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THESIS »35ThaCT

Lack of sufficlent information pertalning to the
forging 1industry hzs stimulated the writing of this thesis.
It 1s a review of metallurzical problems pertinent to the
forging 1ndustry. One of the maln purposes of this paper
1s to stimulate interest 1n rescsrch projects on the part
of Industry and institutions of higher learning. Areas

where resezrch 1s necessary are sdeclified in each section.

The oroblems are divided into three areas, namely,
heating for forging, asdects of dle blocks, and other
phases of forzing. The heatling sectlon includes such
problems as overheszting, burning, underheating, scaling,
decarburization, end rate of heating. hkesearch in this
phase of forcing embraces lmproved methods of hesting and
increased rates of heating, scale free heating (with and
without controlled atmosphere), magnitude and effects of

overheating, underheating, and burning.

In dle blocks, the majJor conslderections are limited
compositions avallable, lack of knowledge concerning wear.
characteristics, lubrications, and surface conditions, and
effects of scale and speed of deformatlon on dies. Nec-
essary research projects Include development of new

composlitions, study of wear characteristics, improved
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understanding of lubrication and surface conditions, and
new and improved methods of preparing cdles, especially
casting the 1mpression in the block and spark erosion,
Study of dles throuch the ugse of radloactivity 1is also

promising.

Other flelds of study are hydrocen embrittlement
end fleking, improved unierstanding of forgesabillity, in-
cluding the effects of speed and mode of deforrmation and
conditions of mzterial., New developments entall the use
of lexzd in forgings for lmproved rachinebllity, forgsing
from the cast stute, and investigatlons of properties and
forzing characteristics of the vacuum melted and vacuum

cecst materisls.

Fundamentally, the stucy of these subjects regqulres
increased willingness of 1ndustry to allot funds and to
cooperate with the institutlions of higher learning in
erriving at solutions., Procress will zdvance when all
Involved exhibit renewed @nd increzsed interecst in research

in forging.
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It 1s necessary to be accualinted wlth tne entire
scope of & process or industry 1n order to fit its prob-
lemes into their respective imvortznce. It would be poor
econony to exert time solvins & problem which occurred
only a few times 1in the production of meny thousend
pleces 1in contrast to one which hanpens with grecter

frequency.

4s the first recloplent of the Lrop Forging Menu-
facturers of Lznsing's Fellowship, the suthor was con-
fronted by Just such.a Gdilemra. what are the most
important end pressing metallurgical problems requiring
study in the Uron Forginz Industry? ©Since the answer to
this cuestion wss not uncovered by.discuseions or pre-
Iimrinary readlns, 1t was cdeclied thzt a review of the
metallurzical nroblems wcg in order. It will be of value
to future holders of the Drop Forging Fellowship, as well
as providing a comprehensive picture to the people of
industry. It 1ls desired that thls paper encourege
awareness of the sclentific metaliurgical work required

In the Drop Forcing Industry.

Kyle defines forzing as "the workinc of metel,

elther hot or cold, to sone definite predetermined shape
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by hemmerinzg or pressing, or by a combination of these
processes" (1).* It is one of the oldest mechunical
methods 1in the art of working metels according to the
Mznuzl of Open Die Forging (2). Its use dates back many
centurles, having becn developed with the ecrllest discov-
ery of metals, 31blicul reference 1incicates that the
eanclent inheblitants of western 4slzc were among the ear-
liest users of iron and other forseable materials, The
Grecks =nd 1lnhadltents of Indila and China were well
versed in the art of hammerinz metals (3). One of the
best illustrations of forgins practice was the worlds
famous sworas of Lamascus. The thirteenth century saw
the develonment of the first mechanical hammers using
open dies (4). DNasmyth perfected the steam hammer in
1842 (British patent #5382). Many of the original
features of Nasmyth's stecm hemmer are still incorporated
in today's hemmers, although cemouflaged by modernization.
With the steam hammer came the application of simple im-
prescsions 1in the dle fszce and the forerunner of the modern
closed cle process. NMNany other mllestones hcve dotted
the history of forging, includinc the board drop hammer,
trip hommer, upsetter, and forglng press to mention only

a few,

i*
Numbers 1n parentheses refer to the bibllography.
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Today, there zre forging hatmers reted at 50,000
pounds &and lerger ones in construction, (The Ladish Com-
pany hes a counterblow hummer rated by g-ue at 100,000
pounds, but this is controversizl.) Two forzins presses
in operation in this country are rated «t 50,000 tons ecch,
with plans 2lmost comnplete for a 75,000 ton press. A

200,000 ton press 18 a not too distant rezlity.

Even with these developments, 1t has been stated
by Bishop (6) "The Lrop Forging Industry is not one which
readily lenés itself to great improvement by research".
Others have commented that it 1s still more of an art.
than a science. It 1s with this thought as a2 spur that
the sclentific person should proceed into this field which

holds =so much potential development.

Rather then 1nclude & long list of definitions in
an appendix, the author hss 1lnsertea the necessary defini-
tions in the body of the text to 1lnsure continuous reading.
Complete glossaries of forging terms are gvailable in
references (1), (2), (3), and (4) of the bibliography.
These &re stunaerd reference texts on forglng and can be

found 1in any librery.

Tnls thesls 1s in the form of a review of problems

exlsting in the forging industry. 4ll problems are not
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covered; only those which it appezars willl benefit 1ndustry

most by theilr solution.

In the sarrangement of thls thesls, the author has
attempted to group problems which are closely related
into the same section, All problems concerned with heat-
ing are 1. one chapter; dle block problems in another. A
third cnapter deals with a group of problems not neces-
garlly closely releated, but still arrenged in a logical

renner as to 1lmportance.

Most of the discussions will pertain to the forging
of steel, Where other parts of the industry are specifi-
cally concerned; this will be indicated. Many of the
remarks willl apoly to both ferrous and nonferrous forgings
even thouch not specified. Much has been written of the
light slloys ané titenium due to the government's spon-
sorshio of work in these fields. The 1nclusion>0f problems
relating to these flelds would be a complete thesis in
itself. Therefore, only passing mentlon will be mede in

this direction.

The problems Introduced in this pzper are those
which should be given firet consideration., Thelr solutlons
throu:h research and development would enhance the progress

of the forgling 1lndustry.



HonTIKG FOR FORGING

One of the most lmportant ohases 1n the manufacture
of a high.quality forging 1s tke heating to forging tem-
perature, Ketals are susceotible to many evils while
belng heated. Among these factors ere overheating, burning,
underheating, decarburizati-n, sceling, and adverse rate of
heating (7). If these factors were kent under complete
control, the manufecture of a quslity forring would be
creatly simplified.

QVELHLaTING

Overheating 1s "A term espplied when, after exposure
to an excesslvely high.temperature, a metal develops an
undes irably coarse graln structure but 1s not permanently
Qameged, Unlike a burnt structure, the structure produced
by overheating can be corrected by sultable heat treatment,
by mechanical work, or by a combination of the two"™ (8&).
Since overheating 1s not & perwenent defect, 1t can be
corrected, but speclal care and handaling are>required. The
difficulty involved 1s in the detection of &n overheated
plece. Unless close control is observed, occasional
pleces 1n an overheated condition will be producecd, This
coarse ¢relineda product, witan its undesirable attributes
and poor physical oroperties will not be sultable for

service, yet wlll not be rejected in an inspection or test.
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Susceptibllity to overheating 1s a function of the chem-
istry of the metal. It cun ulso be developed by lmproper
heatinz., ©Sore materlals resist overheatinz ana burning
in 2 reducling stmosphere &s compured to an oxidizing

atmosphere.

Overheatinz 1s a time dependent process, and this
must be considered in each cuse, esoeclually those involving
complex changes. Generally, high end medium carbon steels
sre more llkely to be overhected then low cearbon steels,
oltaougn speciul zpplications may cull for course grelned
steels, thelr low resistance to shock ana greater tendency

to distortion are dissuuading factors (9).

"The fracture test h:s becore useful to study the
effects of forging temnerature snd overheating on steels,
perticularly alloy steels" (10). It 1is quite evident that
for the more comnliex &lloys, overhezting must be curefully

controlled if a serviceavle forcing 1s to be oroduced.

There 1s no test or procedure whereby a manufacturer
can measure the results of overheatinc., Tnis 1is ecn zrea
where quasntltative and qualitstive informztion on the
ce ree and efiect of time, temperature, and composition
ghould be meude avellavble through research. Inen, the true
effect of these phenomena on the finished forging will

pe better cppreciletead.



"Burning 1s defined as hezting the metsl to a
temperature so close to its melting point &s to cause
permanent injury to the metal by intercrystelline
venetratlion of oxidizing sases, or by incipient melting"
(9). The injury wnich 1s caused by ournin- cennot be cor-
rected by any xnown heat treatment. It may be considered
as the sta_e following overneating. For most materials,
burning 1s egvolded Dy keevinz the temperature below a
certalin maximum, Charts heve been compliled for many

materiels, such as shown in the Metals Hanibook, 1948,

pare 349, which rives the meximum forging temperature to

avoild burninz.

as in overhestingz, tne aetectlon of oburned steel
1s not reaally revealed by examinetion. Sverriing 1is some-
tines visible during burning, but this 1s not a necessary
or sufiiclent condition for burning to occur (€). <Certailn
metals when used as alloying agents increzse the susceoti-
biiity to burning (Ni, Co, and Mo), while others (Cu,

1, Cr, and W) have the opposite effect on steels (3). The

w

mechenlism end compositions necessary to control burning
are known only cusalitatively. keslistance to burning 1is
excellent in a strong reducin;; atmosphere 1f the

caroon content is below 0,&4 per cent (4). The sazme



relation as to cuarbon content exlsts in burning =s 1in
overheutins with the higher carbon belng more easily
burned. ~escarch is needed to determine the effect of
tine, temperature, compositisn, cnd thelr relative
importance on a burnt structure.

UNDERHEATING

The term underneating 1s self-explanatory. It is
used to denote a condltion where the temperature 1s so
low thct plastic deformution will not proceed without
rupture. This defect 1ls not as commnon as overheatinsg and
burning since the hammer operator can often cdetect it Dby
the manner in which the stock flows under the blow of a
hammer. Good furnace control 1s a vealuable ald in

keepins underheating in check,

Portevin states "ilost hot metals cen be deformed
to a creat extent withoﬁt rupture or tearing - at least
within certain limits of temperature where the materiel
is sufficiently" forgeable or susceptible to considersble
deformation without cracking. It 1s, in short, a tendency
toward cracking which limits the scope of these shaping
processes, crackavlility being in a wey the reverse of
forzeanility" (1l). Difficulties arise Gue to a tempera-
ture gredlent existing in the materlsl, While the surface
1s In the szfe thermezl zone of working, the center 1s

below 1t when uncerheated.
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The theoretical stucdy orf plzsticlty 1s & compara-

tively young branch of science and still developing. The

rules of plasticity haeve not been utllized to any great
extent in the study of forging. Efforts to apply these
rules huve achileved only mocerate success., The resezrch

has been largely concerned with the forces developed from
wilch predlctions of the power requirements ure mradle,
Little concern has been accorced to the flow of material

uclng the rules which have been developed. This 1s partly

due to thelr intrinsic complexlity. If greater Lnowledge

of metal flow were avallable, better establishment of

both upper and lower limits of forgeablility would be
possgible,

Kesearch on the loss of texpereture durlns forging

has developed the following reletionship (12).

Temperature & T = 1299 31p0¢
change S

S 1s the smallest of the three dimen-
slons in mm, of a plece with a rectanzu-

lar cross section.

Tnis formula glves the temverature chancge in a ten

sccond interval when the starting temperature is 1150°C,
Only radlatlion in still air is consilered in this case,

ffor 1f the plesce were restinz on a steel plate at 300°C,

the temperature drop increcses dy a factor of 1.7.
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aeseczrch on the plastic flow of metals end tne rate
and mechanlsm by waich a forzing loses heet (en route to
hamrer, during working, and between blows), similar to
that stated above, would provide data to minimize under-
heating problems.

OXIDATION AND SCLLING

The oxldatlion layer formed on the surface of a
metael hezted to a high temperature in eir or in en oxl-
dizing atmosphere 1s denoted as scale. Many metzls form

scale according to the parabollic relation

x° = kt

X 1s the welrht of scale formed, t is

time, and k is the rate constent (2).
This egquatlon has been shown valid when a dense and ad-
herent sccle 1s formed. In this cese, the specific
volume of the oxide 1s equal to or greater than that of
the base metzal. The only known excentlons are tungsten
and molybdenum. The rate constent k is temperature

devendent and may be expressed by the arrnenlus equztion

k= aexp (-g)
RT

A and q zre constants, R 1s the gas
constent, T is the absolute tempera-
ture (€).
Those metzls with oxldes having lower specific volume than

that of the metal lose welght by a relation which increases
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lineerly with tize (8). The noble metals hzve oxides

with hizher cilssoclztion pressures then the partial

pressure of oxygzen in alr st the oxldation temperature,

thus forming no superficlal oxlde.

Oxidzatlion 1s a diffusion phenomensn, It occurs
by en outwerd movement of metal lons from the base metal,

and an Inward movezent of the oxygen lons from the at-

mosphere., In both cases, the 1lons must pcss through the
already forined oxlde lsyer. The nhase dluacrem of the

lron-oxysen sy/stem shows three phases - wustite, me-ne-

tite, end hemcztite. The wustite phuse is unsteble de-

composing below 550°C., The accompanying figure shows dierrsa-

matically the menrner in which sc:zle @ppears on steel.

Wustite Macnetite Hematite
FeO Fe304 Fe203
Iron Oxysen
Fe 2 e 05 0
2
80-90% 10-20% «5=2%
HICH TEMPE-ATURE SCaALE
Magnetite Hematite
Iron Fe50, Fe04 Oxyren
Fe 02
LOy TEMPERATURZ

SC.LE

STEEL (Per Lewls) (13).
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In alloy steels the alloying element 1is often
found concentrated in the outer layer of the buse metal
and the lnnermost oxlde layer. Thls has been demonstrated
when silicon, nickel, chromium, anda copper are the alloy-
ing zgents, Leuad 1s suspected of pehaving In a similar

manner when it is disceminated 1in steel for free machining

There 1s considerable dlfference in the power of
numerous elements to diffuse tnrough the scele., This
leads to tue conclusion thut distribution of the zlloying
element in the scale 1s due to the relatlve rstes of

diffusion of 1ron ana the element considered.

It hcs been shown by Wagner thut ss the electrical
conductlvity of the oxlde decreases, 8o does the rate of
scaling. Slnce oxlides of highest melting point have lowest
conductivity, those metals which form these oxides glve
the best reslstance to oxidation when used as alloying

agents (&).

The metal composition exerts its influence on the
scalinz ophenomenon,greatly affecting scale composition.

It may also cause grest difficulty in scale removal (13).

Factors directly responslole for scaling are oxygen,

water vap»or, caroon dloxide, and sulphur arranged 1in the
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oréer of thelr relztive 1lmportunce. The reaction of

other geses may also asslist in the promotion of scale,

Small amounts of sulnhur gases 1n an oxidizing atmosphere

cause & murred increase in oxiaation; also, it is quite

harmful in the form of HoS or orgenic compounds (14).

Sulphur is usuelly »resent when g&s or oll are used for

fuel,

The amount of scale formed on a forging cduring
heating 1s gilven as zpproxlmitely ten per cent of the

welght for lergre forzings, and between two to ceven per
cent of the welzht for small forglngs. work done by Lee-

Bird has shown a figure between two to three per cent

to be rezsonable for small pleces (13,14).

Showalte: stites "Scale 1s more than lost metal;

1t 1s lost dollars" (15). The effect of scale is felt in
many weys such as: 1) lost metal, especially in the ex-
pensive high ¢lloy materizls 2) 1increzsed clecning,
pickling, bleasting, tumbling, and erinding,3) higher re-
Jection,h) exceeded tolerances,>) lonzer heating times
due to 1insulating value of scule especizally on large
pieces,ED unaccentable surfaces,?) hizher machine cost,
more finishing pusses, more restrikes, and more finish
lastly, it

machiningz,€) fluxing of furnsce bottom,9)
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shortens die 1life. This alone 1s important enougzh to
evoke the remark that, "the avoldunce of scale, which 1s

possible witn induction hectinz, offers definlite advanta-

ges 1f only in tae interests of prolonging die life"(16).

This in the face of knowledse that "Scule has a serious

abrasive sction on dies and punches, but with other factors

it 1s difficult to assess the exact

affectins dle wear,
I'hnis first

reduction in Gie life due to scale" (14).

quotation 1s remarkable cue to the incompatibility of the

above two statements.

English cdrop forgers consicer the removal of scale
Important ensugh to warrent 1ts removal before forging.

This 1s done at forring temperatures when no attempt 1s

made to control it durins heating. Scraping and brushing
are the twd mechanical mecns of removing scale before or
auring the forginzg. The applled methods are blowing and
spraying. dater at 1200 - 1800 psi prescsures has been
used successfully and 1s described in reference 13.

Another method used 1s that of passing tae part through
repid thermal shock which

P

a

en induction coil giving it
removes the scale (17). The nzture cnd effects of scale

are well estzblished, The research necescsary is that of

establishing the conditions where scaling cun be reduced

to nonimportance.
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LECARBUFIZATION
Decarburization is "a loss of czrbon from the

surface of a ferrous clloy as a result of hezting 1in a

redium thzt reccts with the carbon'" (€). 4s in sceling,

decurburization 1z an efiect of hectling in an adverse

The reuctlions &nd types of atmospheres which

atmosnhere,
48 applled to forg-

cause decarburization are well known,

ing, decarburization goes hund in hend with scaling since
they are botn greztly affccted by furnace conditilons,

¥uch of the present day heating 1s accomplished in equip-
rent where little control of decarburization 1s possible.

EZlimination of Jdecarburization 1s not important if scal-

ing 1s uncontrolled since the sccle contalns the affected

It becomes increas-

areas, and it 1is ucsually premoved.

Inzly important to control decarburlzation when scale
1s beling regulcted, especlally if a forging relatively

scale free of close tolerances 1s recuired (ie. induc-

tion heating, r.dilant g&s heating, etc.). The opposite

1s relsatively unimportant, though

effect, carburization,
examples of forging fallures by this mode huve been

described (18). Ccrbon restorstion after foreing is de-

manding more attention as hilgher strength forgings are

belng menufcctured., nesezrch in aecarburlzatlon must be

clong the ssme lines as In scalling, for these two effects

have & high degsree of 1interrelatlonship.
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RaTE OF HEATING
The rete and evenness of hesting becomes increcs-

ingly important as attempts are mace to increcse the

speed of the process of hecting. Past experience has

dictated preheating and slow heating to temperature to

insure a product free of clinks and fine cracks. also,

this was deemed necessery to 1lnsure free metal flow
Wworld War II in England

Additional

durlng forgling. work done oefore

Indiceted that more rapid heating wes feasible,
work of more recent origin (19,20,21) has further sub-

stantlated thece claims by repld heating with gas using
ocome of the zsdvanteges listed for

radlatlon technlqgues.
1) uni-

this type heating beslides speed are as follows:

form metal temperature 2) 1little scale formed 3) grain

growth 1s retarded 4) decarburization is reduced and 5)

more favorable flow of metal in diles,

The clzim of 1lmproved forcezbllity with thie rapila

hazs not been proved. There 1s some evliuence that

heating
soak 1s needed as 1indlcated by some experlence

a short
with induction heated billets (22).

Thne main denger of too rapld heating 1s that of

causing 1internzl clinks., These are due to thermzl ex-
pansion of the outsliie lsyer causing stresses sufficient
to fracture tne interlor. any resldual stresses set up

in the material oy processing to the blllet stsce prior
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to reheating edd to this effect, Claims macde originally
oy a Polish worker E, Terleckl on rzpid heating have been
checked by Zngllish investiruztors end found substantleally
true. The following table shows sord of Terlecki's (22)
tires for heatinz to 120000 without clinking. The pleces
were charged cold into the furnace at 13350°C,

deating times for verlous steel pleces from cold
to 12000C ready for forging (according to Terleckli)

(22).
Heating
Slze welcht Type of Steel time
(ingot) (2pprox.)
Hr, Min,
35 1in. dia, 8 tons ©.2% carbon 4 15
30 in. thick
slab 12 " 0.2 " 3 20
21 in. dle, 2y " 18/ zustenitic 2 30
15} in. slab 2y " 1e/6 " 1 36
7.2 in, dla. 310 1o, d-Cr., V=-Co high- S 40

speed

It 1s stated that the radletive cspacity of the furnace
walls depends on the difference between the fourth powers
of the absocolute temperatures of the walls und work pleces.
This 1is shown by the following formula:

Reclation

cq)a?ity of the R, = Ewa)4 - (Twp)zzlr'L

furnzce walls

ihere T 1s the absolute temperature of

the furnace walls ana T 1s the

absolute temperature of the "© work
plece, a, & proportionality constant,
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Thus, pusting up the well temperature greatly increcses
tne egmo.int of heat trensierence to the work. For exsmple,
raisin: tne furnece wall temperature from 110C9C to

14009C would nearly double thne rate of heat absorption
by tae work plece (22). .ork by tae Selas Corporestion
of americe 1In heetling die blocis has shown thet remerkable

geins in heating times can be obtalned (23). Blocks

wanlcn took over twenty-four hours to come to terperature

In the conventional {urnece hazve been heated 1in less

then four hours,

AT T
Ty <34l
e

Sefore enterins a discussion of »ossible solutions

to the above proslems, it 1s wise to review the type of
equipmert used 1n tne 1inaustry. The comion heatlng fur-

naces 1in use are as follows: 1) batch furnace - ususlly

slot tyoe, 2) pusizer and automatic - conveyer type, 3)

rotary heartn furnace, 4) induction furnaces,

In smzll plants the slot furnece is almost in ex-
clusive use, Larger plants have the pusher tyve wilth the
induction and rotary neartan (controlled stmospnere) used
only for higs nrodauctilon continuous runs, The larcer
plants were cecreful of the furnsce temperesture and used

temperature contrals to regulate 1t. In none of the

small forges visited, ald tane egutnor see &ny temversture
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controls velng used. Some operators of tne smeller forges
spoke of trying controls but with 1little success, &nd
finally reverted to the age 0ld method of the experienced

operetor's ese and knowledre. The use of temperature

recorders by snell forge chopos 1s known to be successful

(24, 23). The maln obstacle to overcome 1is that of edu-

cating the operstors of the furnaces in the use of
instrurents.

The imovortance of go0d temperature control cannot

be over-emphaslized. «lthough the forzing range of the

low carbon low alloy steels 1s wide, nany of the newepr

alloys have narrow ranges of forgeedility. It is impor-

tznt to forge replidly at the hichest possibl§ tempnerature.

Siebel's deformation forrulez is

Pz (F) (K)

where P 1s the pressure required for
deformation, F is partisl cross section
of compression, znd Kf 1s the meen
tensile strenzth.
To tuske into account loscses csused by internel and

external friction, the mean tencile strength 1s replaced

by the deformation resiztance Kw

where N 1s the forming efiiclency.
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It is well known that tne deformztion resistance 1s con-

trolled by temverature. It decrecses as tne temperature

incresses becoming constant in the range 17007 - 230007

1t 1s clespr thzt tne deforma-

for many steels. Therefore,

tion formula gilven above 1s controllea almost exclusively

Jy the temperature. Consequently, If mcteriuls are to

ve deformed easlly with minimum wezar and tear on equlp-

ment, especlally on dles, the temperature snould be held

Iherefore, temperature anc time &t

as hligh as possible.
temperature must be closely controlled., automatic tempersa-
ture controls czn ascure these results consistently,
wherezs, the human operator au:inisters sovorccic treatment
due to his approximate method. &4 recent survey by the

Lrop Forglang assoclatlon 1lndlcates tnat tae furncsces in
operation toduy are running far below thelr possible
dnly a few furnsces are eqguipped with

efficiencies (23).
This sug-

prehecters to &ld In ralelng tnis efilclency.
gests that a thorough stuay of operction using temperature
controls, with znd witiiout preaecters, would yield valuable
Information &¢s to optimum operatinz conditions. LZstab-

lishment of the economy of using heat savers could be

ascertained.
Stucles of the newer types of heatling devices should

at this time. Induction hecting with its many



21

advanteges cen certzinly <o a bigzer Job than 1t is pres-

ently doing. xnny process, which offers the following:

1) fuster hecting 2) cleaner heating 3) uniform heating,

4) 1little scele (increased daie 1ife, closer tolerance,

less lost muterial, 5)

1zed (requires unskllled labor), 7) imoroved surface con-

less decarburization, 5) mechan-

cool working conditions, 9) compsct and zdaptable

little energy

dition, &)

saving space, 10) lower noise level, end 11)

westea, as does 1nduction heating, should be more

thorougzhly investigated. The mailn disacvanta es are the

high initisl cost, hlgher oversting cost, snd its lack

of zaceptabllity for heating varlous cized pleces. The
first two mentlioned cre offset by the meny advantzges
while the latter can e overcome by development of an
edjustable inductor, especi:zlly ior the small slzes between

1" to 4", These feztures are 1llustrated in references

27, 28, 29, 30, and 31.

The newer fast heatins radiant gss furnsces (19,20,

21, 32, 33) have recently started to receive thelr Just
attention. They have the advantage of low 1initizl cost
couplea wita speec of heatling which reduces the scale and

decarburlz:tion making them cuite attractive for use in

forging.
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Other promisins methocds which need more research
before they czn be adapted to forging are as follows:

1) gless baths such as used in Italy for heating extrusion

billets (34), 2) increased use of salt o2aths especially on

larger forgings where the dareg out of szlt 1s minimized

(35), 3) resistance heazting which ic consicdered more

economical than most others 1f =successful., The mzin

limitatlion of tnhnls last method 1s that current has to be

fed by contzct pleces &t the ends. a nethod has been

developed In uweden using a plestic like sponge which 1is

a g£ood conductor of electricity end mey be the answer to
tals difficulty (22).

A comparlison of aifferent methods of heating for

forging would be an important sten In the solution of

heating problems., factors necessary for consilderatlon

would be as follows?:! Lconoumnic stetus of ezch method,

relative speed, effect on nuterisl heated, (especially
where speed 1s hizh), starting condition of materieal
(1e. with regsrd to residucl stress end shape), and neces-

sary control, With thls knowlease, cholce of the correct

method of hesating would be sinplified and the zeuns to the

production of better quallty forglng would be close at

hand.
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a mecns to evaluate the releative importence of

each facet of the forzing process 1is required. Labora-

tory means for separatinz the varlous effects are being

developed., C. L, Koloe of thne Genersl klectric Compeny

has developed a tectnicue for foreing in an inert et-

mosnhere (36). This allows the fzctors of heztings to

be singled out from those of forzing by controlling the

atmosohere whille working the metal., FResearch similer

to this must be mude avslleonle; tnen, and only then,

will the true imonortance of heating be put in itz proper

persoective,



acPrCT5 O0F DIE SBLOCKS

CEVELOPYZNT
an lmportant fuctor to success in the manufacture

of a forzing 1s the cuillity of the die which forms the

plece. Modern meachining faclilitles procucing superior

dles are the secret of success 1n many smell forges. The

forge shop 1s reeponsible for the cere &nd malilntenance
(including replecement) of the die followinz the initial

die purchuse. This places the burden of research and

development squarely on the forging industry 1if 1its

oresent corpetitive position is to be mzintsined.

Tae requirerents for the die blocks hecve risen

steedlly as the wmagnitude of ecqulpment and tonnage produced

has increased., Until 1915, tae die blocks 1n use were

ennealed caroon steel. after machining they were heat

trezted (quenched and tempered by~color) to the desired

hardness., They were usuelly distorted and hzd decarbur-

1zed surfzces., Tals led to the oresent day use of alloy

steels (23).

Zarly exvperlence with nickel steels 1in the pre-
hairdened conaition led to theilr modificztion with chromium.

2t the same time, molybdenum steels beceme &vailable and

tt1€3y'vvere dgeveloped for use in die olocks. The nickel-

Chromium-mnolybdenum and chromium-molybdenum-vensdium are
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two of tne most wildely usea zlloy steels in service today.

The ¢lloying «gcents mentioned lncrease the strength cat

elevated temperature and improve harcen:pillity. In

adiltion, molyddenum &ailds in reducinz temper brittleness.

The majority of die blocks are supnvlied in the

.

prehardened conditlon. attempnts to produce & free-

machining steel in the hardened condition by alloy ad-

Gltions have oeen unsuccessful., DLevelopment of tool

steels and carblde cutters hus simplified the mauchining,

but the demsznd for hlzh hardness has exceeded thls pro-

gress. Hurdness values from 55-60 Rockwell "C" have

necesslitated the use of dle inserts, which are hardened

after machining, 1n many of the large hydraullc presses.

This 1s especlally true when forring the light metals -

aluminum, macnesium, and titanium.

The nwaJor characteristics of a good cle block are:

1) tough enough to resist work stresses,2) heat treated

and, of such composition to resist softening 1in service
and a tendency toward fire checks,3) adeguate wear re-
sisting qualities,and 4) no internual defects developing

after dles are sunk (37). These ceneral features are

difficult to> achleve in eny one composition or alloy.
Often the emphasis 1s on one factor snd the others are

neglected, The features desired depend on the design of
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the plece, type of metual snd thne equipment used for

forzing (1e. hammer, press, upsetter, etc.).

oherd corners, culck change of section size, ana

very thin sectlions &ll reculre speclzl attention znd

when posslole stiould be ovolced. <Cholce of materilecl nes

"is & rule, it is the

g great bearinz on dale 1life,

alloying constituents which determine the rélative forg-
Ing ecse in producing the vurt., By increasing the alloy-
Ing constituents, we Increzse the forcinz aifficulties
snd wear on the imprescion of the dies" (37). Other
varlables ere section size, close tolercnces, &and heat-

inz procedures. With so msny chancing comoonents, it

is difficult to tyoe dles 1n reference to thelr wear

characterlstics.
Uies for aluminum, megnesium and titenium regulre

harder dles to withstund greater frictionzl wear and
permlit working to closer tolerances. They are also sub-
Jected to higher pressures developed auring the pleastic
flow of the light alloys, especizlly titanium. Generally,
these metals are worked in presses and requilre dles of a

¥ith such larpe dles, the use of inserts 1s

larce size,
It 1s not unususl to produce pileces

a natural conseguence.
over six feet in lenzth with wing spars for alrplanes

But with such large dle blocks,

being = clzceslic example,
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the condltiong of loborsztory exneriment are slmost im-

possible to duplicate., hesgezrch for these large dles
l1a bYbein;s conaucteu oy the forgoing manufacturers in con-
Junction with the producers of die blocks. It is true

todey, &8 it hcs been 1h the past, the lzrgest quantlities

of Zie bYblocks are in smcller sizes.

This 1is 2n area that
reculres further exploration. Ko one source or reference

contalins thne many 4ifflerent comnositicns of die blocks.
Few references, other th:in nenuf.cturers' literzture
contaln xuch information pertaining to composition. Some

compositions may ope found in references 6, &, 23, 33, and

47. The uevelopment of new compositions will elweys be

fertile ground for research,.

T> the question "whzt is the main trouble with

dles?" the lezyman's »robeble reply would be "they wear
out ﬁoa fast"., Such a simple explanztion cerrles the
connotation that tne solution 1s not cdifficult, Unfor-
tunstely,

Very little is known of
the true factors which ccuse dle wezpr.

this is not the case.
Mueller states
thst "data avulleble on relective die 1life is based on

experience znd little is avsilable in written form" (37).

a recent exneriment on dle wear, bz:zed on the gen-

erelly sccepted szsumntion that during forging, particles
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of the cle are progressively rubbea off the impression
surface by the oxide sccle (38), hes ylelded vuluable
1nformation. It has been shown that raedloactive tracers
in the form of a vlug in the dle can be utilized szfely.
also, dle wear occurs by wezrins away the surfcce. How
much 1s sttributed to the forging or to the sczle is not
clear, Generally, the sczle Goes the dcmase. Scale exe-
mined is &clways radiocactive, end it appears that the rate
of die wear 1s hlch at the becinning and tapers at the
end, These conclusions confirm those of workers in the
wire drawlng industry using racdlioactive tracers. This
work on diles (38) was done durilng a normal production
run., Trouble was experienced keeping the 1lnsert plug
level with the ale fsce., In future research, it would
seem advisable to procecd on e lsaborstory scale., Close
records should oe maintalned of the ale tempersture, and
en automatic method to collect sczle from the forging‘by
suction should be deviged. 4 metallurgliczl record of
the cdle blocks used, possibly to the extent of producing
duplipate from the scme bloom, would reduce some of the
variables which 2dd to the complexity of the study. 4ad-
ditlonael informetion could be gathered by compsring the
normal production to one with e descaled product., Here,
the efiect of scele free hecting versus descsallng efter

heating may be dlscovered. Further control could be
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achleved by forsing in en inert gas atmosphere as previ-

ously mentioned.

a recent study by Jezoul (%39) has demonstrated
that the radlozctive technigue can ne usesd on lzrge masses.,
The plece to be sctivated is i1mmersed in a radiloactive
bath (in this case phosphorous 32). The radioactive
atoms penetrate ints the matericl, and an analysis shows
thzt redlosctivity decreases rapldly with depth., A
curve 1s developed to show racloactivity versus depth,
and tne determination of the rudioactivity at & e¢iven
paint after use of the dale wlll show the amount of metal
worn awgy. autorsdlogranhs are used to show the aress
of dle wezr anid zny abnormallties occurring under continu-
ous wear. Thls method vnermlts precise determlnation of
the locatlion of wezr, zna autorziilographs ccn oe used tb
map the rellef, These cen be calibrated c-uinst Gelger
Muller tube messurements., Thls technique 1s especlally
Interesting because 1t 1s nondestructive, znd cun be
¢pplied to large messes to show worn polnts and any con-

centration of frictional forces,

Germ:cn research on dle surface shows three zones
of wear &s a result of die service for a short dupation (40).

These are: 1) zone of preasure - comnpressive strains only,
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no £lidinz of weterial alons cle foce 2) zone of com-
pressive znd shesring strein end 3) zone of sliding

friction - mostly shecr strains.

The abrzsion, or cle wesh =8 1t 13 commonly known,
occurs mzinly in zones two znd three. Dlmenslonal changes
cun De used &8s a scale of weur for they are altered 1n
rel=tion to the working tize of the ales. a chert
showine dle weur cun de aivided into three sections: 1)
vlastic ceforustion by comnprescion, 2) dGle weer by a-
bresion, and 3) the steady progress 1is Interrupted, die
life cpproaches completion. The final stase is a repild
dirensionzal chan«e which is a consequence of fatigue or

surface cracks togetner with new plestic deformsztion,

SPEZD BF«CT

That the speed of deformztion 1eg ¢n imoortant
factor 1s eviaent by forging the laenticeal plece the
sume number of tlmes on a frictlon screw press anc¢ on
a hammer, after exsminatlon, the wear on the press die
waes three tizes that of the hemmer dle (8). Surfece
conditions have been investigated in Henover, Impres-
slons which were hand polished, wet-honed, and shot
blasted showed that "Glsrererdins the surface treztment,
the ale wear wes practically the same if the initicl

surface roughness wes less than ten microns'" (40).
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+hut the optimum finish is for the lignt meteal
Gles 13 z metter for research., aluminum forms o high
reltinz, very hard, iroervious, oxice skin, which is
very &aosr=sive to dles. Tltanium ond magnesium glve
eimilar Gifficulties. These reculrements, plusg the
grecter amount of energy regulrea for cefornstion,
creazting hicher frictional forces,have led to the use
of diles with bpetter finisnes tnan in steels. Greater
attention must be dairected ts netul clstribution in
prelizinary for:inz operation lue to the retals' lower
Plasticity st forzin~ temperature as compzred to steels,
Titanium in porticular with 1its norrow forsinz range

900 - 930°C 1s very sensitive to dle finish and design (41).

CHROMIUM PLATING

a lsyer ol wear-reslstunt chromium plzating has
been used successfully 1in many countries to 1increase dle
life (33, 40, 8). a twenty to forty micron layer de-
posited at & current density of forty emps. per sg. am.
1s stated to be favorable. Clalms of Jdoubling and
tripling die life hove teen nade in Frznce (42). asnother
eaventare cleimed 1s thet the forzing cdoes not adhere to
the dle as cowpzred to norm=1 conditions. - merican ex-

Perience hes not led to widesprecd aloption of this
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practice. It must be rezlized thet this rethod will
not correct dle fallures ccused by 1) die checking
resulting fron overhezting 2) fatligue cracking re-
sulting from stress in deep cavities 3)fstigue failure
Gie to improper fittinz between die and dale holder (43).
But platlne Increases wear reslstence when wear by abra-
slon 1s the meln czuse of fzillure., It lends itself
well to cdles with large areas of flet surfaces (1ie, discs,
etc.) and has the &pbillity of controlling flash line
thickiness. =» method for Getectinsz the area where
chromium vleting hus worn throuch is that of coating
the dle with a copper sulphate solution. rned copper
wlll be deonoslited on the worn arezs while the rest re-

meing steely white.

Juclicious cholce of the propver die to chromium
plate would extend tne use of this method. ZEmpiriccl
rules for use include: 1) chromium plate only those
dles which show excesslve wear &t the flash line and
2) chromium plate only where the dle sinking cost 1s

greater th:n twice the cost of two pletings (43).

The future development of thls technlque depends
on: research to develop a me:zns for mecsuring the rela-
tive extension of die 1life over « normzl 1life, better

esteblishment of the tyve of die for pleting (le. use on



33
hurmer or press, chw.ne of plece, etc.). =lonz with this
program, thourht should be given to other types of sur-
fece treatment. In this c;tegory are: surface harden-
ing by diffusion processes (nitridings, ete.) weld facing,
hizh hezt trezted hzrdnesses, peening, a«nd others. But,
1t should be emphcsized that unless a sulteble method
is developed, which will «llow for proper evaluection of
these procesces, all work will be of secondary value due

to luck of concrete proof.

LU3RIC..TIJON

another evenue of cpproach is the questilon of lu-
bricztion., ©Here, s 2ln, little wrlttea knowledye exlsts.
AS one zuthor states "the cholce of dle lubricznts hes
evolved through hablt or traaition or pet 1idea of the
hammer operator" (44). The primary uses of & lubricant
aret 1) reduce friction and wear ,2) assist metsl flow,
3) vprevent welding «nd selzure by formation of a pro-
tective coat on the impression,h) fecillitate removel of
the forzing from dle cavities, and 35) serve as a coolant

(long production runs) (44, 45),

The moce in which stock 1s ascsisted in removal
fromn the cle 1s thou-ht to be: &as stock 1s forced into
the ccvity, oll 1s instsntly gassified w«nd enough pressure
1s formed to eject the forsing from the die. It 1is

claimed that fire checking is a result of the explosion
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of oil, but no proof 1s avalleble.

The characteristics of a good lubricant are:
noncorrosive znd nonstcining to work cnd cle, convenlent
to hendle, mix, and apply, stable in service, rezdily
clezned from work, nontoxic and economical (45). Wwith
this large number of functions to fulfill, it 1s no
wonder that a universzlly suitable lubricsnt has not
evolved, In fact, tnhere zre forse shops 1in operation
which use 1little or no lubricants, Masny use the Tix-
ture of colloideal graphite in weter, commerclally avail-
eble as "aguauag". The dles are pretreated in the die
shop, and the coatlng 1s maintalned by spray or asbblng
of a cilute solution in service (46). Other lubricants
in use are: 1) plain oils,2) cylinder oils,3) fuel
oils, 4) black oils, 3) pesnut oils,5) vegetsble oils,
7) vowdered cosl and 011, 8) soup and water, 9) salt-
water,10) sswdust, and 11) graphite in oil (44). With
so much deviustion, 1t is clezar thct development on the
eacnects of luorication should precede cny sclentific

choice of a lubricent.

FINISHED IMPrES-IONS

Discussion of dies would hardly be complete with-

out some mentlon of the newer methods of producing fin-
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1shed impression dle blocks, Tne method which many
people consider to be the most promising 1s thet of
electric spark erosion. It consists 1in brezking the
m=terizl out of the dle by means of electric sparks.
“hether this can produce dies of prover finish end
tolerance to Justify repleacement of the standard dle

sinking egulpment is a gquestinn for the future (42,

47’ and 33) [ ]

A possioility which has been considered for some
yeers, nout 1s still undeveloped 1s that of the cast dle
block. The :nowledre aeveloped in Gerameny of the cas-
ting technique to an extent where the cost comperes
more than favorasly with the {orged machined product
should be nroof enough of 1its aoplicability (33). This
is especlally true where lerge blocks with limited runs
ere required., Castings should s1lso lend themselves for

use &8 1inserts

Deta gethered cfter tne wer revealed unigue
techniques for nzking cust die Dblocks &t Ruhrstuhl in
annen for propellers, propeller hubs, znd crankshafts.
The composltion of the die materlal was cerdon .45 -,55,
nenganese 1,2 - 1.5, silicon .45 - .35, caromium 1,8 -

2.0, and vanadium .20 - ,22, Heet treatment included
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heeting to 12800F and quenching in oil. Dies were
temnered to tne deslired naraness usueslly a rence from
900%- 94CCPF, The Witten Forie in Ruhrstahl used only
cest die blocks 1in its operation (4&). The develoo-
ment of cest die blocks 1s a fleld with great promise.
nesearch by Dixon indicates that "hizh pressure with
no appreclieble plestic flow has shown a matericl im-
provement in ductility of ingot material" (49). It is
possible that this type of recsoning may be used, to
improve, without aporeciable aeformation, tane ductility

of cast die blocks.

Thet cest blocks would ever fully supnlant the
forged machined block 1s unlikely, but they could pro-
vide a valuable adjunct to the machlined dles. Thelr
use on short runs would be a decided zdveantesge. Press
dies with their lower 1impect requirements would be a
natural starting ground. Use of the new vacuum melted
and cast materials may prove to be a valuable ecdvance-

ment in the casting of dies,

Use of beryllium copper for cast forging dies 1n
the forging of light metals has developed 1n tne last
few years. In England, they sre belng produced by

cement mould cestirg and supnlied overased to approxi-
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mately a hwrdness of 3% Fockwell "C", No exsct deter-
mination has been mude of dle life., obomne steels have
been successfully Ilorced using these dles, Most of the
tests conducted to dete have utilized beryllium copper
Gles &s 1Inserts becckea by steel retaziners. The primary
rexzson for the cholce of beryllium copper lc its excel-
lent castinge nroperties which eliminate =:zchining re-
quirec on steel dles., These ales cun be rerelted when
they oecome worn or obsolete with the zddlitlon of some
vircin elloy to proiuce new <lies (5C). How well adapted
these dles zre for hcmmer operetlon 1ls unknown, a
fruitful fleld for research 1s the future of berylliium

copper caet dies.

In the solution of many of the adoove problems,
it 1s adviseble thut a prectical zpnro=ch be pursued es
cistinct from a purely scilentific treatment. This will
2ld in enlisting the cooperation of 1industry 1in achiev-
ing solutions wuich will be of practical as well cs

ecedenic value,



OTHER PHaASLS OF FORGING

FLaawecd 0D HY S2OGEY 2 cRITILESENT

"The phenomenon of embrittlement of metals by
sases has lonz been a problexn in the setal inaustry and
seens to re-occur &s an unsolved problem at various times"
(21). The first eviience of this type fallure occurea in
1911 and agein in 1915 when rallro:za accidents resulted
from the break of ralls., ZLarly investigators described
ther ze trunsverse flssures., as the service requlrements
of rellrozds increesed, so did the rate of fallures. Leater,
this tyoe of phenomenon wes alscovered in forged and rolled
steels where 1t acgqulred the nume of flzkes or shatter
cracks, In Great 3ritcin, 1t wes naned hsilr-cracks or halr
lines, while Germens called 1t flocken znd the French

lirneuses (9). The Metals Hendbook cefines flakes us

"interncl fissures in ferrous metals., In a fractured sur-
face tnese flssures muy appear «s sizeable areas of sil-
very brigntness and coarse texture; 1in wrought products

such flssures mey appeasr as stort discontinuities on an
etched section" (€). There 1s not complete arreement on the
charecteristic of course texture for xany observers have
cescribed flukes as slillvery brisght. Since smooth surfaces
are highly reflective, tnils indicates thut ourts of the srea
within [lszkes nust be smooth, In Zepffe eni Sims's des-

criotion of flikes, taey mention flct reflecting fucets as
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the course which the breck followed (£2). Taisz is in
eacrreerent witn the conclusion of smooth surfeces con-

stituting tne frecture,

another charzcterlstic of flaked steel is that a
tenclle test bar will develop iull tensile strensth &nd
elzstlc limit, out 1t will show low cuctility and reduc-
tion of area (9). The correlation between ductility and
hydrogen hcs been confirred on some low alloy steels.,
Hydrogen hed little effect on the =trees strain curves,
but fracture occurred before elongution and reduction
in erew reacaned norwel vzlues, Tne reogort concludes
that hydrogen content ulone aoes not letermine whether

heir line crecks will form, ~ut it 1s & msjor fuctor (53).

In 1632, Hus2ttl ana Regglorl clscovered that
flekes in steel coula be producea cy introdauction of
hydrocen into the steel (Z4). Helated reseurch revealed
thzt espeed of ulffusion of hydrogen in steels showed 2
merked discontinuity between 3300 - 5C00F, It suddenly
cdecreeses about 300 per cent, Thus, the metzl peascses
from & permezble state to one of relative lmpermezpbility,
due to the abrupt drop in the rate of &iffusion., This led
to the postulation that hycrogen was the cause of all

flzkes. an exvlunation of the mechanism 1s that ¢ lsrger
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cuantity of hydrogen woula be zbsorbed &t high temwn-
eraturecs than necessary to ceause a bursting vressure
a2t lower temveratures. Wwnen cooled quickly, the metel
reaches a temnperature where 1t suadenly becomes im-
permeable, The hydrocen cdevelops 2ll its pressure lo-

caily and flekes are formed.

Cramer (535) 1in 1937 concluced thst no relution
between gas cpntent, microstructure and flakes existed.
He postulatea tne hydrogen btelng liberated 1s treapped
in tne interlor of the gteel and collects 1in minute
sneces eround inclusions and other smzll voids. Thus,
pressures are developed over small areas and exceed
the ultimate strength of the material., He explains e
number of ways in which hydrogen enters molten steel
witn the most lmportant Leing production of nydrogen

during combustion of fuel in the open hearth.

Zepffe and Sims (S4) found that other factors
besldes hydrogen had an effect on the formatlion of flakes.
Tney found tne relationshlip between internsl stresses
and meny of the different microstructures (fisheyes,
snowflakes, etc.) was not at all clear. In their article,
evicence and suvoort of the theory that steel 1s com-

vosed of sub-crystalline structures, callec blocks, is
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outlined; The suthors believed that the network of dis-
Junctions which zlve rise to tne 1ldentity of these
blocks 1is the pl:ce where hydrogen occludes., Pressure
is built up ena these disjunctinons are sprung. The block
theory also explains the bright fractures noteda which
are consldered as aue to the fuvorably orlentated group
of blocks across wnich the break proceeds. They con-
siier the occluced nydrogen as 1imposing a triaxiecl
eerostatic strescs stute, Matericls stressed in this
menner cennot flow; they respond only by ruvnture, Snow-
flckes, flsheyes, whlte spots, birdeyes, sn:ke eyes,
rosettes, und silver streaks sre hydrogen embrittlement
loczllized about some interstice, inclusion, or hklowhole,
rlakes ¢re consldered to be hydrogen em»rittled zones
which hu:ve crecked from internally imposed stresses.
Lastly, it wes found th-t emorittling quentities of hy-
drogen are most rapldly removed from a low caroon steel

at & tempersture Jjust nelow thaet of the lower critical.

Fagt (S1), 1in discussing the mechanism of diffusion
of gases in metals, belleves thzt 1t is the surface effect,
and not the diffusion 1tself, which 1s the decicing fec-
tor in aiffusion velocity. 3ecause of the distomlc
charecter of tae ;ases,ln conslcering permezdility he
lists five steures in the penetration of gzses through

metal wells., They erc: 1) dissocliztion of molecules into
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atoms or 1ons at the surfuce of entry,E) penetreztion of
the atom or 1on into the metzl,3) diffusion in the metel,
4) transition from the disczolved to the ecsorbed stete
«t the exlt surfcces,snd 5) reassociztion of the com-
ponents into cilztomic molecules. The speed of the whole
permeating process 1s controlled by the slowest of these

five stares,

Kingsley (Z6) in 1945 outlined some fsctors in the
formation of flakes., Some of these zre: lzrce pleces
are more prone to fleakes then smzll ones, some steels of
high carbon high alloy content are more susceptible than
lower cnalyses, ulfferent heats huve different derrees
of suscepntibility to flcking, and some heats required a
Ferrination perilod after recchins roomn temperature, oc-
caslonally uevelopinz flckes six months after prodauction.
austenitic stalnless srsces do not cevelop flakes although
sufficlent hyarogen 1s present to cause bleedlng auring
solicification, The author outlines a cooling cycle to
avoid flcking es well ws glving his reesons ior the for-
mation of flakes. His reasons are: 1) thermal stress,2)
hyirogen pressure,3) stresses caused by phase chence

during coolinz,and 4) residusl stress from hot working.

In 1947 @« number of determninations of hydrogen con-

tent in plain znd alloy cteels wes mede Dy Sykes, 3urton,
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end Gegg (37). They demonstreted that reduced ductility
wzs obtalned with a2s little as 2 cc per 100 grams whille
the hvarogen content of & normsily prodauced steel was
4-6 cc per 100 ¢rems. In stulylnc heest treatrent effects
on hyarosen content, it wes concluled that relatively

high hycrosen contents o not sutometically leau to halr

line crecks. sut, there 1s no dount tanat hydrozen rich

material 1s more prone to creacking during hectling ana
coolins, Also, predlctlons on the rate of loss of hy-

érogsen content were meide., These were based on certcin

ezsumptions of permecbility end soslublility.

koehler end Wishcrt (3€) working on the theory

that shetter crucks could be welled torether slfter for-

e

Tmetlon, f[found that orlentstion controlled the weldinz of

csnatter cracks (52). Those with unfuvorasble orilentations
would not weld and often beceame exszggerated after work-

ing. Thelr position also influencea the amdunt of work

necessary to weld these cracas,

andrews's etudy of the relationship between creck

foriatlion end embrittlement establlished that tlhey are

closely assoclieted (21). Embrittlerent recuires less

hydrosen tnegn requlred [or hair line crack formutlons,

Thls wss bezed on the theory that cruck Iormation 1s due
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to '"Alsruptive hydroren pressure “elns built up in
intern=z1 caviﬁies or voicés" (Z1). .ny imperfection in
the lzttice walch would hold mor. th.n one hydrogen
molecule would cuucse thls pressure., It wes also sug-
Tested thit the rezctisn between hylrocsen «nd iron
carblce mizht crecte z vdressure of rnethune sufficlent
to ruvture the luttice. 3ut the meln emphasis of the
study wee th:st hydrogen Giffusivity ena solubllity cre
tne two mein fectors cetermininz the behavior in any
specific instence. Jnly wihnen tne effect on structure

and stresses of these fuctors is known,will the full

understending of the pnenomenon be re:zched.

Tals led to work by Chuns snd Zennett (Z9) on
the effect of a chromium, nlckgl, and molybdenum on the
rate of hyirozen mermezatlion, Chromium was found to have
little effect in the g-nra runge while it grectly re-
duced the rute 1in the elohe runse., Nickel end molybdenum
had little effect on elther., These =uthors re-exerined
the vermeection equation snd ceveloped a more geneial

equetion fron experimentsl evidence,

a Glzcuesion on the hyarosen ohnenoimenon on the basls
of intern=1 oressure by unérew end Lee (51) reveals the

molern concentlon, The hydroren st hicn temperature,
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retained in the luttice in atomic form, is in solid

snlution, Lower temperstures ccuse it to be precipi-

tzted into crystzllire =nd crystullite boundsries.

These pockets of occluded hydrogen in moleculzr form,

which make further diffusion impossibls, create inter-

nal stresses in the metal. Thils concent of molecular

hyirogen conceéntrstion at lattice imperfections (cry-
stellite Houndaries) explsins why composition a«nd ther-

mzl hilztory of the csteel control the zmount of hyurogen.

The present technicues Ior controllins the pre-

gsence of flakes in forzincs other thcn by heating, are

es followst 1) new steel compositions,2) improvernents

in steel makins, ingot casting, «nd ingot mold cesign,

3) modification o forcing prectice coupled with inter-

mediate hezt treatment,end 4) improved ultresonic test-
ine methods.

It must be rezlized thzt as the size of the forg-

Inz increases, the metallurgicel problems assoclated

with the hydrogsen enorittlement and flekes slso increase,

Catastrophlc f.llures, one of which occurred 1in Chicago

(60), are cirectly attributed to aydro.en embrittlement

aria must be avolaed at &1l cost.
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To 2.te, 1t hes not been possible to tie down
the exact role of hydrozen In the formation of flakes.

Hydrozen content =lone 1s not the deteraxining factor as

to whetner cracks will form. While hydrogen is a

fundacmentz1l cause of flezkes, 1t 1s zffected by other

factors, especilclly stresses. These zre importunt in

the effect they have on ciffusivity &ni solubility.

Xesearch at tnls time should be on hycrosen diffusivity

ens solublility unuer varlous conaitlions, The effect of

structure gna stress upon thece fsctors must be thor-

oughly unlerstood. Then, tne controversies regczrcéing

cazuse =znd mechcnisao of flzkes cnd eabrittlement will be
settled,

"There are few publications dezling with labora-

tory tests for hot workebility" states Hughes in 1951 (61),

Tests which hcve been developecd, with references giving

descriptions znd uses, are as follows: short time ten-
sile test at hizh temperzture (52), notched bur impect
test et high temperasturs (52, 63, 64), static hot bend

test (52, 64), hot twist test (51, &2, 64, 53, 66, 87),
end single blow drop tests (52, 54, 58, 59, 70, 71, 72).

Most 1Investlgcoctors fevor the hot twilst test for evaluating



47

the forcing chzracterlstics of steels., a ¢grezt desl of

quzntitetive data on various steels usinz the hot twilst

test is avzileble in references 65 and 66. This test

ylelds good correlation with hot vlercingz operations.

The hot impact test 1s useful in studyins the effects of

Inclusions, segrergatlon, and similar effects

grain slze,
The drop tect 1ls often used to com-

on malleabllity.

pute & rouch estimete for the power required to deform

& matericl,

These tecsts,after sultable manipulatlion, csn be

used to show the effect of compvosition &nd constitution

on hot worksblility. They 1incliczte the likely hot work-

ing temverature und critical nsture of this temperature,

Thnelr use for comwaring the hot workaollity of an un-

known versus known 1s obvious,

a8 a first aoproximation, these tests cun be used

to compere the forces reguired to deform different ma-

terlecls at varlous temperatures to indicste how powepr

reqguirements will change., Tests of this kind on incoming

heats of steel can help to revecl anomalous hot working

properties. Levelopment of new tests, which snow better

correlation ¢cnd 1lmporoved use of the present tests cre

necescary research projects to further the understending

of hot workability.
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Forgeablllity depends on 1) fzctors perteining
to the metal being worked, (le. composition, grain
slze, freedom from inclusion or segregation, etc.) 2)
factors depending on operatinc conditions - particu-
larly the temversture of the metal and the speed zand
mode of deformztion, 3) condltion of surface of ingot
or billet (which depends on other operating conditions
(te. furnace ztmosphere, tool lubrication, etc.). There

therral runse or safe mergin of temperature wnerein
The

is a
hot working unaer 3definite conditions 1s possible.
degree of constraint imposed on the metal during work-
ing huas a great iInfluence on forgecbllity. Since
metals are practlcally incompressible, they brezk under
deformation

tenslile stress or slip cdue to shear stress;

under compression constraints 18 most fevoreble (11).

Lack of funaamental knowledge concerning the
exact effect which each of the many &lloylng agents has
on the hot working characteristics of steels indlcutes
the necesslity for resecrch in this fleld. a4 discovery
in 1931 th:t "The rare earths ure an effective acent
in promoting «nd improviné the hot workabllity of au-

stenitic chromium, nickel, and high clloyed stainless

steels when sdded us an alloying element" (73) is a
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step 1in the right direction., Thils has enaoled the dis-
coverers to convert a nonworkszsble steel to workeble end
elso to improve the hot workso>llity of other compositions.
Cerium and lunthenum, elements commonly associ:ted in
mischmetal, are the principle agcents in use, The runce
of rere earth metals was [{ouna to be narrow and critical
at any given nickel content., The exact mechanlsm in
promoting hot workabllity 1is unknown and the range of
analyses hus been cetermined by experiment, Kesearch
must be done to establish the true effect of thls clloy-

ingz additlon.

andersosn, kimball, znd Czttolr (74) hzve found
thet a rel=tion »etween mangsnese zna sulphur in certain
iron-caroon alloys is & criticeal fuctor in hot workabil-
ity. lMenzanese free stecls with more then .Cl7T per cent
sulnhur cannot be hot forged. Lecreasing the sulphur
to .010 per cent improved the hot working properties and
when 1t reached .0C2 per cent the steels exhibited
excellent hot working properties. Later work (73) re-
vealed the quantitatlve nature of these elements on hot
workability., The filgure on the followinz pzge reveals

this relationship.
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JiCT OF MANGANESE AND SULPHUR ON FORGEA-

£
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3ILITY (anderson, et &l) (75).

Sulphur 1is the principal impurity which affects
hot workability. The role of maengcnese 1is that of a
cgesulphurizer and deoxldizer and alloylng agent. The
amount of man_anese needed 1s given by the following
formula which holds for cbove .C3% 8 and .C6k ln

ZMn required = 1.25 (%3) + .03

It was found that varying the carbon and aluminum
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(used for deoxidizing) hzd no effect on hot forgecbil-

ity.

Ihrig (66) hoas male a list showing the qualite-
tive effects of vzrlious elements on the hot working
cheracteristics of steels. Tne following tuble shows

thege effects.

Little or Seneficlal Letrimental
no Effect Effect Effect
Oxygzen Minsenese Sulphur
Carbon Nickel Selenium
Phosphorus Ghrom%um ebove Silicon
9%

Cobalt Nitrogen
Vanadium Molybdenum
Titaenium Columbium

Lead

Tin

Chromium be-

low 9%

LFrECT OF VARIOUS ELZMENTIS ON

HOT WORKING CHaRaCTERISTICS (per Ihrig) (65).

It 1s iInteresting to note that in &ll1 these in-
vestigations of hot workebility, the hot twist test was

used es a measure of hot working.

These studles show the necesslty for research on

the many minor constituents to determine the guzantitative
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effect of these elements on the forgeabllity of steels.

Clerk (65) recanized the fact that "deformation
cheracterlstics and path of frzcture in stéels is a
function of tempersture znd rete of apnlication of stress”.
Usinz the hot twist test, 1n which the rautes of defor- -
metion were of the ssme mzgnitude ws in forgling, he
found that the muaterlal wnich f:iled ebove the maximum
given by the twist test cdid so by intercrystalline failure.
Aalso, the rute of deformation was no longer criticzl

gbove & certaln rate,

Sechs (75) stutes thut "a very pronounced, but
comduratively slmple, speed efiect exlists in the tempera-
ture range of true hot working. The higher the sveeq,
the larger is the flow stress, while the ductility is
cenerally unlimited and no hardening 1s retcined after
forming." He states further thet in reference to the
maenitude, 1if the formlng veloclity 1s doubled, the re-
sultinz flow stress and forming forces increuse about
10 to 20 per cent, Tals simple relation ellows a test
to be conducted at slow speed. ufter acalns a certaln
amount to account for the difference in speed between
the test and the actual process 1n estinating the force
and power regulired for a particular operction, the ex-

perimenter should hsve & conserveztive estimcte, This 1s
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due to the tempverature increzee of the pert when formed

at higrh speeds.

The flow stress or reslstznce to deformation de-
creases as the temperzture 1lncrezses. ot eny glven tem-
perature, 1t will tend to level off in vclue. In generzal,
it has & hicher velue under dynamic than steaetic loading.
It elso increases @s the speed of deformetion increcses.
Reference 64 presents gruohs showing this effect. Elllis
(71) demonstrated thzt grain size hes a miﬁor effect on
cdeformation resistance. The flne gralned steels have

greater reslstence at forging temperctures.

Inpact effects also enter into considerztion in
forgeability. Under static loads, the stresses follow
known ruies. In repld force zpplication, the relation
1s more complex., Scchs (75) distinguishes two perlods,
ean initial and st=tloncry period, under such concditlions,
The statlonzary perilod, 1n which there 1s no acceleration
or ceceleretion follows the lews of mechanlcs for stress
prediction, It is during the initiczl period, when the
velocity 1s chunging thet no rules for stress clstribu-
tion hcve been advuinced for plastlicully deformed materials,
When the fest moving tool collldes with the work, enersy

1s releesed by the tool., It 1s dissiputed in two weys;
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soxe voes 1into deform:=tion of the equipment, and the
rest into plastic cdeformeation of the metal. The en-
ergy ceformine the mecterisl accelerztes the particles
near the surface where the tool and plece coﬁtact, but
this effect diminishes with denth of pentrction into
the plece. Very hizh stresses occur at the surface
in the initlzl period during the forming operction,
Consequently, the higher the veloclty, the more the
ceformetion will be concentfated at the ena of the form-
ing period. In forsinz, if the blows a:re light and
fast, the deformatlon wlll be concentrzted near the

contact aresa, while with a slowly avplied load, the de-

forzatlion 1is uniformly <istributed.

Cook (77) has studied the effect on the mode of

&) the ef-

deformution., e consldered these aspects
fect of tool geouetry e¢nd forging schedule on the mode
of Zdeformction and strain dlstribution within forged
stock, and b) the extent to which mechaanical properties
are dependent on forging stralns., His results show
clearly that tool geometry 1s important, and thut in-
homogeneous strains cizn lead to verietlons in mechanical
properties., Thnls article concludes thet plasticine

models can glive guantitative results on the mecsurements



55
of strains in the interlor of foryed models., These re-
sults cun be correlated with that of steel, for proof
is glven th-t plasticine 1s & sztisfactory model for

steel 2t forging temperature.

It shoulZ be clezr that the use of plcsticine
models 1n research can aid 1in gilviag the necessary in-
formatlion needed to clailfy the eifects of speed and
mode of deformation, Thls 1s the dlrectlion for research
if prosress 1s to be uccomplished in understanaing these

effects.

QTiE:S POS_I3ILITIES

Rkecent advancements 1In the technlgque of zddlng lead
to steel have resulted in s better aistributlon of lead
in ingots (78). Lezd zlves improved rnuchinebility by sl-
lowing fester removel of metal by deeper cuts and faster
operating speeds., The possibility of uslng lead in forg-
iris seems an obvious procedure, heevzluation of this

technique 1s a research project worth tlme and talent.

The dependabllity of a forsinz 1s bzcsed to a large
extent on the plznned cirectionallty of flow lines in
the forged part. Grain flow 1s inherent in the forging

and 1s retalned recerdlcss of subseguent heat treatment.
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Flow lines impart improved ductility, wnd 1impact strencth
in 2 direction pzr:llel to thelr course ia the forcing,
while these propertles perpeniiculbr to flow lines uwure
reducecd. Tney sare macroscoplc ani cen be leveloped by
simple polisninz and etching. This flber ceveloped Dby

etcunins hos &n unknown origin.

Fany neonle believe thut flber 1s cnlefly the ex-
tension of conestituents in the metzl, Loth metzlllic and
nonmetallic, in the C¢irection of working. Others believe
flow lines &sr< connected with dislocestions, No definite
proof 1s cvzllecole for elther view. Zull understsnding
of flow lines 1s necessary 1f an enpreclztion of thelr
effect 1s to be attalned. ~research on the origin snd

effects of fiber would secure the unswer to this problem,

New ena better materi:ls are belng developed with
each pessing year., The forginz 1ndustry must keep a-
brecst of these develonrtents. hesearch on the new
vecuum cast and vecuum melted metzls end alldys 1s neces-
sary to determine thelr plszce in the forging industry.
This research on forging cnaracteristics should include
thelr edvantares and cdlsudvantcres over conventioncl

m:terlals as well as economic Justificction for thelr use,
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another new technicue worthy of mention 1is the
practice of casting smuzll ingot molds ena forsing directly
from tne the cust stute e¢s done in Germany. This would
c2llow the forzer to Ly-pass the work cone by the steel

mills and 2vold the deluys.in =ill scheculing required

(i}

for reduction to billet form. slso, the forring manu-
facturer, wlthout too lirge an iInvestment, could rerelt
the scrzp resultins from fluszsh (this zwmount varies be-
tween 30-350 per cent on each plece) which otherwise 1is
wasted. Tnhls utillzatlon ol m:terizl would have consia-
erable economical value in lowering the cost of a forg-
ing. [hls Tethod reculres reseurch zni development to
prove thet sufficlient forging effect and oroperties can

e acnleved fro: the cast stute,

The resezrcher shoulc keep upperaoct in his mind
tne fact that a great number of rejections are csused by
defective steel. For the very best forsing Tethols
cannot maxke a good forginz from cefective steel, while
poor forging practice can amcke poor forgsines from steel

of excellent quality.



SUMMARY

There eare many areas for research in the forging
Industry. It 1s a fleld old in aze, but young in develop-
ment., For too many years, the lndustry has relied on
the rerit of 1ts acinowled -ed suverlor product. The
forrinz industry has allowed oroducts, wilith lesser pro-
pertles, to nerrow tae zup of superlority throuch re-
search, If tne lnaustry wishes to malntaln 1ts opresent
position, tne only alternutive 1s renewed znd increased

progress through research.

Generally, the basic problems hzve been known for
many years., However, due to the empirical nature of
éron forging develoovment, little has been accomplished
which would lead to fundamental understanding of cause
and effect reletionsnins, The attitude of indifference
exnibited by forging manufacturers, which accects such
phenomenon as scale formatlion as & necessary evil 1s not

conducive to continuilng pro:rress.

Heatinr, whlch has been & part of the industry
since its inceptlion, regquires much cevelopment before it
can tare its vlace zs a science., 4Aamlast some of the newer
ecuipment, heatins furnaces seem to be a product of the

midcle sices,
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Speciflcally, the sreas reculrins resezrch 1n

heatinz are:

1)

2)

3)

4)

7)

Develonment of a test thot will determine

the effect of overnectinz cnd burning.
Levelopment of cuuntitctive and quelitative
informetion on the effects of time, temperz-
ture, a2na composition on overhezting cnd
burning.

neseerch on scalingc anid decarourization to
estenlish condltions where these phenorena
can be reduced to nonizportance,

Investizatlion on the newer tyzes of ranid
heztinz eouipment (induction heating, radient
~as hezting, resistsence hecting) with special
cttention to the rztes of hecting ¢nd thelr
effect on the mcteriel being heated.

Study of furncce efficliencles, with znd with-
out prehe:ters, usinz tempverature controls to
establish thelr zdantabdlllity for forging
furneces.,

Study of teaperaturs losscs during the forging
cycle to minimize the effects of underhecting,
bevelopment of s method or methods to evaluate

the relctive 1importonce of each facet of hect-

ing.
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Concerninz ale blocks, the following requlre re-

search:

1)

6)

7)
g)

Study of die wear using rodiosctive treacers

or fully activ.ted cles,

Lstablishment of the effect of scule on dle
life.

Effect of dle finish on Zle 1life.

vevelopment of a2 means for measuring relative
extension of ale 1life over the normal die 1life.
neview of the merits of chromlum pl:sting and
other coatlinegs with speclal zttention to type
of dile vl-ted ¢nd menner and method of plating.
Investigation of other metnods of surfzce
treatrent (le. nitridine, peening, hich heat
tre=ztment, etc.).

Study of verious zspects of lubrice=tion of dles.
Methods of corpnletint the finished 1lmpressions

especlally sperk erosion aznd cust Gle blocks.

In regurd to other possibilities for reseurch, the

followins are importent:

1)

hesearcn on hydrozen aiffusivity cna solubllity
unaer various conaltlions ana tne effect of

structure <nd stress on these properties, Tals
1s necessary to deslznute the exact role of hy-

drogen 1in flake formution and emnbrittlement.
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2) Evaluetion of a test for forgeubllity in
closecd dles,

3) Effect of alloying erents on hot workability.

4) Use of plzsticine models for quzntitative
strain messurements to clarify the effects of
gneed znu moue of ceformation.

5) Se-evalustion of le:zd in forging to promote
Imoroved machinzbility.

6) Study of the origin und effects of flow lines.

7) Investigction of forglnz from the cust state,

€) Leterminction of the forging cheracteristics
of veacuum cast und melted alloys pius <ny of

newer wetzls @na a«lioys.

It is {ortunate thnet meny of these remarks do not
apoly to the entire forging industry. slthough a number
of lerger {irms are doing research, there 1s no free

exchunge of informatlon in this highly competitive industry.

Much of this resezrch could be accomplished in
institutions of hicher leerning. Other progress will re-
quire close cooperatlon between industry und institutlons
of hicher learnine., Problems should be ecvprocched from a
practicel &s well cs theoretical viewpolnt in order thut

results will heve lmmedlzte signiflcance. The founaing
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of & arop forging research leboratory, similar to those
in Hanover, Germeany and Sheffield, Engloend, uncer the
cuspnices of the Drop Forgin: assoclation, would pro-
vice a center where common problems of both the small
end lerge forzer would be evaluated end solved, =
supply of current eni »ast Informnation would allow many
of the maunufacturers to solve problems without taxing

their own orgenization's time &nd money.

Hesit=ztlon on the part of the forgsinsg industry to
zllot funds [or resecrch coen lewd only to decreased
utilization of forzeu proaucts by future purchcésers. wn
awakenings now czn avert thils dismal future whilch awults

the drop forgins inaustry.
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