without the use af

imternal mandrels

b 1T [
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FHEURT T4 V2 (o) Heacing aneratinn th fonn heads on lectenen, such
&% naily and rvete (B Sequence ol apefations i poodoting a lypical
balt hedd by lmading

14.5 Forgeability of Metals; Forging Defects

Forgeability is genamlly defined as the capabiliny of a
material 1o undergo deformation in forging without cracking

FGURE 12 15 ) Schermalx
lisstration of ihe rotery-dwagrg
procedd (b) Forming intemal prodikes
an .3 tubular wOrkmece O TWamna
(e] A dig=cloung swaging mathme,
shivdnng fommiing o 3 sTepped $Rat,

(] Typecal parts made By Snagng

14.8 Forging Machines

Various types of forging machines are available, with
a wide range of cagacities (lonnage}, speads. and speed-strokeé
charalerstics

IEE: & Fi Bmn e gl

FIGLIRE 14.1%9 Schamalic illustration of tha principles of vanous bergang
miachanes () Crank proess with an eccontig drvey e s<cenind shalt
cim e replaced by & crankshatt 1o gwe ug-ani-Gawn mvabion ko 1he
ran (k] Knuckle-lon) prets, [0 Sorew preda (o) Hydoould preda
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TABLL 14,4

Typical Speed Ranges of Torging
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Mechanical Presses. Thete praszes are basically of cither the

crank or the eccentoc type, The spocd varies from a maximum
at the center of the stroke 1o z=ro ot the bottom of the stroks,
thus mechamcal presses are stroke limited, The: anamgy in a
mechanical press i generated by a large flywheel powered by
an efectric motor. A clitch ongages tha fhywhed! to an occentric
shaft; & comnecting rod then transiates the rotary motion nto a
rechprecating linear motion, A knuckle joint mechanical press
shawn in Fig. 14.190; because of the linkage dessgn. very high
forces can be applied in this type of press

The farce available In a mechankal press depends on
the stroke potition, and becomes extremedy high at the end of
tho stroke; thug, proper $etup is éssonlial to avoid bregking the
dies ar equipment components. Mechanical presses havie high
production rates . are. easer o automate, and requue less
operator skill than do other types of machines.

Screw Presses. These presses (Fig. 14,19¢) derwve ther enemy
from ca Mywheal hence they are energy lmited. They are
particularty suitable for small production quaniities and for thin

parts with high precision, such as turbine blsdes

Hydraulic Presses. These presses (Fig. 74, 13d) operate at
constant speads and are load imited (foatl restricted], whereby
the pracs stops if the load reguired exceeds ils capacity. Large
amaunts of energy can be transmitted from the press to the
work-piace by & constant load throughout the stroke, the speed

of which can be conticlled. Because forging In a hydraulic press

lakos jonger than in the other types of farging machines, the
wotkpiece may cool rapidly unless the dies ame heated
Compared with mechanlcal presses, hydraulic prsses are
shewvir and Involve higher Initial costs, bul they requine e
Maintanance.

Hammers. Himmess detive their enargy from the potentisl
energy of the rem, which i convierted into kinetic engrgly; this
they are energy fmifed. Unlike hydraulic presses, hamimass
operste ot high 1peeds, minimizing the cooling of a hat forging.

Drop Hammers, In power deop fommers, the ram's downstroks
# accelerated by steam, air, or hydraulic pressure,

Counterblaow Hammers. These hammers Bave two rams that
simyltanéously spproach esch other horizontally or vartically to
lorge the part Counterblow hammers aperate al high speéds
and tranamit ez wibration To their baset

High-energy-rate Forging Machines, In theése machinos, th
ram ks accelerated tapidly by inert gas at high pressuie, and the
pant i forged in one blow at b véry high speed

Sérvo Prestes A recent development 1 the uie of weno
presses o forging and stamping applicationg,

favorable characteristics such as highar strengl

SUMMARY

' Forging denotes a family of mﬂmu'-rﬂrlfiﬂgl proCEssas
in which defarmation of the woreplece i carritd 'EI-1:r|f by
compressive forces apphed through a set of dies. Forging 5
cipalile of producing a wide variety of structural pars, with
h, improved

toughness, dimensional accuracy, and relialatlity n SEVICE.

: Tha forging process can be commiad oul al room Wafm,

or high temperatures. Workpiece maleral hehwir:uur_duﬂﬂEl
deformation,  friction,  heat  transfer, and material-flow
charactenstics i the die cavity are imperiant ennsederalions, as
are the proper selection of die materials, lubricants, workpiece

and die temperalures, forging speeds, and equipment.

' Various defects can develop ff the proc2ss s nof

designed or controlled praperly, Computer-aided gesign an:rl
manutacturing techniques are now used extansively in die

design and manufacturing, preform design, predicting matasnal
flow, and avoiding the possibility of internal ano extermnal
defects during forging.

. A vatigty of forging machines s avaifable, each witli1is
own capabilities and chamctedstics. Forgmg opsralions 40
néw highly automated, using industrinl robots and compliter
controls

. Swaging 1 a type of rotary forging in winch 3 salid rogs
or a tube i5 reduced in diameter by the recproditing rehal
mavement of a sct of two or four diet The prrocess 15 sufable
for producing shoart-of long fengths of Bar of Wibing wWith
various internal ar exdtemal profles

. Because die failure has a majon econamic npact, oie
design, material sefection, and production method se of great
Impottance,; A varely of die matefials and maniaciuing
methods is available, ingluding advanced matesial remcval and
fineshing procesies



CHAPTER 15

Metal Extrusion and Drawing Processes and
Equipment

15.7 Introduction

I ectruision, a wsually oylindrical billet is foreed throumh

a die Fig. 151} in a marner similar 1o spueezing toothpasts
from o tubae

A charactenstic of extrusion |6 that large deformations
Cith take place withour fracture, because the material is under

Mgh triawal compressive stresses. Since the de geomatry
ramains unchanged throughout the process. extruded products
Iypically have a constant cross-section

Each billet b extruded induddually, thus extrusion is 3
batch of semicontinuads operation Tool costs generally are low,
pamiculariy for producing simple, solid cross-siections. Extrusian
Al room temporature s olten combired with forging eperatians,
N which esse it 15 generally called ¢old extrusion

It drawing. the cross-section of a solid rod, wire, or
tubing Is seclisced or changed n shape by pulling |t thiouah 3
die. Inaddition 10 round reds, varsous profilet alio can be drawn.

Cohlane b Cavezmes {Dhamieed]
ﬂ‘t: - : F—‘f_,-.'.f'l‘-..‘
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FIGLRE 15 1 Sthematic dlustraban of the durect-axtiiilon protess
15.2 The Extrusion Process

There are three basic types of oanmsion In direct or
forward extrusion, a biliet s placad in a contamer (chamber) and
orcad trrough o dig

In indinect exteunion, also called reverse, inverted, or
backwarnd extrusion, the die menies 1oward the unextneded bills
Indireet extrusion had the sdvantage al. having ‘o blilat-
container fiction, since thete is no relatee motion! thus, i &
used an materials with very' high Friction, such as hot extrusion
of high strength and tEinkss shoels

In hydrostatic extrusion the billet Is smaller in diameter
than the contiaines (which o fillod with & fluid), and the presaurs
is transmitted to the Nuid by a am. The luid pressure lmparts
trinial compressive stresses acting on the warkpiece and thus
nEs improved formabiny. Funhermore, thore 8 moch fess
workpece-contiiner fniction than m direct oxtruson, A less
comman type of edration s lotergl or side entruminn

-
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i

Fraun

Fann FIGLINE 13.3 Types of extrusgi (o) sndifm el
Cadrusonm i) hyrdeostanic and () lateral

Ty Ficaune
Coriiumme Y Dy

I

The geometnc variables in exiruzion are the die angle, a,
and the ratio of the cross-sectional arga ol the billet o that af
the extruded part, AxfAr, called the extruson ratio, R

Ghardwr e Da

FIGURE 154 Proceds variables v direct eitiisiors the dip arugle,

reduction in cross-section, extrugion ipecd. billet temperature, and
hibmcation all affect the exfrusson pressure.

The presence of a die pagle causes a small portion of
thet énd of the billet 10 temain in the chamber after the stroke of

the ram, This porion, called scrop ar the bult end. B later
removed by cutting it off,

In' coaxial extrusion, of cladding. comdal billets are

extruded togéther, provided that the strength and ductility of
the two melals are compatible

15.3 Hot Extrusion

In order to reduce the forces required, estryson can bo
carned out at alevated temperatures. As ip all other slevated-
temperature oparations, hot extrusion has speoal equrements,
because ol the high operating temperatures imvolved. For
exaimple, die wear can be excosshve, and cooling of the hiot-bills
shrfaces (in the coaler container) and th dee can result inhighly
ponuniform déformation of the Biller. Thus, extrudion diss may
be preheated, a4 18 done in hol-forging operations. Becauss the
bl 15 hol, U dievelops an oxide hlm, unbets b 4 Boatsd I on
nen almotphs e
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Din Design. Die design requires considerabii EXenence,
suare dies, also called shoar dies are used in extruding

nonfertous metals, especally aluminum, Theie dies develop
dead-tmetdl 2ones, which in urn form a “die angle” along which

the material flows, Tubing can be extruded fiom a solid ar

hoallons billet.

FIGEFRE 157 Typscal extision de sthapes ia) e for nonferrous mataly
(b} dint for ferrous metaly: and (c] die for a T-shaped extruslon mado of
mat-work die floed and used with molten glisss as o lbricant,

FIGURE 158 Extrimsion of @ seamless tubo {3) bsang an wntermal mandrel
that mowves Independently of the ram: anp altemalive arrangement has
the manded] integral With the ram and [b) using a spider to produce
seambess tubing

Lubrication. Lubrication i important in hot extrusion, because
of s effects on (3) matenial How during extrusion, (b} surface
finish and integrity, [¢) product quality, and (d) extrusion forces.

15.4 Cold Extrusion

Developed |n the 19405 cold extrasion 15-a general term
often denoting a combmatian of aperations, such as a
combination of direct and indirect extrusion and foeging, Cold
etrusion s used widely for components i automobiles,
motorcycles. bicycles, applances. and in transportation and
tarm equipment.

Cold extrusion has the following advantages over hot extrusion;

. Improved mechanical properties, resulting from waork
hardening, provided that the heat gererated by plastic
deformation and fndtion does not recrystallize the sxtruded
miéttal

Good control of dimensicnal tolerances, thus reducing
the néed for sublsequent machiniig ar finkhing operations,

- Improved surface finish, due partly to the absence of
an guode filrn and providad that lubrication i effective.

. Froduction rales and casts are compelitive with those
of ethes methods of producing the same pan. Some machines
are Capable of producing mara than 2000 parts per hour.

15.4.1 Impact Extrusion

irpaet extrusion 1 similar 1o indirect etrusion, and the
proeess often i included in the cold-earusion category. The
punch descends rapidly on the blank (slug), which is extruded
packward. Because of yvolume constancy, the thickress of the

tubular extruded region s a fupction of the cleamnce DEIWEERN
the punch and the die cavity,

FIGLERE 15,14 Schematc dlustration of the impadl-@XInmEaon Drocess, L
extruded parns are strpped by wiing a Sinppor plate.

15.4.2 Hydrostatic Extrusion

In Mydrostatic extrusion, the pressure required in the
chamber s supplied via 3 piston and thraugh an incomprassibie
fluid medium surreunding the billed. Pressures ame typically on
the order of 1400 MPa The high pressure in the chamber
transmits some of the fluid o the dwe surfaces whare W
significantly reduces friction, Hydrodtatic extrusion is usually
carrtizd out at room tempermsture; typically using veqgetable oiks
af the Nuid,

T i

LT} Jel |

FIGURE 13,15 {a) inpact extrusion of p cellapsible rube by the Hooker
process. (b) and (o} Two ecarnples of products made by impact extrusion
These parts alto may be made by casting, forging or machining the
thoice depands an the matarials part demensaone and wall thicknes and
ihe propermes desired. Economic canmderations also are bnportant in
linal process selection,

15.9 Drawing Practice

Lubrication. Lubiication |5 essential in drawing aperations in
order to improve die life and product surface finish and 1o
reduce drawing forces and temperature rise. Lubrication &
critical, particularly in tube drawing, because of the difficulty of
maintalning a sufficiently thick lubricam film 3t the mandrel-
tube interface. In the deawing of rods, 3 common method of
hbirleation uses phosphate convarsion coatings

The tollowng are the: basic methods of lubrication used in wire
drawing.

Wet drawing: the dies and the rod dre immersed
completely in the lubricant,

. Dry, drawing; the surface of the rod 1o be drawn s
coated with a lubricant, by passing It through a box filled with
the lisbricant (stuffing bor),

- Metal coating the mod or wire Is coated with a soft
metal, such a3 copper or tin, that 30t a8 3 2a0lid lubrcan
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FIGURE 15.24 Cold drawing of an estruded channed on o draw bench 1o

fedsict ite croma-1cuon; individys! lengiie of steaght rads of of cross-
secliom ore drivwn by thiv methad
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FIGLIRE 1525 An illustrapion of multmtage wire drswing tepicstly used to
Srodiie  copper Wit for afeciekcal wiring. Shown & 4 fve Bull, Black
corfiguration. wiré drawing mochsnm con Incorporate 15 o more ol
thiska drums, depending on T matenal and wite size

SUMMARY

. Extruspion i the process of pushing & hilet through 2
thit, 1o reduce s cross-section or 1o produce vantas solitd of
hallow cross-sections. This process is genermlly camied out. 3l
elavated temperatures, in arder o reduce the extrusion force
and mmpiove the ductilty of the material

: Imponant {actors it extrusion are die design, exirusion
ratiy, billet temperature, lubecation, and éxtruson speed
Althouah the term “cold extiudion” spples 10 exXtrusion at roam
temperatune, s alio the name fora combmaton ol Extrusion
and  lomging  operations. Cold -extrupon i3 capable of
economically producing discrete parts in vanous thapes arkd
with good mechinial properties and dimensional loderances

; Rod wire, and tube diawing operstions basically
irovatlive pulling the materdal throogh a die or 3 set of dies in
tandem, The éross-sectinns of most driawn producis are round,
bt other shapes alio can be drawn Drawing tubular products,
to reduce either their diameler or their thickness, usually
reqjuiies L use af intgmmal mandreid

. Die design. reduction in cross-sectional ancd por. pass
and sglpction of die materials and lubncants are all importan

paramotérs in making drawn products of high gualty-and with
a good surfoce finish, External and internal defects can dinvelop

st in ortrugion and o dravwang. The sgnificant faciors are the

dit angle reduction per pass. and quality aof thep workpiece
mabeaal
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CHAPTER 16

Sheet-Metal Forming Processes and Equipment

16.2 Shearing

All sheet mptal formeng operations bagin with a blank of sultabile
dimensians and removed from a [a rae shoet (usually from a cail)

by shearing. Shearing subjects the sheot to shear stredses
gentrally uting a punch and o die

General Characteristics of Sheet-Metal Forming Processes

Drawing: Shallow or deep parts with relatively simple shapes, high
production rates, high toalmg and equipmient costs

Explosael Large sheets with relatively simpke shapes, low tooling
coms but high labor cast. lew-guantsty production, long cycle tirmas

Incrementalr Simple (o moderately complex shapes with good

surtace fimshe low production fates, but no dedicated tooling
tequired; imited maternals

Magnatic-puise: Shdfiow forming, bulging, and  embossing
aperations on relptvely ow strength sheets requines special
toaling

Peen: Shatlow comtours on [arge sheets. foxibility of opération,

genMally high equipmenl costs, process also used  for
straightening formed paris

Rall: Long parts with constant simple or complex cross-sections
‘good surtace finrsh, high production rates, high Wooling costs

Rubiber Drawing and embossing of simple or relatively complex
shapes, sheet surface protected by rubber membranes, flexdlity of
oparation ow Looling costs

spinning: Small or large Edisymmetnc pans good soriace finish

i tooling coste but labor costs can be high unless operations are

automated

Stamping: Includes & wide variety of operations; such as punching,
blanking, embossing, bending, Ranging, and coming, simple: o
complox shapes formed & high production rates; 1aaling -and
pruipment eosts can be high, but Iabor cost is low

Stretch! Large pars with  shallow contours low-gquantity
productiaon, high lebor costy, tooling and egopment Costs inCreass
with part slze

Superplastic Complex shapes, fine detail and close dimeniional
lolprances, long farming tmes (honce productiaon ales ane low)
parts not suitable for high-temperatura e

The clearance 15 a major factor in determining the shape
and the guality of the sheared edge. As dearance increases, the
deformation zone becomes larger and the cheared-edge surface
becomes rougher

1

FIGURE 182 (&) Schamatic diustration of theaang with @ punch and &
indicating some of the process vanables. Charmctenste features of (b) 2
punched hole and (¢} the slug note that the scales of (B) and (2] are
delfornt

16.2.1 Shearing Operations

The meost common shearing operations are punching
[where the sheaned slug i scrap or may be uwsed for some other
plrpose) and blanking (where the slug s the part to be used and
the rest Is scrap)

L -l-_-l-;_-l-:::ll:l:ni :
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FIGURE 164 {(a) Punching (piercing) and blanking, (b) Examples of
varous die-culting operations on shest metal lincing invalves
slitting the chest Lo form o tak
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MGURE 16.5 (i} Comparnison of sheared #dges produced by conventonal
[eftl and by fine-bladk rg (nght) technigues, (b Schematic llistraten ol
ane setup Tor fine Glanking

16.2.3 Characteristics and Types of Shearing Dies .

Cle & " FIGURE 1611 Schematic (Rustrations (o) before and (b) shter blanking a
arance. Because the formability of the sheared part can be T o SN I A T R

infidenced by the quality of its sheared edges, clearance control ks die {lor blanking) and the punch dor punching the hole in the wihar], (o

imparnarnt. The appropriate clearance depends on Schematic ilkustration of making a washer in 3 progressive die, id) Forming
of the wop piece of an aerotol spfay can in a progressive diel the pan

' Type of matenal and its temper attachod to the stp untd tho last operstion i completed
' Thickness and size of the blank Progressive Dies. Parts requiring multiple forming operations can
. Proximity 1o the edges of cther sheared adges or the U made. 3t gh (rocuCicT aues; LSRIG DgryRavE Oies. I sihet

metal i fed through as a coil strip, and a different apsration (such
3% punching, blanking, and notching] is performed at the same
Clearances generally range betweehn 2 and 8% of the sheet station of the machine, with each stroke Using a seriez of plinchay
thickness. although they may beas small a5 1% (a5 in fire dlanking) Transfer Dies. In a transfer die setup, the shest metal undergc=1
or as kirge a5 30%: The smaller the clearance, the better is the different operations at different stations of the machinge, arranged
quahity of the edge If the shearsd edge 5 rough and  not along a straight line or 3 Circular path. After each step in o statian
acceptable. i1 can be subjected to a process calted shaving whereby the parl is transferied to the nest station for furthes operations

the extrs matenal from the edge s timmed by cutting, as aiso | .
depicted in 16.2.4 Miscellaneous Methods of Cutting Sheet

Metal

édges of the original blank

Thete are several other methods of cutting metal sheets and plates

Greg FIGURE 168 Schemalic lpstrations of the
(exp shaving proceds, (2) Shaving a sheoqed edge, (k) .
Sheanng and shaving combined i one sTroke

Ll
Lazar-Deam cutting I an imponant process. and typicaily
wied with computer-controlled equipment to cut o vanety of
thapes consistently, in various thicknessas, and without the uze of
digs. The process can also be combyned with punching and
thearing operations. Some parts with certon features, may be
produced bast by one process, while others, with vasious features
may best be produced by the other process Combinmtion
machineg, incorporating both capabiies, have been designed and
buailt for this reazon

o

(i

. Water-jet cutting s effective on metallic a¢ well as
nonmetaliic matesials.

. Cuttirkg with a band saw; this is a chip-removal process

Friction séwing involvas a disk or blade that rubs against
the sheet of plate at high surface speads, thus mising the
lempatatute and separating it nto two peces

. Hame cutting i5 #hother common method, particularly for
thuck plates; it is used widely in shiptudding and on heavy structural
l:'l:l'rrI-F.ll;.1l1r.'J1'|5_
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16.5 Bending Sheots, Plates, and Tubes

springback, Biciuile ol minedols b 8 e erextltilin of
slastcity, plaviic deformation s sbways followed by some elastic
ety Wit the losd & romoed In bomiing, this recowerny . o
called sprngbock, which can' ey Lo alnerved by e rtlng and
then migaring a peece of sheet mets] or wire

Compensation for Springback Springbiockn forming nperations
utually s compeniated by everbmnding the part althaugh sevesal
irah may be decesmy lo obtain the desiid Fetully Anatbee
method n 4o coun the B geed by subeciing o 10 lghly localized
commprELve sty Darteeen the Yo of the punch and the die
surizce. d technigue called bottomung the punch, In anothis

method, the pan B wbjocted 10 strpdch Bending, inwseh 111 wndes
elernal emen whike being bem

16.6 Miscellaneous Bending and Related Forming
Operations

Press-brake Forming, Sheet motil or plate can capily be bert with
smple Halures using a prét The machene utilized bong died In &

migtarcal or hintraulic press, and o particufarly suitable foe sl
pPradiacticsy ruma

{n] Alr bonding ib) Bomging in & Korar-Rhoi Mechie

Bending ina Four-slide Machine, Bondeng selatively ahaet pusces
can bo dang on A machmi,

Roll Banding. It 1l procest. plates are bent wing a sei of rolk
gy agnunling the distange between the thise mallk. vanous
culviMunt can b obithonad. The pigcess B Neeble and B used

widitly fne bending plates for appleatiors such as balers 1rsdly
ciylimdncnl previure vette . and vanow curved $tructiml msmbses

: (] FRoi D () Beanatarg wilh 3 Someiaind o
Beading, In Deading, the penphery of the sheot metsl H Beat i

the ity ol & dis. The bead impans stiffnesi 1o 'the P &y FIGEIRE 16230 Examiplet o] vanols bicding opsralont
omasing the meomentl pf peertdy of that section, Ao beads
impeoes thit appeardnce of thee pert and eliminate expoted shasp
eedges that may e hasardous

Flanging This b & procest of beoding the sdges of sheet metils
uuilly to 90 In shrink Nanging, the fange & subbecied 10
COMpresie hnop stresset which, if estessve, cancause the fiange
potiphery to wiinkle The wrankliong L=iidency  Inchexies with
doCeanng rodius of corvalue of the Ronge, In strefch Inging, the
Aangn panpnecy mf Fubpiclod To-Timdale firesses which, if excesian,
can lead W0 cracking plang) the peiphiy

(0] Jogoiu (€] Hnmming
(NattEming)

Roll Forming. Ao called contoul-foll fofming of cold-noll
forrming, the process o ured foe forming contimmus Tpngths of
hanir prtal and for Lrge production mins, As i aesees tusiigh a
tel el dremn oy, the metal tirid m el in conlecutive stiges. The
IceTnedh $IE 1E (e ihadrid ol i imngthe angd tacked,

{d) Twe-slage lock toam (@) Dftdat forming

FIURE V025 (W) Bwough (v) Sthnmate ilvradions aof sanous Berd -
gt I g piges broke

Fa 'l
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FIGRRE 162% Vanous Manging aperabons (i) Flanged on Nat gheet (b
Campling. (e The gerrong of sheut metal to fornea famge. Inthe cperatian,
a hade Hoes mot bavie 18 be prepurched belore the purh descends, naw
the regh odges abong the cscumiyrence of the Runge, (i The Manging ol
a Tutsr: note the thinrung af the edges of the Range.

Tube Bending and Forming. Bending and forming rubes and
giher hollow sectione requires special tooling becawse of the
tendency for buckiing and folding, as one can note whilé trying 1o
Bend 4 pece of coppet juthng of even a plastic soda strow. The
aldist method of bending a tube or pipe it to first bl 8 with loase
partcles [commonly sand), and ' then bend IF i & suikabile Toctinne.

The function of the fillér i to prevent the wybe from buckhng
wward: afier the tube has baen bent, the sand is thaken out. Tubo

alzo zan be plegged with various Bexible internal mandrel, for the-
Lumg pud pode 45 sand. Note that, because of 0% fower tendency for

Bucking, a ralatively thick tube can be bent safely without using
fillers ar plugs,

Dimpling, Piercing, and Flaring. In dimpling, a hobke s fiest
plirched and then expanded inte & fange Flonges algo may be
produced by plercing with o shaped punch, and tube snds can be

Hanged by a <imilar process. When the hend angbe ks bess than 30
a3 |n fitrerigs with conical ands, the process & called Saning

Hemming and Seaming. In the hemmng process abo called
fartemmg, the edge of the sheer s folded over itself. Hemming

morgased the stitffness of the part, improves il appeatince, and
plimihates sharp cdges. Seamung nvelves joining o edges of
vhewl matsl by hepmming. Double teams are madie by o samislir
process, uing spocially shoped roll for watsitight and. airtight
jint, such ag thatn in (ood and bevorage <ontuingrs

Bulging. This process invokies placing & tubulin, comcal, o
cunilirmear part into s splin-temale die. and then expanding the pan,
wtally with a pohmmrethang plug: The punch m then mtracted, the
gl el e IS overginal shagee [y ot elasiac sicohinny L and the

formed pan it ramoved by opening the wphit dies. For paris with
comples shapes, the phog, natdad of being eylindrical, may De
shaped. in order to be able to apply higher pressures al crtical
regions of the part The major advanfages ol using palyutiHvars
plugs are that they am highly resistant to abradaon and wew, and
do not damage the sinface finigh of the patt being formed

Segmontod Dies. Theso dies consit of individual segments that
are placed ingkde the pait to be formed and expanded miechanically
in & generally cadial doection. The segmints are thén retracled 10
remowe the formed part. Thde dies are selativoly insxpersve, and
thay can be uced for lafrge production runs

Stretch Forming, In strotch formung, the thest metal o clampoed
along Its edges and then stistched aver a male dw, called: form
bleck or farm punch. The die can move upward dowhward, or

sideways, depending on the particular desigh of the machine

In mast operations. the blank B o rectangular shest,
clamped along its nafrower edaes and stretched engthwise, thut
allowing the material to shrink in its width. Contrelling the amonnt
of stretching 15 important in order to poevent feanng. Stretch
forming cannot produce. parts with sharp contours - or with
reentrant corners, Varous actessory equipment can be used In
conjunction with streich forming, mcluding further forming with
bath male and fermabe dies while the pant is under 1envan
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FIGURE 1627 Methods of bending tbot Intarnal mandmiis or Fling o
Tuties wrth panstu|ate matenals auch af sand are ofion necassany o present
callapie of the mber dunng bendmg: Tubes also con be bend by s
Vesctenatpuy i whach & 31l heliced tenssen smng 8 shpead ower the Tube
Thet clepizie Delwesn the suter dumeler ol the tobe and he seer
ddmater ol thi sprng s small thid, the ube cannot kek and 1he behd is
AL

16.7 Deep Drawing

It can b noted (hat nuemerous -shoel metad padts ane
opfindricdl oty thoped. Deep drowing & one’ of the moy
wnpartant melahvarking processes because of s widesipread use.

Conblcder the case ol a round sheet-metal blank placed
over & circulad i opening, and hatd in plade 'With a blankhalder
or hotd-down nng, The punch travels dagwrward, Torcing the blink
into the die cavity, thus fdming a cup. The major variabliss bn this
process ang (o) properies af the shest maetal, (B ratio of bladk
dhammter, Dy (c] punch damatar, D (d) cearance, ¢ betwean
punch-and die; (& punch radwi T, (h de-cormer radius, Ra (gl
enkhelder foree and (M frcthem and lubrcation between Al
cantacting iteifages
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FIGURE 14,32 [} Schomuic (Mpstration of tha diap - clraveesf] process on A

errulnr sheotvmatal blank the sirtppier sng laciistatog THE temoval of the
) BT it

{remed oug fram the punch, (D) Process variatles in den ora
for tho punch lorce, Foall the paramaiar miebcated (0 the ligure are

FIGLIRE T4 30 Schermatg ilustration nf a strotch-loaming progess, AlijEr i
ckirs fnr atrorall can e made by thiy method

P Tortanpa B a1 gt Firres.®

Ihﬁ 1 —a s s indipandant yaridblirs
I - - ] 16.7.2 Deep-drawing Practice

e

: 5 e

2N T:: _— 9 . lroning. I the cearance betwemn the punch and the diz &
* i e S sufficiently lasge, the drlwn cup will hawe thacker wails at |-I:r. rm

' | E ' i the £y
r——— -t 1 tHabr @t 1ts bate [fee ]'--|.|_:|_ 16.32). The resson for this nﬂ;htﬂ': :rﬂnfl
I Rwdaeng j‘*‘*“‘ﬁz @ it tim. eonclits ol matetlal from the outer diaometes ¢ :
— il 1 . henes It has been reduced m diameler ML, ard thus bacoimes
thicker. than the-material constituting the rest of the cup wall A3

. prp—— ' W
T |---~u :ﬁmﬁ I [ @ L \ result, the cup will develop 4 nonuniform wall thickness.
h ik
B, i s )

The thickness of the wall can be controtied by ironing. a

>. arhereg et @ u process |n which 3 drawn cup is pushed thiough one or "'I"E'F'E
el . ironing rings. The clearance between ihe punch and rgning rngs

i§ bess than the cup wall thickness, thug the drawn cUp gssantially

: - -
i e ::.--'1 I | . LJ 2% a candiant weall thickness.
—— e a Redrawing Confaners that are- 106G diffecult tp draw 0 OHQ
JE Sl ¥ e G D operaton generally undefge redrawing, Becawie of the volums
| = :E:; . o I | J constancy af the metal, the cup becomes langitr as it B redrawn o
| crmaller digmeters. In reverse redrawitg, the cup it places upsidé
NCCRE. W3] The Sutsl-hamif  Frysysars mispn O inime ey down in the die. and thus undergoes bending n the direclion
ey opposite 1o ns onginal configuraton
Bafore PIGT
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(a] Gomraesbcivhl redramng P ok

FIGAIRE 1637 Recsscmgg it deaametor, of dravety, ough By redoawing

(@) pparatione (8} conventional rodrawing and () roverse medrawing. Small-
dipmeler deep CONfhiheEE May undemjo foveral rdrvwng cperathon
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Embossing. Thi 15 an opetatipn canEsng of snaflow.ar modeale

drwmig, made vl male g fermaly mptching shallow ties

L R ]

FIGRIRE Th 55 Ay vnvbcssiong opiratkady with fwo oy lviten, numbsers
il Sengnt on theet-motsl parts con B produced by tha pradess

16.8 Rubber Forming and Hydroforming

In the procestes described in the: preceding sections, If has been
noted that the dies geperally are made of wold matenaly, such o4
vieels and carbides. In rubber, one of the dies in 2 s6t s made of
a Neible magenial typcally, & posyarethane memibrand.
Talyursthanos ame wsed widaly because of ther abrashan
refitance, tatigue e, and ressstance b0 Cutting of teanng

In thi hyefraform ar flukd-farming process. the pressine
oiver the rubiber membrane s controlbed throughout the {orming
eyehe, wah & maeim pressure of up 1o 100 MPa, This procedure
allows close comral of the part durmg farming, and prevents

wrinkhng ot {earing.

i tubie hydreforming. mistal tubing is faemed In & die and
pressurized internally by a fluid, uoualy water. This proceds, which
riyw ix bieing applied mone widsly, can form either iimple tubes o
vaniows mincate hollow thapes. Party made include attombte-
eahawst and bl i tural camponenis

Pressume-Comidl Wiihn
Formang cavity (o Tt}

Rubbspr duaragam
Frises™

FUILRE TEA42 The bydrafarm or fud-fommmg) procees aobe that, in
cofitradt b Lhe cidinary deep-didwing proceas, the predtund b tha dome
[ged the cup wall sgainst Tha eendh The Cup il with the puncn; in

tred wiy, deep dtanalnlity & anpronid

16.9 Spinning

Cimning 1 4 process that invalves lorming of
armyimetie parts aver amandiel, usieg varoos ook and rollerg

s priececs similpe to that of thaping clay on o potter's wheel

Conveantional Spinning, it romemmimn! g, 4 cioula bilank

of flut ot preformed shivet metal i placed and el Arjamit &
malvdiel and motated while a riged tond thapes tiup FriatedLs) ol

il rrenel el

Shear Spinning. MO kriown 38 power pUmimg, flerwe burming;
hpdrgspmning, armd spin forging, this operation agrotices an
augymmetne conical tr cumilinmar shags, recuging the sheets
thicknots while r'rr.lhillillnlm_] it blpnk diametorn.

FIGURE TR48 {a) Schaimodhe illugiration af1he conseilonn Enmning
pocess, () Types of parts corventianatly sputs. All parts afe axifymmetnc

|

W
ﬁ
connlli

FIGLIRE 16,45 (] Schemats iMustratian of the shaar-spamng process for
making oorcal parts; the manerd ean be chiped 4o that curvilinain pars
can he span, {B) and {c) Schomabc dlustrations of the fuse-ermieng
proCms

16.12 Specialized Forming Processes

Explosive Forming. Explocives gonerally are wied for demalition
In constrochion, (n 1oan bulling, and for dedtnictae purposes
Hawmver, contralling thelr quanimy-and shape makes it postibie to
use-mrplotrirs 55 sounce of energy ior shest-metal forming.

In-explogive formung (st ytiized (o fomo metals in the
aarly 15800 the shael-metal blank s clumped over a dee, ang the
ertire assembly v fowered o o tank, Alled with svater, The air n
the die cavity is then evacusted, an explosve chatge ks placed a1 4
ceriin hright and the change ks detonat ed

Electromagnetically Assisied Forming. In elcctromdgnedically
giwsttd forrning, also coalled mmdgaetic:pidse forrning, the epergy
stored in a capacitor bank ks discharged opldly through a magnetic
ool

Peen Forming.  Péen forming 15 ased to ploduce curvatuies an

thinn sheet metals by shot peering one surtoce of the shest Ay g
resull, the surface of the sheot i subjected 10 compresiive (relses
wilich 1end Lo expand the surface Uyer Secauns 1he malenal Bolow
thir peeried surface remaing nged, the surface papanson causes (he
dheel 1o disvelop a curvatune, The process alvo indik o4 compraaive
srfnce residual strevses which impeoies 1hae Esthgue strength of the
vhoat migtal

P |




Lasor Beam Ferming, This process involves the application of lases
ot 34 @ localized heat source over specific reglons of the shewt
metal, The steep thermal gradiepts developed through  the
thickniees of the sheet ‘produce thermal siresses, which are
sutficlently high to cause locilized plastic deformatian of the sheet
With this method, a shewt, for example. can be bent permanently
withaul using dies. In laser-assisted forming, the Inser acts as a
locatized hoat source, thus reducing the strength of the sheet meta
atapeciiic lacations, improving formability and increasing process
feubility, Applicationt Inchide straightening, bending, embossing,
and forming of camplex tubukar or flat companants.

Microfarming. This is o more recent devefopment and Includes a
famuly of processes that are used 1o produce very small miatallic
pans and componcnts.  Typical componeats made by
micratorming include srall shafis for micromator SPrings. SCrews

and @ variety of cold-headed, extruded, bent embassed, coinsd.
punched, or deep-diawn parts.

Hectrohydraulic Forming. Abo called undenwoter spark of
r.'|'|-|rm':-ﬂ"u-|:_|'rmyr forming, the source of energy in this process is
spatk. between two electrodes. connected with 3 shor, thin wire.
The rapid discharge of the enengy, from a capacitor bank. through
ihe wire generated a shock wave in the water, similar to those
created by ewplosives. Tha pressure developed In the water
mediim i suthioently high to form the part The encray levels are

owa than those in explosive forming. Electrahwdraulic forming i
& biatch process and can be used in making various small parts,

16.15 Equipment for Sheet-metal Forming

For most genedal presswarking operations, the basic squipment
corsss of mechanical, hydrauhic, poeumatic, or  preumatic-
bpdraulic presses, with a  wide vanety of designs, features,
capacites, and computer contiols. Recently, senvo prosses ate
bering used for sheet-metal farming, becawse of their abllity to vary
speed and {uices in 3 controlied manner duting forming.

i

il P

1N Crzzem
]

FIGLURE ThE4 (o) thegugh (1) schematic iMustralsarg of types of prest froenps
charet farmmg oporations ¢ach Type has ite own characnsthics af stiffness,
capacity, and accesudiality,

16.16 Economics of Sheet-forming Operations

Oeep drawing requines expirsie dies and tooling, but a
very high number of parts fuch aé contalners, cans, and simear
houwsehnld producty, can be produced with the same tetup, These
coats for other processes, such ot punching, blanking, bending, and
spinning. vary consicderalily.

Cost por part [rélative)

Number of parts (% 107

FIGURE 1665 Cost comparran e mand
containar pithar by conventional spitning or by deep drawin
small guaniities, spinamg i more sconamicl

SUMMARY

- Sliaetmetal lomming processes are among the mod
versatile of all metabwarking operations. They generally are Lied
on workpieces having high ratics ol surface area (o thlrjn?-u.
Uik bulk defarmation processes, such as forging and extrusion,
sheer-metal lorming operations often prevent the theet thicknss

from being reduced,

iz nabe that o

. important material parameters are the quality of the
sheared edge of the blank, the capability of the sheat to Stretch
uniformly, the material's resistance to thinning, its Aol ang
planar anisotropy, grain size, and for low-carbon stnels, yield-pomnt
ghangation

- The forces and energy required in forming procasses dre
transmitted (o the sheet through zolid tools and dies, by fexble
rubber ar polyurethane members or by electrical chamical
magneiic, and gaseous means.

- Barause of the relatively thin materials used, springback
buckling, and wiinkling are significant factors in sheet forming
These difficulties ean be eliminated or reduced by preper toal and
die design, minimizing the unsupported length of the sheet dunng
processing, and confrolling the thickness and surface finish of the
incoming sheat and s mechanical propames.

. superplastic farming of diffusion-bonded shaels 5 an
mpattant process for making complex sheer-metal sructures
particulady for aerospace applications i which high stiffness-te-
wastrhi ratios arc important.

¢ Severil test methods have been developed for predicting
the formability of sheet metals
" For general stamping operations, Torming - limit disgrama

are vitry uselul, because they establish quantitstive relationships
among the mojor and minor poncipal strding that Imit safe
forming.
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CHAPTER 17

Powder Metal Processes and Equipment

This chapler desenibes powder metalluigy [I5M]. iy which
metal powdern amn compacied mlo detlrod amd often complex
shapes and sintered (heated without melling) 1o form a solid
e, This process first was used in Egypt in about 3000 B.C to
make iron tools One of s firsy modarm uses was in tha awly

:E’TE- 10 make the wngsten flaments for incandescent Tight
Wallrs.

17.2 Production of Metal Powders

The powder metallurgy process basically eansists of the Tolléwing
TRETALONE, IN aguence:

I Pawder production
2 Biend ing

3; Lompactian

4. Sintering

2. Finishing operations

17.2.1 Methods of Powder Production

Thete ate several methods of producing metal powders,
and mast powders can be produted by more than one method:
the choice depends on the requitements of the end product. The
ricrestrucnee, bulk and surface properties, chemical punty,
porosity. shaps, and si2e ditnbuton of the paricies depend on
the particular process wsed, These chamctenstics are Tmpartant
becauss they significantly gtfect the fiow and permeability during
compaction

AMomization, Atomization invales 2 lguid-metal  stream
produced by infecting moiten metal theough o small oribce. The
stream i braken up by jets of et gas or air or water

SipaTE ) g
Ll ik

FIGLERE 17 % Mpthnds of mitsl powder production by alomlzateen. () gt
atenization: (B wator stomiziion (€ crminfuyal awsmirauon wih &
spunming dalk oF cux ane () Sbcvdzaliieny il & 1Eraking cordtamali
alecinpoe

17.2.3 Blending Metal Powders

Gtending {mbing) powders & The nex step In powiiar

metallutgy processing, and is earrind out for. the  (ollowing
P poses
i Pevders af dilferent metals and other matzrials csn e

hlanded of /mibeed |n brder to impart special physical and
mechanical propeties and charicteristics 1o The FI produc
Proper miding b essential to engure the umfarmity af mechamal
properfies throughout the par.

" Even when a single metpl is usad, the powders miy Wary
significantly in size and shape, hence. thay mutt b blerided to
ensure unformity from part 1o part. An ideal msx & GRE 0 which
all of the particles of each material and of each sre and

morphalogy, are distributed uiformily.

" Lt.rﬁﬂ'ﬂfi can be-mixed with the p-:Lwrirtri Ly (rE DOV
thieir flow chiaracteristics. They reduce frictian between the metal
partaches, imprave flow of the powder metals info the diss and
improve dis life Lubricanls typlcatly are steanc atid of 2ind
slearate in o propartion of 0.25-5% by welght

. Other additives. soch 45 boders arg used 10 fmpan
fulficient green strength; oddnives also can be used 1o faciliate
sintaf g,

17.3 Compaction of Metal Powders

Compaction is the step in which the blended powders
hre pressed into dees: The purpases of compacthion any

(a) to pbtain the required shape, dantity, and parmcie -0 partice
gontact (b} to make the part sufficiently strong for farther
ProCessing.

- The prasses used are actuated edher hydraulically o
mechamically, ang the pracess generally it comied out at room

lemperature, although it can also be done at elevated
temiperatures for hegh melling point metalk.

The. prassed powder k& known! as- green  compact
becausa it has low strength, The green parts are very fragite, and
can easily crumble or Bercome damaged; a swation that is
exacerbated by poor pressing practices, stch as rough handling
ar nsulficient compaction. For higher green stigngths, the
pawder must be fed properly into the die Gwity, and sufficiam
presiurg must be developed throughou the part

The dendity of the green compact depends on Uhe
cOMpaCiing pressurs, As the prossure 4 increased, the compact
demily apprasches that of tho metal n ol bul farm. An
important facton v density i the size deinbunion of the panicles
If'all of the particles ame of the same size, thent will always be
some parasity when packed thguther. Theaietically: the porotity
{5 at Jeast 24% by vahime. Introducing smaller panticles into the
powder min will Gll the spaces between' the Lmer powdes
paitches, and thus fesull in o hiagher density of the compact
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FIGLIRE 179 (0) Compaction o) metal perder to farm & tushing, the

prefred powor part & colled green compact, (b A typical fool and die
iel e n:|-|h:|.:||_1lnr_'.t & spur psas

FIGURE 1730 Compacton of malal powden; e low campaction
pretivret he powder rearrangns without defermmg loading to o hagh
rate of demtity incmate Quce tha powders are mote doiely packid,

plasug deformanon coours at ter intefaces lpading (o herthar densiy
impenpes LUt at lowse rates AL wery hink dengeid 1w posdor Beliasves
&g & bulk sohd

The higher the density of the compacted pant, the haber.ae its
strergih and glastic modulis, The reason i that the higher the
density, the highes the Amount of solld metal in the wame wolurme,
and hange tha higher ila stronagth. Because al fnction batwden {a)
thie mietal particles in thee powder and (b} the punch surfaces and
cher walls, the density within the part can vary considerably, This
vanatian can be minimized I!J-j.r propes punch and die d-n‘.'lﬁ!i and
by control of friction, Thus, it mey be nscessary to use muoltiphe
punches, sach with separate moverments, in ondef 1o -ensume thiat
the density ¥ mire uniform throughout the part,

(o) Dunl metion coppeer porasiar (5} Sangla dchon (0] Mull aciicn

EIGLINE 1712 Denalty vautation m compacting inetal posda in warious gt

17.3.2 Isostatic Pressing

Green compacts may be subjected 1o Rydrotiohic
prosgsure in order 0 achieve more uniform compaction and,
hience, density. In cold isostatic pressing (CIP), the matal powder
i placed in o Boxible rubber mald, typically made af neapiane
rubber, urethane, polywvinyl chioride, or another slagiomer, The
assembly then s pre<sutized hydimatatically in 3 chamber, uswally
using water.

FIGURE 17.14 Schasutle disgranm of cold sastathe presdleg mresiurn b
apphed wostancally ndide a high-pressure chimber, (57 The wel Bk
procen 10 lotm a cup-thaped paft the powidor & anciooed in a fucple
contalnor ancen o wolid-come rod. (b The dey bag procets wed b form
a M oylnsior,
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n hot imastatie pressing (HIP), the containar is generally
e of & high-melting-point sheer motal generally of mild or
stainfess stul, and the pressurzing medium is high-temperature
ST ulb Qa5 OF 3 Vilneus rﬂlﬂ-ﬁlghg-} fiusd, Thie ﬂd'ﬂ.‘ll’lfﬂ_r‘ir.' af |
HIF 15 its abifity to produce compacts having aimést 100%
denity. good matallurgical bending of the particles, and good
machamncal propening. L

The HIF process is usad mainly to produce superatioy
compeonents for the aircraft and aerodpace industries and in
Miltary, medical and chemical appheations It also is used (a) to
close intemal porosity, (b) to improve properties in superalloy
and titanium-alloy castirngs for the acrospace industry, and () a3

a final denssfication step for tunasten-carbide cutting toaks and
P ool steply

The rnamn sivantages ol HIP over conventlional BM are

*  Because of the uniformity of pressure from all directions
and the absence of die-wall friction, It produces Tully
dere compacts of practically uniform grain structing
and density, imespective of part shape (thus the
properties are isotropicl. Parts with high length-to-
diamueter ratios hive been produced, with very uniform
density, strength, toughness, and good surface detail.

«  HIF is capable of handling much [arger parts than those
i athar compacting processes; on the other hand, if hos
some imitations., such ax

Dimensional talermnces are higher than those. in othar
compacting methods

Equipment costs afe higher and production time s
langer than those in other processes

¢ HiP k& applicable only to relatively small’ producton
guantities, typically less than 10,000 parts per yaar.

17.4 Sintering

The green compact s brittle and s green strength i
lowe. Sintering i the process whereby green campacts are hoated,
in o controlied-atmosphere furnace, to 4 temporature below the

mielting point of the metal, but sufficently high to atlow banding
fusion] ef the indhidual partices 1 impant strength o the part.
The matute and strongth of the bond botween the porticls, and

thus that of the sintered compact, invalie the complex
mechanisms af diffimion, plagtic flow, evapomtion of valatle
matarials in the compact, recrystallization, gran grawth, and
extent of pore shrinkage,

The prncipal virables in simtenng  are temperature,
time, and the fumace aimosphets. Sintening tempammres are

generally within 70-90% af the melting. paint of the meial or
alioy,

Ceantihuous-dintering fuinaces, which arc wed for mas
production, hivva thiee chambens:

1. Burrn-off chpmber, for volauhgeng the lubricants i the
qinon compack, in Qralad 1o Moy oo 511&n£|1h and prevent

CIaC KNG

2 Hirgh-temperatute chumboer, (of ENTiR NG

3 Coaling chambed
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Sintering mechaniims depend on the complmiion af
the metal particlet, as well as on the _[.lh:ll:-!'f.iim_r parimatens. The
mechanismt ane diffusion, vepor-phase. tromipee, and haund-
phase ginering. At the temperature increases, two, acacent
pﬁﬁiﬂnr particles bagin ta form 3 bond by a diffusion mochanism,
Ne'w fecult the strength, density, ductility, and  thesms anu
electrical conductontios of the compact _ir.trt-.l-'..l:'. At the amd
time, however, the compact.shrinks, thus sfipwantes MRt ba

made for shrinkage, a5 are dans in casting,

A cacond sintering mechanism ks vapor:phirse transpan
Bacause the material i heated to closs to s meltng
temperatyra, metal atoms will be redgaged to the vapor phase
lrom the particles. At convergent geametries (the interface af twe
particies). tha melting temperature i locally higher and the vapor
phase 1esolidifies. Thos, the interface grows and atrengthens
while each particle shrinks as & whaole

It two adjacant particles are of different metals, alloying

¢can take place at tha interface of the two partiches. If one of the
marticles has a lower malting point than the cther, thi parficie will

melt and. because of surface tension, surround the particle that

has not malted. An example of this mechanism, known &5 liquid-
phase sintaning, is cobalt in tungsten-carbide tools and dies, and
stropger and denser parts can be ohtained in this way. In spark
sintering, loose metal powders are’ placed in a graphite mold
heated by electric current, subjected to 3 high-enargy discharge.

and compacied, all m one sten,

17.5 Secondary and Finishing Operations

I ordor 1o futher /improve the propemes of untersg

FM products or to impart special characterstics,  several
additional epetations may be canied out Tollowing sintering

1 E:ﬂnlrﬂg -:rr'u:l'_ 'ule.'.lng ale  compatting operations
performed under high pressure in presses. The purposss of these
operations ade 1o impart dimensional adcuracy to the sintered
part and to improve its strength and surface findsh by furthed
densificanon.

2 Prelormed and’ sintered  alloy-powder  compacts
subtequently may be cold or hot forged to the desired final
shapess, and sonetinmes by impact forging, Thase produces have
goyodd surface Gnich and dimensonal iodemnoes, sngd usifomm and
hine grHn size. The supanor properes obitiined make this
technology panticulaly suitable for such apphcations as highly
siressed autormativis pnd et engine companant
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3. Fowider matal parts may ba wubljected to other finithing
opdrations. weh as

maffimg, dalling, and tappinn

p El"il.'llffil"ll'._'l_ lour |I"|!1:|:II"I:I'I|.I|!'15 dimprickanal acCuTaTy Anied
surtace fimsh

a

Plating, for improving appearance and resistance. 1o
WIE3F dnd cortosion

. Heat treating. for increating hardness and strength

4, That Inherent porasity of PM components can be utilized
by impeegnating them with a fluid. Beatings and bushings that
are lubricated intermally, with up te 30% ofl by volume are made
by immersing the sintered Beating in beated oil. The beanngs
hive a continuous supply of lubricant during thelr serdce lives,

die to capillary action (abso referred 1o -as parmanontly
lubiricted),

5 Infiltration s a process whereby o slug of a lower-
melting-poing metal s pliced ih contact with the sintered part,
Thix assembly is then heated to a temperatune sufficiently high 1o
melt the slug. The molten metal infiltrates the pores by capillary

achicn, producing a rlativily pore-tree part having good density
and strengih. The advaniages of infiltration ara that the hardness

and tensie strength of the pant are impreved snd the pores are
filled; thus preventing moisture penetration, which could cause
cOrosion Moreover, because soma porasity |5 essential w hen an

nhiltrant & used, the part may be sintared only: partially, thus
resulting in lower tharmal warpage

G, Electropliting can be applied on PM. parts, but special
cafe i required 1o thofoughly remgve the alectiolytic fluid, since
[ presents health hazards, Under some conditions, electroplating

can seal a part and eliminate its parmeability,

7 Densification, or roll denstication, & simitar to raller
Dumeisig, whisne a small-chiarmister hard rall s pressed agamst A
P pary requlting m sufficiently high contact pressures 1o cause
plastic deformation. of s surface loyers. Thut instead of cold
wiirking The part, the effect is 1o cause an increase in density, o

dencfication, of the surface layers, Powder metallurgy -gears and
biearing races ara genaally teated by roll densification, snce the

sutface Lyyer s mare fatique resistant and better able to suppon
higher contact stresses than untreated companenis.

17.7 Economics of Powder Metallurgy

Because PV can praduce parts.bt net of near-net shape.
and thus lismingte many secondany manufacturing and assembly
operationg it increasingly hic become compettive with casting,
foraing, ard machining. On the other hand, the figh initial cost
of punches, dwes and equipment for PA processing raans that
praduction volume must be suffiarily high to warrant this

eapenditure.  Although there ot miceptions, the  process
grnirally [t ecoromicil for guaniities oy 10,000 pieces

hathining, for producing various geometric lestures by

SUMMARY

. Powder metallurgy B 3 net-shape formitg proced
consisting of metal powder production, hlanding, COMBAcTsan in
dips, and sintering In ordar to impart strength, hardnms pndd
towghness. Although the siee and the welght of PM products an
limited, the process is capable of producing relatively n:nrr.u-ﬂ-':-r
parts ecohomically, in net-shape form, [0 dose dimenisina
letinces, and Trom a wide vatioty’ of metal and allay perveders

. Secondiry and finishing operations may be performed
on PM parts, to improve thow dimennonal accuracy, surfacs
finisiy mechanical and physical properties. snd AppEaTAREe
These operations include forging, heat treating, machining
grinding, plaring, impregnation (55 with i, and infiltratan (a8
with low-melting-polnt metals).

. Cantrol of powder shape and gquitlity. process ﬁ.n.'srr'.mlt.i
and  sintering stmospherss A Imporans consiterations in
product quality, Density and mechanical and physical proparties
can be controfled by tooling design and by adjusting the

compacting pressure,

. An important PM process i powder-imjection malding,
which involves mixing the very fine: metal powders with &
palymer, to make them fow mome easly info mokds of comypies
shape.

: Design consideratians for PM include the shape af the
part, the ability ro eject the green compact froem the die and the
dimensional tolerances that are acceptable for the particular
application

. The PM process i suitable for medium- to Righ-valume
production runs and for relatvely small paris. 1 hai some
competitive advantages oves other methods of production, such
as casting, forging, and machining.

/8
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CHAPRTER 19

PLASTICS AND COMPOSITE MATERIALS: FORMING
AND SHAPING

19.2 Extrusion

| e trusion which produces the lamgest velume of plastics
rw inaterialy in the form ol thermoplastic pelléts, granules or

nowder arm placed Intd a hopper and fed into tho bamel of a serew

extruder, Tho barrel is equipped with a halical screw, which builds up
prediune n the bomel, ' blends the pellets, and coteeys tham down
ihe barrel toward the die. The badrel hesters and the inteimal friction
oy thiy mechanical action ol the screw heat the pellets and Toiby

them.

FICLURE 19.2 [a) Schemaric ilustrabonof a Sypdal serow extrader.

19.2.1 Miscellaneous Extrusion Processes

Thare afe severayl vanations of the base extrusion process
for producing a number of different polymers products.

F.l.n'ilh'-ﬂl.'.' Tubes and .Fip;l!-i.. Theso are produced m an extruder with o
spidel die Waven fiber of wiré reinforcements also may be fed
thtough specially designed dies in this operation, for the production
of reindforged products 1o withstand hegner pressuses. The extrugion
al mbes o also a first fop Tor related processes, such as extrusion
blew molding and blown film

Rigid Plastic Tubing. Extruded by a process in which the die is
rotated, rigid plastic tubing causes the polymer 1o be sheared and
binxially arented during exirusian. As a result, the rube has a higher
crushing strength and 2 higher strengi-lo-weight rato, than
conventonally extruded Tubing

Cooxtrusion. Coestrusion invalves timultaineous extrusion af two or
ricre polymers through 3 single die the praduct crass-section thus
contains different polymers, sach with its own charscteristics and
lunction Coextrusion is commonly peronmed [n shapes such az flat

shewts, film, and whes, and used especially in food packaging where
different lyers of polymers have different functitng These are, [a)

prenviding inertness for food, (B) serving a5 barniers 10 flulds, suchas
water or oll, and () labeling of the product

Plastic-conted Electrical Wire. Electrical wite, cabile, and strips are
sirnultaneodly exruded and costed with plastc, The wire is fed imo
the die oponing, at a convelied rate with the extruded plagiic, in

ctder 1o have a undorm coating on the wie, To ensune proper

nsulation, extruded electrical wires are cheched continuously for
thair electrical reslstance as they exit the die the wire i also marked

with Ink using a rolles (o dentify the spocific type of wire. Plrstic
vasled wire paper clpe also are made by (his coaling process

i’-d!fin'mur Sheets and Filing Sheet and Gm can e producied e uslng
o specially designed fiat extrotlon die. such & that shown i Fig
19 34, Alsa known at i cooal-ha rigged o, 1048 L1'|-r.|gr--|-|j [l :!.-'.1nh_;|1~r-
the polymer malt evenly throoghout the width o the die apening
The polymer s extruded by loring it through the die, aftaruhich the
extivded sheet s taken up by roll, liest on water- cooled rolks (1o £ool
the sheets), and than by a pair 'of rubabier-covered pullioff rolly

Thin Pelymer Films: Commaon plashc boags and glhet hin polymer
fitm products are made from biown filen, which itsell s made fram a
thin-walled rubve produced by an extroder, In this process, 3 tabae b3
extruded vertically, cantinuausly pulled upward and expanded into-a
balloon shape, by blowing alr through the canter of the extrusion die

unlil the dasirdd filem thickness is reached. Bocause of the molecular
ariemation of thermoplastics. a frost line develops an the balleon,

which reduces ts ransparncy.

The ratio of the blown diameter o the extrudéd tube diameles i
called the blow ratio, which is about 31, Note that the polymer maiil

hive 3 high strain-rate sensitivity expobent m, to successiully be
biowm by this process without teanng

Plastic Filmis: Plastic films, sspecially pohtetrafiuvorosthylens (PTFE
trade name: Teflon), can ba produced by shaving the ciftcumierencs

of a solid round plastic billet, with specially desigred knives and 1h 3
manner similar 1o producing weneer from 3 large plece ol rmound

wood, in 8 pmocess called skiving,

Pellety. Used as raw maternal lor othed plastic-processing maihods
pefiets also sre made by extrusion, A small-diameters, sold rod &
extruded continuowsly, and/ then chopped Infa short lengths
(peliets). With some modifications, extruders also can be usad &l
simple melters for other shaping processes, such 33 injection
modding and blow malding.

19.3 Injection Molding

Injection moldig ls similar 1o hot-chamber die cating.
Because the material is malten whamn injectod into the mold, compiek
shapats with good dimensional accuracy can be obtained

19.4 Blow Malding

In injectian biow melding, a short tubulor prece [parison) 1
mjection molded in cool dies. The dies are then opaned, and the
parmsan B transferred 1o 0 blow-molding die wsing an indeking
mechanism, Hol air is injected into the parsen expanding i o
contact the walls of tha mold cavity, Typical products made are
plaztic beverage baotilés: (genérally made of  paly@thylens or
pohietharcther-ketope, PEEK) and small, hoflow conminers, A reiated
process i stretch blow molding, in which the parson is espanded
and] elongated smultanecuily, suldiscting the polymer ty il
stimtching, and thus enhancing its propoertied

Multilayer blow molding involvis the use of costruded
b or parsdns, and thi peamits the production of a multiayer
structurg, A typical exmmpile of such @ product o plastic packaging
lor food and beverages, having woch chamctenstics as odor and
peermyiitbon badrhier, taste and arooma protection, soulf restance, the
capability of bilng printed, and the abslity to b Glled with hot hids
Diher applications of tis procéss are for cantalngis in the ¢otmetics
and tho phammaceutical industties
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19.16 Economics of Processing Plastics and
Composite Materials

Thie most eapensive machings arm fnr_ ingaction maokding,
lalkewed by compression molding and tnansfor molding: fodl and die
corsts alwo pre high for these operations. Thuy, In an operation like
injection mokding, the 4lze of the die, and the oplimum number of
cavities in the dis far producing more and marme poarts in one cycle
am . Impoartant copsiderations as thay am in an opertion like die
casting. Largor dies may be consdered in order to accommaodate
sevirdl cavimes (wath runners 10 each covity), but at the expense of
meraasing die cost evist hurthan On the other hand, more pans will
be produced per mochine oyele, thus the praduction mate will
I fnase.

A detaded analyts 5 thus required In order to determine the
gverall des sizee the number of cavities in Ue die, and the machine

capacily required to oplimize the total operation, and to produce
paps ab manimum cast Similsr considerations also apply to all othes
processing methods described throughouwt this chapter,

SUMMARY

: Thermopiastics can be thaped by a varety of processes,
ncluding extrusion, molding, castmg, and thermofarming, as well as

by tome of the procestes used in metalworking, The raw material
usnably b5 e the fomm 'of peliats, granules, and povwders

- Thit high, strain-rate fensitidity 'of thermoplastics allows
estersive strelching in forming aperatrons thus, camples and desp
pairts can be produced easily. Thermasetting plostics generally are
molded or cast and they havwe beiter dimensional accuracy than
farming thermoplasnics,

. Fiber-remnforced plasics are. procested o stroclurs

components uting bguid plastics, prepregs. and bulk- and sheet.

maiding compounds. Fabricating  technigues include  various

malding methods, Mament winding, pulerusion, and pulforming, The

type and orentation of the fibers and the strength of the bond .
between fibers and matrix and betwean layers of materials are

IMportant onsdeaticns.

. The design of plastn parts must ke mio sceount Ther low
strength and stiffness, and such physical properties as high thermal
exprardion and generally low resistance to temperature. [nspection
technigues are available to determine the integrty of these products

. Frocessing of metal-metr and ceramic-matris composites
continues to undergo significant developments, 10 engure product
inteaiity, felishdity, and reduced codts. Metal-matmd compasites ane
processod Dy hquid-phase, solid-phase, and two-phise processes.
Ceramic-matie compositgs can be processed by slurry infiltration,
chiemical symthesic, or chemical-vapor infiltration

. The nidavant factors in the econamics of the operations
deseribied inclutde the costs of the machimety, the level of controls
tonling, cyche Lmes, and production rale and volumis,

i




CHAPTER 20
RAPID-PROTOTYPING PROCESSES AND OPERATIONS

20.1 Introduction

0 the dewvelopmiznt of a niw praduct thaee i ivarably 5 need 1o prodece a sample ar profotype. of 8 desiyned pit or Fystem
birtone allocating large amounts of capital to new production facilithes or assambly lines. The main reasons For this need are thal the
SRPAL iy very hegh and proguction ooling takes considerable tine ta propase. Consequantly. a warking prototype i needad For (rEkgn
evaliation and troublethooting befone a complex product or systam is rpady 10 be produced and marketod,

. Rapd protolyping seives as an important tool for visualsation and for product concept vanfication

‘ With suitable matemaly, the prototype sell can b Used in subseguent manufactuting opertions, to produce (he final peres
Alio called diret pratatyping this nppeoach can seras a9 an impartant manufacuring technology.

. Rapld-prototyping oparatuns can be Used n some applications 10 produce actual tealing lor manufactunng: thus, one <an
make-ioofing m a matter of a few days.

Kapid-prototyping processes can be chsilied mto thiee major groups:

20.3 Additive Processes

1 Sulitracting, removing malenal frm a workpieco that 5 larger than the finad pon
- Addithve, bnnlding up & part by adding material incremiendalhy
- Virtudl, usmg sdvanced compuler-based visualizatinn technnologies
E:I | I ﬂ I IIIII- ¥ - T e T_. I - I- ﬁ .:.'_'-_'_':l'_.-:'.'.'L','_.I._.:.f:_.__l;;"?.:':::_:_h"'-."._. -...-- = R
TR . TR LR -.I-" -'-I."'-'. -"-'I-I_i-lll_-_..-' S A g e b L e st i et A
Supply Layes encation Type of
Froces phuaie wehnigue phase chonge Manenals
Setenlhisgraphs Laaguidal Lispusdd Laver curing Mhodugmaly merration Phidogpsilymens (acrylates,
cpoey, solarable resn,
atul Alled pebnsl
Mutd Jet/Pidy et Lsyuid Liguid Laver curing Phaseerpaly praeenration Muspuipal s
mwsdiclirg
s oo Salid Estrominn of mcitcd Soduhiicapuen I"l_l. P Vmems Lach an ARS,
risemdefane peslh iniek coiling palveiirbonare, and
polvvalione|
Dalligic-parte ke Lijunel roipler depusition Sealalehcamann b Palvimers and was
ianuBctunng coniling
Thrsee=alnimeriapomial ovwales Londer-dropier Swr e Shanpe Ceramic, poivener, metal
presntiing depaorsition onp pewden, g e
powider linyer
Cetrvnve Ler widenng Pirwider Layer of powder Smitenng or meling MPolvmers, metaly with
Ivinider, metaly, coramics amd
sand with hnder
Ekctmn-beam melnng Pormedes Faver vil porilie Mg Uitantam and heanaomni
Allisws, cobalt Chiraiie
Laminatcd-nlyec il Deporsition of st o phaso change Paper und polvimers
raspulaianng material
| 2w r-wiptiniidsd o Fowaler Inpecrion af powder Moy dhange Vitknidimy, stainkess steel
wleaping srreanm i

Additive pid-pratotyping operations all busld parts & fgyors. These processes consist of stervolithography, MUl et/ Palylet

modelng, fined-deposition moedeling, ballihc-porne mamufactuning, three-dimensional printing, selective fser sinfesing, electron-bear
rr-ﬂtl:fiy, and lenurated-abject mamufactisring, In order (0 visualize the methadology employed, it v beneficial 1o think of the comstruction
of a ol of liread, by stacking and bording indeddual sloes ol biead on top of sach other (hence the Wwim addithoe) The main dilleromcs
bttt the wintiows additiver processes lies in the method of producing the individual slices although they can be thicker i same witems




20.3.1 Fused-depasition Modeling

I the fused-depesitian-madeling (FOM) protess, a gantry-robol controlled gxruder head moves in fwo principal dirsctions Gyverd

Lable, which can be raised and lowered as required, Thet extruder head is hented, and extrudes polymer filiment st 8 constant s througH
asmall arifice. The head lollows a predetermined patk: the satiuded palyrrer bands 1 the previously dapasited layer (The tmtial layar 5
placed on a foam feundation) When the first layer 15 completed, the talile b lowered so that subtseguent layeis can bo permpaied e

ther first Lawer, Wien the pan is finished, it can be eagily removed fom the losm base

Complex parts may be difficult to bulld up dirsctly, because once the pan has been constructed up to height. the next slice wofd
require the filament to be placed a1 a location where no material txists undetmeath 1o support it The solutian s 10 gxtiude a tupparl
materal si;rpﬂraTE!f fram the mndtlmg matenal, Mate that the uos of <deh support structures allows all of the layers 1o Lo SUppen gl Dy e
material directly beneath them. The support material Is produced with a less dense filament spacing on a layer, so that it is weakn? than the
medel material and cin thus be broken off nastly after the part is completed,

A variety ol palymers are available for dilfespni apphcations. Flat wire metal deposition Wses A matal wire, [iitemnd of a polymer
filamant, but also requires 3 laser to heat and bond the depoasited wire to build parts.

Clase examination of an FOM-pradiuced part will indicate that a stepped surface axists on abbgue exterior planes. I this "”’f_‘uﬂ'
|I:I-IJ5|1'I.I'I-E5'5 i ﬂbJM|mHhhu a heated ool can be used to smoathen the surface. ar @ can be and @anded, af a codting €40 be applied,

often in the form of a p-ﬂlhjhiﬂg wan. Hower, the overall tolerances may then be compromised unless cane g taken in these Hlmshing
Oparations.

Although some commercial FOM machings can be obtained for around §20,000, others can cost as much as $200,000. Same seif-rephicating
migchines are-based on FOM and can cost sround $1000. The main differences amang them are the maxmum size of the parts that can be
produced and the numbars and types of matenals that can ba used.

20.3.2 Stereolithography

A common rapid-protatyping process one that actually was developed prios 1o FOM, Is sterealifhography (STLL This process
i bated on the principle of curing (hirdening) of a liquid photopolymer into a specific thape A val, contsining 0 mechanism wharely a
piatform can be lowered and raised, 4 flied with a phatocurable liquid-acylate polymer. The liguid = a mixtuse af acrylic mMENOMEers

clgomers (polymer intermediates), and 2 photeinitiator (o compaund that undergoes & reaction upon absorbing Tght),

At the highest position of the platform, a shollow layer of liguid sxists abovi the platfarm. A faser, generating an ultraviotes
(UV) beamy, in focused upon a selected surface ares of the photopolymes, and then moved around in the -y plane. The beam cures that
portion of the photo-polymer (say, a nng-shaped portion), and therehy prodices a layer of the sofid body. The platform 15 then lowered
sufficiently to cover the cured polymer with anather layer of liquid palymer, snd the sequence s repeated, The process ls repeated until
level b in Fig. 20 b-#s reached. Thus far, a cylindrical part with a constant wall thickness has bein generated. Mote that the-platform is now
loweered by a vertical distance ab.

Vil

Mg Me

At level b, the 2 movements of the beam define a wider geometiy, thus a Hange-shaped porton i being produced aves
the previously formed tegment. After the: pioper thickness of the liquid has been cured, the process is repeated. producing snothir
eylindncal section between kevals b and e Note that the surraunding iguid polymer i S0l fheid (bacausa it las not beon ovposed 1o the
UV beam), and that the part has beien produced from the battom up in individual "ices” The unused portion of the lgusid polymer can b
wsied @egain o make another pant o another protatypo

b
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heate that the term “stereolithograpiy,® as used 1o decribe this process, comos from thie facts That the mevaments
three dimenskinal (hence the word stereo) and the process i similar to thography, in which the image to be prieited on o Hat surface i
ink receptive and the Wank aress are ink ropeflent. Note also that, a5 In FDM,.mrrmn1ul'u:-=}|ur|llw ¢an regulre o weaker suppart matenal. |
sirrealithography, this support takos the form of pederated structures

After ity caompletion, the part 15 removed from the platform, biptted, and cleaned ultrasanically and with an alcakol bath
Then the wppornt structure b removerd, and the part iz subjected to a final curing cycle in an autoclave. The sm 1=zt tolerance that can o
achieved in stercolithography depends on the shampness of the (oeus of the Jaser, Obligue surfaces also can be praducad with high qualty

Stereclithography has been used with highly focused lasers 1o produce parts with micrometer <izéd features. The use af
the optics requited 1o produce such features necessitates thinner Tayers and lower volumetre cure rates, When stergoiithography is usad
to abicate micromechanical sysiems, it is called microsterenlithagraphy,

20.3.3 MultiJet/PolyJet Modeling

The Multi fet modeling (MJM) or Polylet process is similar to ink-jet prnting, whene peint heats depedit the phetopelymer
cm the build tray, Ultraviolat bulbs, alangside the jets, mstantly cure and harden each layer, thus eliminating the need for any postmedeling

curing (that is needed In sterealithagraphy), The result is a smoath surface of layers as thin as 16 pm that can be handied immudiately aftes
the process is completed.

20.3.4 Selective Laser Sintering

Selective loser sintening (SLS) Is a proceds based on the sintering of non-metallic or, less eommonly, metalhc powders
sefectively inta an individual object. The bottom of the processing chambar is equipped with two Cylincers

1. & powder-feed q!'!]ndqr, which is raised incrementally 1o supply powder 1o the pn.r:-l::u'lld cylinder, through a rofl atasahlalhang
2 A part-build cylindes, which is lowered incramentally as the part is being formed

A thin fayer of powder is first deposited in the part-build cylinder, Then a laser beam, quided by a process-control computar
using instructions generated by the three-dimensional CAD program of the desired part, s focused an that [ayer, tracing anc sintafing 2
partkoutar cross-section into a solid mass The powder in ather areas rémaing loose but it supporis the sintered portion, Anather layer of
powder is then deposited: this oycle is repeated aqgain and agaln until the entire three-dimensional part has been prodiced,

A variety of materials can be used in this process. including polymars {such as ABS, PVC, nylon, polyester, polystynana, and
eoaxy), wiar, maetals; and caramics, with appropriate binders. It is most common 1o use polymers because of the smaller, iess éxpensive, and
jnss complicated Lasers required for sintering, With ceramics and metals, it is 3 comman practice to sinter only 2 palymer binder that has
been blended with the ceramic or metal pawders. if desired, the part can be gintered again in a furnace and Infiltrated with anather metal

20.3.5 Electron-beam Melting

A process similar (o selective laser sintering. and electron-beam: welding, eiectron-beam, of E-heam, meltng wees the encigy sounce
ascoriated with an lectron beam ta melt titanium or cobalt-chrome powder to make metal protolypes. The workpiece 15 proguced in &
vacuum thus part size i Hmited 1o around 200 mm x 200 mm x 1860 mm. Although applied mainky 1o titdnium and cobaft-chroms 1o date
ihe process is being developed for stamless steels, aluminum, and copper alloys,

Gafe RRdmmirleirs

w‘ Sanheing brsor

._-_-l!sf '
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FIGURE 208 Schematit Hiusteaihon of the selective-haser sinjsting piecess
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c0.3.6 Three-dimensional Prlnﬂng

starinl oro 2 | Ayed crf oy,

: i solc Blar m
In the thive dimantional-printing 0P process, 3 pHivt head dgpods an i e b deposited and

. : : - vy 8 Lo
(eramic, or medallic powder. A plston, suppaning the powder bed, it lowered Incremontaly, and with each 11, /
ihen funed By the bindar,

Calies
Multi Jet modaeling and Polylet processes are somiatimes i ferreesd 10 a3 threa-dirrenslinnnl prenling m{h"‘mf}”;r: :':I:T'II ;-:.:"_d
they operate similardy to inkjet panters, but incorparate 2 thisd Mhickness) direction. (n faet, 308 fus bean uled I':I'l"""':l"'1rll']u"!n'“llllll rl'il;!'“:]
prototiping or dgital manulactuting o indude all rapid proafotyping chparat o hinever, I0P s mos commzaly As0CaTH W
2 binder onlo powder,

and binders used. Commianky uted powder

winder print heatds can e incopaiated
mensianal analog

Threa-dimenskonal printing allows considenable lexibillty in the materiaks

muteriily are blends of polymers and fillers, foundey sand, and meetals. Furthirmaong, since multipla Al
nto one maching, it is possible to produce full-calor pratatypes by having ditferent-color binders. The effect 59 thees

o prmiing photographt. waing thres ink colors {red, oyan, and blue] on an ink-jat primier

r-'-'
™ _Aolla; mechanksm ﬂ

Poedor e EerHehid P
I i Mr o |MI
t

). Spruad powde 2 Print layot 3, Piston movement
A 52
i Intermodiate stage 5 Last layer printed G, Finished part

FIGURE 109 Schematic Mintraton of the three-dumensional-pnnting procein

20.3.7 Laminated-object Manufacturing

Lamination invelves laying down layers that are bonded adheswely 1o one another. Several variatiors of f-'.{ﬂin-ﬂ'l'ﬁ‘d'ﬂbjlfﬂ
manufaciuring (LOM) are available, The simplest-and least expensive versions of LOM hmiohe using contral soltwars and vinyl cutters 1o

produce the prototype Vinyl cutters are simple CNC machines that cut shapes from vinyl or papes shesis Each shest has o num‘nfrll:-'r
reglutration hales, wikdch allgw proper aligmmen and placemant onto o build fixture. LOM systems ane highly ecaromical and arg popular
in wehools and univessities, because of the hands-on demonstration of additive manufaciuring and production of parts by Lyers

LOMS syitems can also be elaborate; whera the more advanced sysioms use layers of poper or plashc, with a heal-activated
alue on one side 1 praduce parts, The shapes are burned inte the theet with a lases; and the pants are built lyer by laijee, Ol soime systems,
the excois matensl must be romoved manually once the part is completed, Remaval i simplified by programming the liser 1o biam

parfarations in crisscrossed patterns. The reulting guid lines make the part appoaras if it e been constructed (rom gridded peper, with
g s printed on i similar to graph poper.

20.3.8 Laser-engineered Net Shaping

More recint developmerts in additive manulsciuring processes wmvnlve the principla of using a lser baam 1o m=lt and
deposit metal powder or wire, again Lyer by Layer, over a previously molien layer, The pattems of depositid lyyers are contiolzed Dy & LAD
file. Thid risar-net-shaping process is called foser-engireared mel shaping (LEMS, 3 trade mame], and i based on the echnologies of Laser-
bedm wekding und cladding, The heat input and cooling are controlied procsely o divalop a tavarbil microstruciue

The deposition process i carmed out inside a closed area and in an argon envronment; to aoid the atene slfets of
sordation, partcularly onalarminmem, | 5 suitablis for & wide vadety of metale and spocialty alloyt for the direct manufacturing of parts
includifg fully dense mwals and molds It can alen e used tor opalring thin and deficate components. Thers am athar, similar processing
methads uskng lassrs, inchuding contralied-metol bulldup ([CMB} and precaon-mafol depositizn (PME)
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20.6 Direct Manufacturing and Rapid Teoling

Wihile eatremmiily Denlicial ab & demanstination ang veaadleation 1004 pagnd - peatolyping prodesact slan havn toer tiac A%

a manufnctuning kep m actunl product ion. Thee are two base mothodolagles ured:
| Ditect production of enginesnng metsl cesmic and polymet companents ar pars, by mpd profatyping
. Production ol toohng or patterns by mpid prototyping, for wg in vivsous manubsctising aperistine

The srvairy lemitatioa v thie widisproad wie of rapid projotyping for deect manalrcturing, of rapid manuiaciuring, are

" Raw-muatedial costs are high, and the time mguived 1o produce sach part 8160 inng 10 be wiahh laf large Frmﬂllt‘-hiﬂ FRITTR;
Bowdever, theie ate mibmy applicationt in which production mn sre sulficiently small to justify divect manufaciurng
. The Jong -t and consistent performance of rapidly manufactured parts {as compared with e mixve trastiticnal methods

al manufactiring them) may be strpeol espechally with seipect to fatigue, wear, and e opcle of the pasts made.

* WL et e et & F mohd wd el ¥ G A Fotial

FEGUAE 20 18 Manufecanng tteps fed mvertmant casbing with rapel predotyped wis pant as bianks the mathod uses a vk for thr msertmeant, But o ihell
i@ iedl aler of mn ter il

FIGURE ZOU1S P -on 4 |:|:|-|:|f||‘|-|_j _f|'_|r||1l|||.-|:1|:|'|l1 mn_’.mh] ilj:,' LI I:p-r..:lrﬂl.;l--l'llﬂﬂl |'.:]||::-hu] :1m1:u1-1_1.:|:| i AR E L frv hHr11'-I-1:|= & ot ed r;|11-r-.-JI1 A Fpik=s
prolobyping GpoTainm () & dan-ghainienem sy |5 l:pmlﬂ;u:l oalD the pitlenn () the comled binteplate and patiern stsembly ame Haced iegather 1 o ik
wisil Bsarkfilled with Ahanmiimem srgeegnated opoay; (d) e cumniy, Hhe hlﬂ_qplﬂ1ﬁ 1 Gy ed frem (e bnahed mpll; gnd (B a gocond inokd bl watable T

i T raiding 1§ prepaned
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SUMMARY

: . . Y- B T A 1aLad [
: Rapid protatyping continues to grow into o unique manufacturlng discipline, As a phiysical o p aducirg) 1

i is & useful techmique for dfentifying and cortecting design eirors. Several technlgues have been davelopad for produting pans
rmgd prototyping.,

tlircsachi

dupoditod L0

! Fused-dopositian modeling consists of a computer-contlled mdtuder, through which o polymer filament &

produce n part Shoe by Alce,

- Stereciithography. involves 2 computer-cantrolled laser-locusing systent that cures @ feyaicd  thermoseiiing polyrmar
contaming a photosendiine Curing agent.

! Multijet and Polyet modeling use mechanisms similar to ink-jet printer heads to oject photopolymers to ditectly T
praloiypes.

! Laminated-object manufacturing uses & laser beam of vimyl cutter 16 first cut the slices on paper of plastic shests
(laminations); then it applies an adhesve layer, il necessary, and finally stacks the sheets to produce the part

' Three-dimensional printing uses an ink-jet mechanism ta depasit liquid droplets of the liguid binder onto polymer metal

or ceramic powders. The related process of ballistic particls manufacturing directly deposits the build matenal. Using ruftiple intheads,
three-dinwnsianal printing can also praduce full-color prototypes.

g Selective laser sintering uses a high-powered laser beam to sinter powders or coatings-on the powders in a desired patten.

Selective laser sintering has been applied to polymers, sand, ceramics. and metals. Electron-beam melting uses the power of an efectman
beam 1o mel powders and farm fully-dense funclional parts

. H_apll:[-prmﬂ.'t'l_fphng tachniques have madae poassible much faster product development times, and they are hoang & rmajar
effect on ather manufactuting processes. When appropriate materlals are usad, rapid-pratotyping machinery can produce blanks for
tveslment Eﬂ!Iing- e slrmlar PrOCesspe on that metalle Pats AN Now hﬂ'ﬂhhlﬁEﬂ quﬂbl- anid ]Mfﬁgnﬁuﬂlﬁ =ER far ot Su2es a5 H'"ﬂl.] '
one part. Such technalogies also can he applied to producing molds for opemtions (such as injection molding, sand and shll mold casting
2nd even forging). thereby significantly reducing the lead time between design and manufacture.
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CHAPTER 21

Fundamentals of Machining

<. 1: Introduction:

1 i il i ;
~UAING proues remave matenial from the vanous surfaces of

==i]

(T} Courlirsd) Ol

4 warkplece by producing chips

il E]‘WJ

() Strumgivl tuirring

(€} Staty rradiing

FIGURE 311 Sanmw exapmipiies of common machinmp aperations

21.2: Mechanics of Cutting

The major independent variables m the basic cutling process
o 1>

) Tool materal and coatings {kaplama)

B Too| thape. surface finish and sharpness

¢l Workplece material and its processing histery
d) Cutting speed, feed and depth of cut

8 Culting fuid

Nl Charscterstics of the machine tool

gl The type of woik-holding dewvice and hixturing.,

T

e -

FIGURE 213 Behernatie (Duttraton ol a fwo-dimensonad outhing

procets dlso called arthogonal culing (o) Onhegenal outling with a
winll-definod thaar plane. ala kngwn ot the MLE, Merchamt madel, Nate

(hat the toel shape, the depth of cut 15 and the cutting spotd, ¥, are
#l indepondent woriablgs, (b)) Qnbiogonal cumng without a wes:

defined sheas [ann,

jopendent varables In cutting which are infhienced by
changes made in the independent variables

Crerpasndent warialyles

a) Typeol chip produced
by Force and onengy dissipated during cutting
¢ Temperatofe rise n the workpiece, the rerial red tha

chips

d1  Tool wear and fakluee
&) Surface finksh and surface intagrity of the woikp

Culting Ratio: The chip 1hicknizes b, Can b cletermuned from

the tde |_11_|'|. Of cut. ta, the rale |III|'_'||||'!' . [ shadi '-II"'-I'.||I." &),

Cutting Ratio (Chip Thickness Ratio) = :—5

F L dp
BT —
1 F erm1 1l
g ol 11
F s - - —
f i i i)

FIGUIRE 2 5.4 Fal
2ENErmiM
dhectratean of e
Bysi¢ mechulrnm
¢l chip formiatem
By thesmng &y
Welhrily daarprarn
shiowing dngulas
ralSOntheps
iTifamg the Cree
ipeeds in the
cullang Sans

]

d

.
=45+ E—

wlCoefflcient of Friction) = tanfi

Types of Chips:

1. Conbtinuous

2. Built-Up Edge
3. Serrated or Segmented

4, Discontinuous

f7




FIGLIRE 21.5 () conbimuonrt chip, wWith narmaw, striight, and primary
shaar rong: (D) continuous |!h||'!l. wilh 'i-l?".'ﬂl'lil'.'-"ll'} s ar Jone at the « |'-|i:|-|-
taol interface: 1) bBullt-up ecge (d) Egmanied or Aanamogeneous
chl)s; and () eedonnuous Lhip

Continuaus Chip:

o  Formed with doctile matenials
« Mactined at high cutting speeds and high rake angle

Primary Sheat Zone = Defarmation of the materal takes place
dlong a naew shesr zone,

secondary Shear Zone = Due 1o high friction at tool-chip

interface,
By friction Increase, this zone become thickes

« Although they prociuce good surface finish, they tend
0 become tangled' (karmakangk) around the
tooldholder, the fituning and the workpiece.

Built-Up Edge Chips:

o Consisting of layers of matenal from workpiece that
gradually are deposited on the tool tip.

« As BUE grows larger, BUE becomes unstable and
aveniually breaks apart.

The tendency for BUE formation can be reduced by ane or maore
of follpwing means

1. Increase the cutting speed

£ Decreate the depth of cut

3. Increate the rake angle

4.  Usze a cutting toal that has lawer chemical affinity for
the warkpiece material ar use a sharp tool

5 LUee an gfiective cutting too

Serrated Chips:

« Also called segmented/naonhomogenecus chips,
¢ They aresemicontinuaus chips with large zones of low

shear strain and small zones of high shear strain,
hence the latter 2ane is called shear localization,

¢ The chips have & sawteath-like apperance

Discontinuous Chips:

Discontruous chips consist of segments, attached
oither firmly or loosely to each other. Discontinugus chips
usually form under the following conditions

1. Brittle workpieca materials, because they do not hive
the capacty to underge the high shear strains

encountered in machinmng
2. Warkpiece materials that contain hard inclusions and

irnpunithes, ar have structures

Very low o very high cutting speed, V

Lame depth of eut, d

Low rake angle, «

Lack of an effective cutting fluid

Lawe stiffness of the toolholder or the maching tool
thus Allowing vibration and chatter 1o occur.

i S B

Chip Breakers. Continuous and long chips are undegirable In
machining operations. as they tend 10 bacome entangled
severely interfers with machining operations, and can aksd
become a potential safety hazard, If all ol the processing
variables are under control the wyal procedure employed 1o
avold such a situation i (e break the chip Intermittently, with
thapes of autting tools that have chip-breaker features, As
shown In Fig, 21.7,

The basic principle of @ chip breaker on a 1ools rake
face is to bend and break the chip periodically, Chips also can
be broken by changing the ool geometry ta control chip flaw,
a5 in the turning operations show n in Fig. 21.8.

Aa ira

Radius Positive mke 0" mako
(o)

FIGLIRE 21.7 (a} Machining of slumitm using an insert wathout a chip
breaker; note the long chips that can interfere with the tool ang predant
o sialedy hazard. (B) Machining ol aluminum with a chip breaker, [
achamatc dlusttation of the action of 4 chip breakon pote that the chip
treaker decieases the radiat of curvdture of the chip and reenbustly
breaks It {d) Chep broaxer climped on the mke face of & cutting tool,
(e} Grooves in culiang ools scting % ¢hap breabere Mot culling took
ey used e ingerts with bapllt-n chlip-breaker featiores

o o

o

L1 Lhl i} i ]

FIGURE £1.8 Chips produced in lurming: (8] dghtly cutded chip: (B) chip

hits workpsaoe and baodiks off (€} contimaous chip moving radisdly
gy trom workpeeoo and [d] chip hits ool shank and breaks off

)




21.2.2 Oblique Cutting

having and Sk wing. Thin lwers of matenal can he emoved

froum straky it o cunved surfaces by & process similar 10 the-uso
al & plane 1o shave wood. Sharing s particulady useful in
improving the sutface finith and dimensional accuracy of
iheamd shoet metals and punched chegs. Another common
dppiication of shawving W in finishing gears. using o cutter that
s the shape of the goar tooth, Parts that are Jong or have
wmpléx shapes aro shaved by skiving, using a specially 1thaped

cutting tool that moves tingeially acrass the length of the
wWarkploce.

Shaving = Amag pilrlizeiiz vilzey elde etmek, (Gear shaving with
Qi)

skiving = Shaving'in difer hall for complex workpieces

FHALIRE 21,30 () Schanmatie flustratisn ol a dght-hand cutting toal. The
various angles on thése tools and thair effects on machinin, Althouah

Thede tooly radilionady have Been prociuced from solid tool-stesd hors,
thary Fulbve Desn replaced largedy with () irserts made of carbides and
ether matenals of vanous shapes and wses.

21.3 Cutting Forces and Power

The forces acting in orthogonal culting are shown In
Fig. 21.11a, The cutting forca, F., acts in the direction of the
cuiting speed, V.-and supphios the éngrgy required for cutling.
The ratio of the cutting ferce 1o the cross-sechonal orea being
cut fie, the product of width of cut and depith of cut) s referred
ta as the specific cutting force,

The thrust foree, Fy 2014 in 3 direction narmal o the
euttirig force. These twe forces produce the resultant foree, R,
at can be seen flom the force circle diagram shown [n Fig,
31 11b. Note that the résultant force can be resofved info two
components on the toal face; o friction force. F, alang the tool-
chip interfate, and a normal farce, I, FI-'EFIJII'.*J'II'.IEI'.Uh?II' 1o it Il can

also be shawn that

F o= A singl
M =K in i,

Mode that the resutant force 15 balanced by @n equal and
ppposite force along the shear plane, shd & resolved into a
chear force, F. and a normal force, F,,. These forces can be

grpressed, respectively, as

F.om F povmdy = Fp i@

oo I onan gt Fowum

FRGLIRE 21,17 (o) Foroes actmg m
the  CUTTing  FiodE darindl e
dimpmtionyl cuttineg node A1
ihe rotulfan force B YURD ha
cohnesr to Balpnca e Soroed
M) Forge cxle o datermine
various  forces acung i Iho

[UElifEy InnNe

Thrust Farce. The fhruid
force in culting i important
bacause the 1oolhaldér. the
wirrk-halding devices, and
the muchine Tool ifsedf must
e gafleciantly stiff 1o support
that force, wath M
daflections. For eampls,

" the thrust farge is too high or
il the machine tool is not sufficently siff, the tool will be

pushed away from the workpiece surface being machingd, Thix
movement will, in tumn, reduce the depth af cut, resulting In

poor dimensional accuracy of the machined part.

Measuring Cutting Forces and Power, Cutting fsiees can be
measured using a force tranmsducer (typically with guarns
piezoelectnc sensors), a dynamometer, ar a load cell (with
resistance-wire stryin gages placed on octagonal rings)
maunted on the cutting-tool holder. It is also possible to
caloulate the'cutting force from the power consumption durng
cutting,

21.4 Temperatures in Cutting

A in all mealworking processes whore plashe
deformation is invalved, the energy dissipated in cutting i€
comverted into hor witich, in lurn, rases the lemparaturg in The

cutting zone and the workpiece surface, Temperature nse s a
very mpaitant factor m mbchining because of its majorn adverss

effects

‘ Excessive temperature lowers the strength, hardness,
stiffness, and wear resistance of the cutting 100l 1ools aldo may
soften and undergo plastic deformation, thus altering the tool
shapo.

. Increased heot cavses unéven dimenslonal changes In
the part being machmed, deponding an the physical propetiss
of the maténmal thus making o difficull w contrel s
dimensiondl acclracy and Tolerances.

. AN ENCOFSIVE Temparatuse nse can nduce thernal
damage and metallerghal changes i the machined surface
adversely allecting 12 properies

21.5 Tool Life: Wear and Faillure

The prvviows sechions have shown that cutting jools ane
cubgected 1o (o) high ocalized stresses at tha tip of the tool (B)
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gl temporatures, especinfly along the rake tace: (c) tlicling of
the chip at high speeds along the rake face: and i) sligding of
the ool along tha newly machined workpiece surface: Theie
condifions [ndice tool woear, 3 majer considesation N ol
machening operations, as are mold and dio wear in casting and
matabwiiking processes, Tool wean atvietsely affects tool life
the quality of the machined surface and it dimensional

accuracy, and, consequently, the economirs ol culting
aperathons.

ks tacd
FLnmk wear

FLink tasd

FEGLIRE 21,15 fa) Festures of too] wend in a turming operations: the VB
irdrcates average Nank wear (D) Nanc woar

21.5.1 Flank Wear

Flank weoar occurs an the relief (Hank) face of the 100l
a5 shown In Figs. 21.15a and b [t generally is attributed to (3)
rubliing of the tool aleng the machined surface. thereby
causing adheyve or abrasnae wear and (b} high temperatures,
which adversely affect tool-materal properties,

In & classic swudy by FW. Taylor (1856-1915) on the
machining of steels conducted in the early 1850y, the lollowing
approxgmate relationship for tool life, known as the Taylor tool-
life equation, was estabiished:

Vie=C

Te (C/V)"
V. Cuthing Speed
TToal Lifelmin)
n: Depends on Tool Matonal
C Depends on Worlkpiecs Matenal

Thie most important variable associated with tool life

i5 cutting speed, followed by depth of cut and feed, [, For
wrminie;

vTdr=C
o Bepth of Cul
F Tha lised i mmfrey
i st B dotermined oxperimentady

Tool-life Curves. Teol iife curves are plots of expenmerntal data
potained fram cutting tests on vanous matenals and under
different cutting conditions, such as cutting speed, feed, depth
af cut, wol materal and geametry, and cutting fluids

D oo |Meeemy
FIGUREFLAT Toal- e curves Tor a vaniy nr{.uﬂtng~ln:l| matrriale The
hegative reciprocat of the tiope of these curves s the expanent n in e
Taylor 1ol-life eguation, and € 15 the eutting spesd ut 7 = | mim
rangirig from shout 60 to 3,000 my/min in this figure

The expanent i can be determined from tool-lfe curver. Note
that the smalier the value of i, the faster tha tool life decreases

with increasing cutting speed,

Optimum Cutting Speed. Recall that as culting speed
incraases, tool file & reduced rapidly, On the othar hand, if the
cutting speed is low, tool life i long, but the rate at which
matesial is memoved 15 also low. Thog there = an En LT
cutting speed, based on. economic  or  productian
considerations, ‘where the tool life is long antd production
speeds are reasonably high. Because it involvies saveral other
parameters,

21.5.2 Crater Wear

Croter wedr ocours on the rake face af the tool, I
readlly can ba seen that crater wear changes the tool-chip
interface contact geametry, The most significant factors thal
influence erater wear ane (o) the temperature at the teol-chip
interface and (b) the chemical affinity of the tonl and workpiece
malerals. Additionakly, the same factors influencing flank wear
alsey may affect crater waar,
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FIGURE 21.71 {a) Schematic Muctmons of types of wear obseryed on
vanous cutting toals, (b} Schematie illustrations ol catastrophic toal
faiiveres. A werde range of parametess influance thest wear and [wlure
mides

21.5.3 Other Types of Wear. Chipping, and

Fracture

Hozi 'wear is the roundeng ol o tharp toel due 1o mechanical
amdd tharmal ellects. i dulls e wol alfects chip formavon, and causes
rubirng of the ool over the woarkpioes, raising N lemparatues ano
ndiemg  edidoal stresses on e machned surface A related
phanomenssn o edge rmading

An snchgase 0 temporatuie B parsoultly  detimental (o
highspaed stedl toak. Toolk alia may wundergo plastc deformation
b it o fempiralune fel 10 the culleg done, whiisi Emgieratig
Can l'.lJI-II]' roach 1000 T n 4n.:4|.I||.1:|r|.|‘ vieEln Bod carv e I'|r_'ill|_';
depending v the strengih of the materlal machined

Nolchet or graoves abnened on culling tooll have Deen
attribiutech Do e Eact thit the regiehy wihusiy they Soous L the baianilany
witiine thia clug |t o [ondgar in contact with tha (ool

&)
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CHAPTER 22:

Lutting-Tool Materials and Cutting Fluids
2.1 Introduction

s Irtme-:l in the preceding chagiar, the cutting tool i
Ruljected to (a) high tempeeaiunes, (b) high centact siresies,
and fc) rubbing o1y tha tool-chip interface and along the
Mathined surface. Consaquently, the culting-tool material
TS paisess the following characteristics

*  Hot hardness, so that the bardness, strenith, and
waar resistance ol the tool are maintained at the
high temperatures encountesed in machining
Ppembions. This property endures that the ool
¢ons not undergo any plastic deformation, and
thus retaing fts shape and sharpoess

* Toughness and fmpact strength, so that impact
forces gni the tool encountored repealedly in
Migrmupted cutting opevations (such as milling and
wirming @ splined shalt on a lathe) or forces due to
vibeation and chatter during machining do not chig
ar fracture the tool,

* Thermal shock resistance, to withstand the rapid
Emperature cycling, as encountesed b intemuptod
culling,

*  Wear mesistonce, o that an acceptable oo life is
abtained before eplacement is necessary,

«  Chemical stability and inertness with respect to the
wirkpiece: materal, to avold or minimiza any

adverse  reactions, -adhesion, and  tool-chip
diffusion that weuld contribute la ool wear,

hate that many of these matenals also are used for
cles and molds in casting, forming, and shaping metallic and
nonmaiallie matenials, |

L. Highr-speed stoels

2 Cast-cobalt sllays

1. Carhides

d.  Coaled tools

% Aluminagbased rEramics
6. Cubic bofon nitride

f.  icon-nitnde-based caramice

8 Dhamond |

9.  Whitker-seinforced materisls and nanamaterials

Carbon stoels are the oldest wol matenals, and hove been
uned widely for drills, taps, broaches, and reamers since the
18805, Low-alloy and medium-alloy steels were develaped
lter for similar applicitions, but with longer toal life
Althoughn inexpentive and casily shaped and sharpened,
these steels do not hie sulfickent hot hardness and wear
resistance for machining at high spesds  whons e
temiperature rises significantly. Thel use is limited to very
low speed culting operations, particularly In woodworking,
hence thizy ae net of any particular significance In moden
machining operatlons

22.2 High-Speed Steels (H5S)

High speed steel (H5S) toaks e 10 narmed DeCause
thay were developod to maching at highes sporcls Thar Wi
previously possible. first produced in the ey 19005, high-
speedd stoels are the mest highly alloyed of the tool stouks
They can be Hardened to various degths, have good wear
resistance, and ore relatively inexpensive. Because al thei
toughness, and assoclated high resistance 1o fracture, high-
sperd steels are sultable especially far (2) high positive rake-
angle teols | (b) nterrupted cuts. {c) machine Toals with lorw
stiffness that ome subject to vibration and chatter, and (d)
complex toole, such as drills, reamars, taps, and gear ruple
Their most important lmitation, due o their jowe: hot
hordness, Is that the cutting spesds are fow campared with
thase of carbide tools

The major afloying elemants fn H35 are chramiim,
varkielium, wngsten, coball and malybdenum,

. Chromium improves toughness. wear resistance,
and high-temperature strength

. Vanadium Improves toughness abriisan
resistance, and hot hardness

. Tungsten and cobalt have similar effects. namely,
imm strength and hot hardness

. Molybdeénum improves waar resistance, totahnass,

and high-termnperature strength and hardness
22.3 Cast-cobalt Alloys

Cast-coball allsys have the following compasifion
ranges: 38%-53% Co, 30%-33% Cr, and 10%-20% W,
Because of their high hardness, they have good wea
resistance and can maintain their hardness at elevated
temperatures. They are not as fough a5 high-spesd si=els
and are yensitive to Impact forcas; consequantly, they mre
less suitable than high-speed stesls for intermupted cutting
operations. Commonly known a8 Stellite tools, these alloys
are cast and ground into refatively simple shapes. They are
now used only for special applications that invalve deep,
continuoys - noughing  cuts -at relatively high feeds and
spoeds, by as much as twice the rates passible with high-
speed siepls
22.4 Carbides

The two groups of tool possess the requinisd
taughness, impact strength, and thermal shock resistance,

but they also have impartant limitations, particutary with
respect to-strength and hot hardness. Consequently, they
cannot be used as effectively where high cutting speeds
hencé high temperatures, are involved; such spoeds often
are fiecessary to improve plant productivity,

To ment the challenge for increasingly higher
cutting speads, carbices, also known as corneited ar Sirtered
corbides, were inlraduced in the 19305 Because of their high
hardness over o wide range af temperntures, high elastic
modulus, high themmal conductivity, and lfow thermal
expansion, carbides ae among the mast important, verzatile

und cost-effective tool and die materials for 3 wide range of
applications
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22.4.1 Tungsten Carbide

Tumaslen corbide (WO typically  conusts ol
tungsten-caitedo particles bonded together in o cobalt
mintn T_hr.*sﬂ_ ._|EI:I'-I:.I"|':| Ore.  mdnultaciured kg Fm-.-.i.gf
metallungy’ techniques, hiee the term sinfened corbides or
cemented : corbides, Tungsten-carbide. panticles are first
combined typically with coball, resulting in 4 compasite
matenal with a cobalt matrix sumounding the carbsde
particles These particles which nee 1-5 pm in size aie then
pressed and sinteted inlo the 'dosired. fndert  shapes
Tungsten carbedes frequently. are alvo compounded with
nbenium corbide and nfobitm corbide, to Impart spocial
peoperties Lo Uhe matenal

22.4.2 Titanium Carbide

Titanilm covbide (TIC) has higher wear resiancs
than tungsten carbice but is not 3 tough, Titanum carbide
& suitabie for machining hard matenals, mainly steels and
cast irons, and for machining &t speeds ligher than those
appraprinte for tungstan carbida.

22.4.3 Inserts

The need for a mcre effédctive methad hag led o
the development al ety which b2 indndual cutting
tooks with soveral cutting points (Fig: 22 2) Inzaerts usunlly ame
clamped an the tosfhoider, with vanious lecking mechanisms
[Fig, 22 3), when one point of ine msert i werm, it 1S indexped
rotated in it holded) o make another culting point

avaltalile

Cathide inserts are available in a varety of shapes,
cuch s square. thangle, diamond, and round, The strength
of the cutting =dge of an insert depends on is shape; the
ernaller the inchuded angle, the lawer is the strength of the
edge. In order 10 further improve édge stirength.and prevent
chipping, insert sdges: usuplly are hoped, chamfored, of

produced with a negative land.
Chip-brosker features on insaris are for the

purpases of (a) contraliing chip fiow dunng machining, (k)
elimmatng fong chips, (¢} reducing heat generated, and (d)
risduieirag the 1endency for wibvatian and choltor,

materints.  The difficulty of machining thete eatenal

officiontly ard thee nied for Imptoving thair [.:H'.'ffl.]-rrl:-'lnl';.‘f
have led to Important developmenis 0 coaieT :. :
Compatad with the tool matenals themighes coating) 3 have

advaniageous properties, such s

. Lesiart frictian

. Higher rassstance 1o wisar and Cracking

. Figher hot hardness and impact resHiance :
. Acting as o diffushon bames between thés b0l A
thes chip

Coaled taok canfast 10 bmes mom thary thise ol
uncoated ponls; thus allowing for high cutting § bk .,.m-:i
reducing both thie ime fequired for machining opErE oS
and production costs

22.5.1 Coating Materials and Ceating Methods

Commanly used conting materials are filgaiim nitade [TilN],
litaritm cardside [TC), thanium. carbonitride (TCN), and
slyminum’ owde (ALO)) These coatings are applled on
cutting tools and inserts by two principal technigues
1. Chemical-wapor deposition (VD) Including
plasma-assisted chemical-vapor depositicn
2, Plwslcal-vapor deposition (FYD]
Titanlum-nitride Coatings. THanium-nilride coalings NEye
low frichion coefficrents, high hardness, resistance to high
empetature, antd goot adhesion fo the suBsirge
Comsequently, they greatly improve the life of high-spesd
sted 1ools, a5 well a5 the lnves of cartide tools, drill bits, and
cutters. Titanium-nitride-coated tooks parform well a8 highes

culting speeds and feeds Flank wear is significantly lower
than that of uncoated toolks and flonk surfaces can be
reground after uge, since regrinding the flank face dogs not
remeve the coating Gn the raks face of the tool. However,
these conted tools do not parlorm a8 wedl at low cutting
spoeds, because the coating can be wom off by chip
atdhesion, thus the use af appropdate culting fluids o
minimiza adhesion s impartant

Titanium-=carbide Coatings. Titaniumescarbide coatings on
tungsten-carbide ihserts have high flank-wear resistance I
machining abrasive matedials.

Ceramic Coatings. Bacause of thar chamichl inertness, low
thermal conductivity, resistance fo high femperiture. and
resistince 10 {lank and crator wiar, taramicy arg sindahie
coating. materals for cutting tools. The mest commanly
used CEramIc coanng Is alaminum oxide (Al 0y)

Multiphase Coatings. The desirable properies of the
coatings just described can be combined and oplimized
using mudtiphise coatings, Carbide tools aoe availabii with
iwo or more loyers of such coatings, and are particulorly

FRGIORE 223 Muthodt of mounting irseriy oo fnahaiders (a) Clampng
antd (i) wmily Sk -paivt e} Exsinplis of intens mounied with Dresdips
Ragd i, miuch are secienvd With 2ide $Chiwl

effective in muschining cast e aoek steels

A wypical muliphase-coated  cardide toal may
cormist ol the follewing layers, starting from the top along
with thatir primary functions

22.5 Coated Tools

Now metal aloyd and enginesiod malenals ane
berg developed contimuoutly, particdlarly since the: 19605,
These matesiald hove high strength and toughness, but
generatly are shrasive and chemically reactive with tool

1 TN bor ENCTICN
2 Al higgh thesral staifity




n

3 TN Niber reinforcod. with'a good Balance of
eEntance o flank wear and crater wear,  effective
patticularly for mtermupted cutting

AthinCarbide substrates high facture toughness

L A thick-carbide substrate: hard and retistant 1o
pastic deformatian at high tempenatures

1

FIGURE 726 Multiphose coatings on o iungsten-carbude subitrale,
theee slternating leyers of aluminum mide are separated by vary thin

laywers of titanium nitride. Inserts with s many 3 13 yors of coatings
fawe Bon imagde

*The structure of diamondiike carban 15 between that of
graphite & diamond.

Diamond Coatings. The properties and applications af
diamond, diamond coalings, and diomandlike.
Folycrpstolline digmond is used widely a3 a coating for
cutting tools, particularly on tungsten-carbide and silicon-
mitride inserts. Diamond-coated tools are particularly
effective in machining (3) nonfoerrous m_lzt.'.t_llg, (b} abrasive
materials, such as aluminum alloys containing silicon, (c)
fiber-reinforced and metal-matrix composite materials, and
(cf) graphite.

Damond-coated - inserts, avalable commercially,
have thin films deposited on substrates through PVYD or CVD
Techrigues
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FIGURE 22 9 Ranges ol ingchonical propaties for vanous glougs af togl

malefiple. HIF = hol Bostitically pressed
Cermeli. Cermels comdiyt ol ceramic panicles ina migtallic mateie. They
sore introdocod i ihe 1960 and are refarred 1o an biack or hof pressed

covanncts (carbousdes). Althcugh they have chamial statulity  and

reustancy 1o budt.up edge formation, the britiloness and high cost of
cerrmeis hawe bean @ Ematation 16 their widier use

22.7 Cubic Boron Nitride
Cubic boran nitrede (cBN) is the hamdest matedal
avallable. Intreduced in 1962 under the trade npame

Boraron While the carbide provides shock resistance. the
cBN loyer provides vary high wear resistancn andd cutting-
eclge strangth

The thetmochemical stability of cBN fs a significant
atlvantage, Its resistance to oxidation i high, making i
particularly sultable for machining hardened forrous and
high-temperature alloys and for high-speed machining
oparations
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FIGLURE 22.10 Cubic Baron nilride interts. (a) An m3ert af & poly-
crystalline cublc boran nitride or a dismand Myer an tunogsten carbide,
(b) Inserts with paly crystaline cubic boron nitride tigy (top row), and
soled-polycrystaling eBN indorts (Bottom row)

22 8B Silicon-nitride-based Ceramics Ssdece nmilzum)

22.9 Diamond
The hardest substance is diamond. As a cutting tool, it has
highly desirable properties such as |ow friction, high wear
resistance; and the ability to maintain a sharp cutting edge.
Diamond is used when good surface finish and dimeansioral
accuracy are required, particularly when machining soft
nonferrous alloys and abrasive nonmetallic and metallic
materials, especially sgoma - aluminum-silicon  allays
synthetic or industral diamond 5 widaely used because
natural diamond has flaws, and thus its performance can be
unpredictable. The random orientation of the diamond
crystals prevents the propagation of tracks through dis
structure, thus significantly improving its toughness,
Because diamond I britde, tool shape and
sharpness are importanl. Low rmkeangles generally are used
to provide a strong cutling edge, because of the larger
included angles. Special attention should he given to proper
mounting and <rystal orlentation i order to obtan
optimum. tool life. Wear may ocour through micrechipping
(caused by thermal stresses and cxidation) and through
transtformation to carbon (caused by the heat generated
during machining}. Diamond tools can be used satisfactarily
at almost any speed, but are most suitable for light,
unintermupted ' finishing cuts. In order o minimize- (ool
fracture, the single-crystal diamond must he resharpened as
soon a5 |t becomes dull, Because of its strony chemical
alfinity at elevated temperatures [resulting In diffusion),
diamond i not recommended for machining plain-carbon
steeis or far titanlum, nickel, and cabalt-based alloys.

22.10 Whisker-reinforced Materials and

MNanomaterials

In oidér to lurther Imgrave the perfarmance and
wear resistance of cutting toals, particulaty i machining
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factots, such as the type of machining opariiion, r.;?p:-l Md’
workpiece motorials, cutting speet, and the methtd o
application, Water & an excellent coolant, and can eHectnily

. =
tediee the high temperatures developed In the cutling rany.

e milenals and composites, continued progress is being

Made in developing new tool matenials with enhanced
properhes, such as

' High ITEl_-I:lur.E. Il:I:UEI.hﬂEE_ hiwwever, watet 15 not an effective lubricant and h'E':EE '.'. d:ri-i
. Bberemo e e
. E:::;E r;iﬁg:ﬂ?ﬂrﬂnglh Types of Cutting FIuEIs. Brisfly, four general lypes of cutting
. Hot hardness lids are commonly used in machining operations:

L. Oils, also called stralght oils, include mineral animal
vegetable, compounded, and synthetc oils pr":-.‘lﬂf}" are e
for low-speed oparations where temperature fise i f08

icant.
22.11 Tool Costs and Reconditioning of Tools ;{gmrw:mmhm sl called soluble o, are b midure of of
and water and additives; they generally are used for high-speed
pperallons whese the lempersture rise. s significant. The
prusence of water makes emulsions highly sfective cootants,
and the presence of oll reduces or eliminates the tendency of

Advances include the use of whiskers as reinforcing fibers
In composite-cutting-tool materials,

fool costs vary widely, depending on the toal
matenal, size, shape, chip-breaker features, and quality.
Tooling casts in machining have bean astimated 1o
b an the order of 2-4% of the mmturﬂtuﬁng casts. This water 1o cawse oxidation of ".".I'-I'J-I'l!]:HE'E'E' gurTades
small amount is due to the fact that a single cutting tool, for J Semisynthetics are chemical Ernul?.if:m-:. contaning
example, can perform a lame amount of material removal little mineral oll, diluted in water, and with additives that recyce
before it is indexed to use all the cutting edges of an insert, the size of oil particles, thus m..a.l-:ing them mare affective. -
and E'H‘Eﬁl:uﬁll:llr recycled. The expected tool life can ba in the 4 E}Fﬂlhﬂl;j are chemicals with additives, diuted in
range of 30-60 min; thus, considering that a square nser weater, and contaifiing o oil
has eight cutting edges, a tool can last many hours before Method of Cutting-fluid Application

: 1. F In
it s removed from the machine tool and replaced. 3 MTI J -

3. High-prassure systems

4, Through the cutting-too| system
Effects of Cutting Flulds. The selection of & cutting fluid
shaould also include considerations such a5 it affects on

Cutting tools can be reconditioned by resharpening them,
using tool and cutter gninders with special fixtures. This
operation may be camied out by hand or on computer-

contralled toel and cutter grinders. Advanced methods of ¢  Workpiece material

shaping cutting tools also are avaiialile. Reconditioning of « ‘Machine tool components

coated tools also is done by recoating them, usually in « Biological considerations

special facilitres available for these purposes; il is imporiant «  The environment pe

that reconditioned tools have the same geometric features
as-the onginal tools. Often, a decsion has to be made
whether further reconditioning of togls is economical
especially when the costs of typical small inserts are not a
major contribution to total costs. Recycling of tools is always
a significant consideration, especally f they contain
sxpensive and stratenically important matenials, sich as
tungsten and cobalt

22.12.1 Near-dry and Dry Machining

The significonce of this sppraach becomes appatent
when one notes that, in the United States alone, millions of
galions of metalworking fluids are consumed sach year
Furthermore, it has bean estimated that metalwirking fluids
canstitule sbout 7-17% af the total machining cost.

The principle behind near-dry cutting & the
apphication of a fine-mist of an air-fuid mixture, contaiming 2
viery small amount of cutting fluid, which may be reformulated
1o contain vegetable ail. The mixtuie is delivered 1o the cutting
zone through the spindle of the machine tool Consequenthy,

the process I6 also known a3 mimmum-guantity fubvicofion

22.12 Cutting Fluids

Cuttirg flunds are used extenswvely n machining

operations for the following purposes (el T
. Reduce friction and wear, thus improving the tool life Dry machining also is a wiable ahemative. With mapor
arvd surface finish of the workpiece advances incutting toak, dry machining hat been shown o be

. Cool the cutting  zone thus improving ool e and ghiectve - In various machining operations, especially turning, !
teducing the temperature and thermal distortion of the milling, and gear cutting, on stesls steel afloys, and cast inons -
warkplece although generally not for dluminum alloys

. Aeduce forces and engrgy consumplion Cryogenic Machining, More recont  delvelopments  in

. Flush away the chips from the cutting zone, thus machining include the ute of cryodgenic gates. such as nitrogien

ofeventing the chips from intorfering  with the  cutting

aperation, particutarly in dolling and tapping
. Proweet the machined surface from anvirGnmental

o ek R

Depending an the type of machining operation, the

cutting fluid needed may be a coolant, a lubricant, or Lol
fhe effectiveness of cutting flulds depends on a number of

or carbon dionide; as a cootant. Because of the redoiced
lemperature 100l hardnass & mamtangd and hence waol iife
improved, thus allowing for higher cutting speeds. The chips
also pre less ductile, thus machinalility s increased, There s no
adworse  envimnmgntal impact, and  the nitrogen  simply
CVaEpOratirs
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FIGURE 23 1 Miteilanmout operationd that con be pedonmed an o lathe; noda that alt patmy e einalar, Thio neds s fhasr shags
angd the processng pasametees aty dinessdie] Houghisil s dhapine

. Cutting with form tools: (Fig. 23,1q) to produce vanous ausymmetnc thapes for fumétiomil or fod
AETINEC pirpases

. Boring: to enlarge a hole or cylindrical civily misde by a previous pracess of 1o produts circu lad
mitemial graoves (Fig, 23.1h) _

. Drilling: to produce a hole (Fig. 23.10), which then may be followed by baoring i 1o imarove €S
dimensional accuracy and surface finish

. Parting: also called cutting off, to remove a piece from the end of a part, as if done in the progucton
of slugs ar blanks for additional progessing into dscrede products (Fig. 23.7)

. Threading: (o produce extornal or internal thraady (Fig. 23 1k) |

. Kouding: to produce 3 reqularly shaped roughness on cyfindrical surfaces, as n making knobs and

handles (Fg. 23-11]

Clitnarnl Charaeteehelion sl Machining I'toonsss s Typeex] Dimyrsionas Todramoes
Tumang  Tormipg end Larmp rpemitions ses Al tyees of utesials, usrs snjilepoent or leam hrds.
il Lsths poguine shilbesd Labon low productioen man (hit mediam-n-bagh tabe with

fierrid Lathes and mmtomislst machoees 1 rsgminng Hes-gkilled labor

Patifd o ornal sardase or prisfle with chasaclupsties simitar o tirmng, stiffnens oF buring
it Ertaprarland (o awmid chudtef

Larlitg Hisumd Habes iof wassnie sue® amd dapiby high prodocton mle Tk skl e
drprmitds ot habe lacation seuil peruticy ppeciPusl) Fogmiises besarig amed reaiming bid
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FIGURE2Y.2  Uiencralviow of g 1y prcal [athe, showing vanoss components, Source: Courtess
ol South Dend Lathe Co.,

£3.2 The Turning Process

The majority ?I rning aperations involve the wse of simple single-point cutting tools, with tha
grometry of 2 typical right-hand cutting tool shown in ach aroup of workpiece materials has an optimum sat
al toal angles, which have been developed largely through experience over PNy YREFS.

2 filkn

anglo (SFA) anglo (ERA)
() Efnd vy (L1} Smdis wierw (2] Top view

H‘ftuuﬂ-'l l.:'l.'uml-ﬂnlm Ffr" A "j_;jl"hlll-l.‘l- I.:'I-'|15|'H"|H, Il:l.'ll!.l 'l'ﬂf.:l:ﬂl“F Ij'l.,ql thr ||'|.|||l 1ray .:h FrOsT
rigthe tes befr, 36 shown in B 2330,

Tool Geometry, The varlous angles in a single-paint cutting tool have imporant functons In machinifig
operations.

. Rake angle is important fn controlling both the direction of chip flow and the strength of the tool iTs
Pasitive fake angies imprave the cutting opertion by reducing forces and tempemtures, bu! they also result
in & small included angle of the tpal ip possibly leading to prematuse tool chipping and failure. depending
ah the toughness of the tool material.

: Side rake angle is more important than the back rake angle, which usually controls the dinction of
chip llow, these angles typically are in tha range from <5% 1o 5°.
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y Cutting-edge angle affects chip formation, toal strength, and cutting forces to vanous degrees,
Wpically, the cutting-edae angle is around 15°

. Relief angle controls interference and rubbing at the tool-workpiece interface. If it is too large. the
I = i B 2 3 [ |

tool tip may chip off; if it is too small, lank wear may be excossive. Rellef angles "'-"F“:E”:": ane 5 _ |

. Nose radius affects surface finish and tool-tip strength, The smaller the nose radius (meaning a sharp

tool), the rougher the surface finish of the workpiece and the lower the strength of the ool a large nose radil

can, however, lead to tool chatter
F The feed

d: Depth of cut
(D) The volume of this ring is the product of the cross-sectional area
nluwy The average circumference of the ring

I he rotational specd of the workpioae s .'f"u'. and the I’lmfl:'li-l'_ removal rare per
cevolution is (1D ;e ). Since theee are N revulutions per minute, the removal
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The cutting time does not include the time required for tool approach and retraction.

23.3.1 Lathe Components

« Bed

« (Carriage

« Headstock

s Tailstock

« Feed Rod and Lead Screw

23.3.2 Work-holding Devices and Accessories

Work-holding devices are important, as they must hold the workpiece securely in place,

A chuck usually is equipped with three or four fows. Three-jow chucks generally have a geared-scrall
design that makes the jaws self-centering. They are used for round workpieces, such as bar stock, pipes, and
tubing. Four-jaw chucks have jaws that can be moved and adjusted independently of each other, thus for
ewample, they can be used for square, rectangular, or odd-shaped workpieces, The jaws in some types of
chucks can be reversed to permit clamping of hollow workpieces, such as pipes and tbing, either on their
outside or inside surfaces. Also available are jaws made of low-carbon steel (called soft laws) that can be
machined into desired shapes, Because of their jow strength and hardness, soft jaws conform to smail
irregularities on workpieces, thus resulting in better clamping. Chucks can be power or manually actuated

using-a chuck wrench,

Power chucks, actuated either pneumatically or hydraulically, are used in automated equipment for
high production rates, including the loading of parts using industrial robots. Also available are several types
of power chucks with lever- or wedge-type mechanisms used to actuate the jaws. Chucks are available in
various designs and sizes. Their selection depends on the type and speed of operation, workpiece size,
production and dimensional accuracy requirements, and the jaw clamping forces required. By contralling the
magnitude of the jaw forces, an aperator can ensure that the part does not slip in the chuck during machining,
High spindle speeds can significantly reduce jaw forces due to the effect of centrifugal forces

97




Sparkia noso cop

= ﬂ @}* Spin sagmerty

Sprng colet
Codlel alpevn

oMok
spinie shocvn

roce patp
[mudilad on Sindle)

Tiprpvod gauifaco
Fisced surince

Weodkplotn

Workpiocn

"'I-...._“
{in) 1f)

FIGURE 228  ja) and b Shemang dlsstraniaus o Vil ivpwe of oallles, The Wl b o i

|"'|J'|.:I"I.-I in vlir |_'.|l]|-l1 Y |"-I'. .lll-l.'l F'H' s ™ i.urﬂju._ql-qu vk ||'l|_- .|.r|-“-|;'; 14 ’IH'I..!l'IJ- Il"l'l'l.lfll-1 II'|| r“""u_: Ti
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i 3 Fagr peabe.
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(2] Sobd mande (b} Gang mandrol (€) Cora mandm

FIGURE 23,9 Varnous rvpes of mandrels 1o hold work prooess for tuming: these mandeeh
usually are mounred between cemeny o' Liths, Nete that in (a) bath the orlindrcal and the
ciud Eaces of the workproce can be machined, whereas in (h) and (¢} only the oy Tmdncal wirfaces
cin be machinad,
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