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FORGEABILITY OF STEELS: A Critical
Survey of the Literature

By
G, P, Contractor® and W. A, Morgan¥#¥

Physical Metallurgy Division

1, INTRODUCTION

The subject of forgéabili‘l:y#, or hot~workability, of iron and
steel has interested many investigators, especially during the past 50
years. Iron and steel have been forged for several thousand years,
but the operation has not always been successful, because of the crack~
ing of the metal under hammer blows, With the addition of various
alloying elements in recent years, the red-, or hot-, shortness of
steels has increased., The stainless steels, for instance, have shown
great sus ceptibility to cracking when forged or rolled at elevated

temperatures, In other words, while many metals and alloys can be

*Senior Scientific Officer and ** Head, Ferrous Metals Section,
respectively, Physical Metallurgy Division, Mines Branch,
Department of Mines and Technical Surveys, Ottawa, Canada.

#n forging hammer practice, the term '"forgeability' has often
been defined as the reduction resulting from a blow of given energy.
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easily altered from a given section into a desired shape by fo'rging

with either open or closed die.s, there are alloys which present great

difficulties even in such a simple process as upsetting, Furthermore,

the performance of a material during forging not only depends -upqn
its chemical composition, but ié also dependent upon grain size,
surface condition, ranée of forging temperature, and speed of
(_ﬂ_.gfnrmgtion.

Vafiou}s attempts have been made in the past to develop a
device to determine whether a steel could be hot-worked and at what
temperature it has the best forgeability, Nearlyvf;all .conventional
mechanical testing methodé have been employed by one or more in-

1,2,37 to evalua'.te certain of the metal characteristics

vestigators
which c’onﬁprise forgeability. Thése are the compression, tension,
bend, torsion and impact tests, These attémpts have met with varying
degrees of success. The purpose of this report is to give a brief pre-
liminary survey of -some of the work done on th’e evaluation of hot-~
working characteristics of metals, with e.mpha.siﬂs on the reéultsl of the

5,6
¥

- "hot~twist test' used in recent years by Ihrig3’ 4, Clerk and Russ

and others7’ 8

Although our knowledge of the behaviour of metals at elevated

temperatures has increased considerably during the past several years,

it is generally believed that most of the ihvestigations have been, carried

out at proposed operating temperatures of equipment, rather than at

processing or fabricating temperatures, The study has, however,

1, Reierences are at the end of iie .report.




brought out an outstanding observation, which holds good for the entire
high temperature range; that is, that the rate of deforfna_tion to which
the metal is ss.ubjected is as important as th.e operating temperature
itself, For instance, in low carbon steel (0,15% C) the rupfuring
tempe‘ra‘cure under the rates of deformation met with in creep tests,
éay of the order of 1 per cent per 10,000 or 100,000 hr, is lessl‘

than 800°F, while in the rupture tests of 1,000 hr or more: it is

about 900°F, On the other hand, under the rates of deformation

associated with tensile tests this témperature is around 1500°F,
Since the rates of (ieformation usually encountered in forginé and other
hot-processing operations are greater than those appliéd in tensile
strength measurements, it :éOllOWé that the rupturing temperature for

the same steel under these conditions would be much above 1500°F,

It is generally believed6 that the failure to appreciate this basic fact
with regard to'the influence of the rate of deformation has been res~
ponsible for the slow development of a successful device to determine

the hot-working temperatures of metals.,
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2. LABORATORY TESTS FOR FORGEABILITY

2. 1. 'Compression Tests .

The usual earlier method for evaluat‘ing the ductility of forging
stock was to heat cAg}lindfical or squaré samples. at dif'ferent.tempef'atures;

draw them from the heating »chambérs,» and forge them on a,c;c}ld anvil

. with a cold hammer. It is géngrally known that many’alloys'v wiil develop

c,raéks ‘along the periphery of a,b’arrel-shape"d fo_rging if "Ache fedu_ction

. exceeds certain values, Examination of flattened samples for 'crackg' r

gave a qualitative méasure of the ductility cdmponent of forge‘abili“cy.
‘Robi_ng was«’ohe of the early i:nvestigatbrs.’t’o déterm{nE‘ what he

ce of steels to crushing at various temperatures,

He conducted tests on a number of alloys, both ferrous and non-ferrous,

 at temperatures which ranged from -300°F to 2010°F (<185°C to 1100°C).

JFrOm th‘ve results of .t1;1:e,se't>ests, ‘published in 1910, he was able to
éstima?e ’cl"le. erllergy-re‘quiredr to'l’f.educe norn}al* éylihders of these
r'nateal.-"ia_tls”by 20 per cent of their,origiﬁal ﬁeight. .fIfhe ?esi»;;stance.: '

to crushlng of :cfa_'rboer}.‘_sltee.ls was f_ouﬁd to bé 'very ;onsidefable at'liqu'id -
ai;;.tempe"rat}i‘i_.l:;g;a‘s,"-'jl‘aﬂt;fdimini_svhed ;rery rapia.ly up to zZero, and'tvhen o

slowly up ‘.;0,57‘O°"‘$f‘, where the minimum resistance was found. Beyond'

' 570°F (300°C) 't;hé fg.tgi's/'tance’in‘créased, and reé.ched a maxin'-iuln at

about 930°F ('50/0"(3),' followed by a rapid drop at 1‘56‘O°F (850°C):'
énd_ a very_sibw fall at higher temperatures. Figure 1 shows Robin's
repre s‘cntative: curves demonstrating the ;‘elationship between temper=

ature and 'res'istance,to'crushing of carbon steels. They bring out

A

Cylinders whose heights'énd ciiame'teré are equai. :




clearly the well-known fact that the higher the carbon content of a steel
the greater is its resistance to crushing or, in other words, the less
is its forgeability, other things being equal. _

Robin also investigated alloy steels and concluded that the
resistance to crushing may be greatly reduced, or even obliterated,
by the presence of a sufficient amount of an element in solution, such -
as, for example, chromium. He also noted that some steels preserve
a high degree of resistance to crushing at high temperatures, a
resistance much greater than that o'f carbon ste.els. AThe presence .ofl
nickel was reported to favour this resistance at elevated temperatures.
The effects of chromium and nickel may, of course, Be differentiated
when it is considered that chromium forms complex carbides and
nickel is an austenite former.

Since the publication of Robin's classical work in 1910, many
important contributions have been made on the subject of forgeability
of steels, Yensen10 in 1920 observed that pure iron-nickel alloys
do not forge readily, -if at all, at ordinary forging temperatures and
that manganese and titanium have the ability to strengthen the so-called
""amorphous material betwéen the crystals to such an extent as to
make it stronger than the crystalline matrix, He further recorded that
aluminium, carbon, magnesium and silicon have little c;r no effect
on the fo:t;g.eability and that an examination of the microstructure éives
ﬁ@ definite indication as to whether a material will forge weil. It will
be indicated later, however, that austenite is more difficult to forge

than ferrite and that duplex structures do not forge as well as a



‘homogeneous ‘structure.‘
- 'In 1924, Ellis" "~ published a paper éntitled " An Investigation -
into the Effect of Constitution on the Malleability of Steel at High
e 1217
Temperatures''. This was one of the many papers publ;shed by
Ellis who has conducted numerous experiments on the forgeability of

metals, "i‘he'papelj mentioned above dealt with the influence of the’
{ .

critical poihté in iron and steel upon their hot-—w‘orAking ﬁroperties »a.n‘d
' showed fhat .thése points had significant éffect in th‘islc’:o.nnécti‘on. He
ppinted out that the' aﬁbmic érrangei’nent‘which occ‘urs.; ét the.Aca‘poi’n.t‘
appears to result in an ‘increas‘;e in the resistance of iron tq”defox;fné(tion.
| This is illustrated in Figure 2 which shov;/s‘ the f;rgeabilitf-témpe;-
ature rélationship of pradfically pure iron over 'tl'}e rangé ‘1'65_0—1'.740°F '
' (900-95(‘)"}0‘) within Which:iie’s the A, point, o . | | |

"I"he greater strength, 01"- the resistam’:’e.t?vlagfo.rzn’a;tion, ‘of the
V'gamma—lirbn . phase above the critical po'iﬁtvris;”og;ervedgy‘ El_li.s Ihay
be explained by the. factv'that gamma-i; o'n...c_%Sn,t.aiﬁs'mc.)re c-érgon ’in«‘: B
solution than i:errite to strengthen thé‘;rlatrixl B

To ,dtetefi‘nix'le forgeability E;llis emﬁloyed a method known as”th'e
dead-weight flatte;;ing,testf?e; ) Itdconsistéd of rﬁeasuring,thé pv'ercenta.ge
redﬁctioﬁ in helght :‘c‘)f‘standar‘d éylindr’iéal specimens after béing
subjecte‘d; toia‘,"iﬂ_;c.ni;orbi;ws? bf a dr‘op—foi'ging hammer “of given weight
aﬁd falling freelyfromaf1xed height. The test specimens were’hyeatted
to a givennte‘rﬁpe:‘ratjure Eefore being forged. TheA différence in height

of the test speéinden before and after forging, multiplied by 100,

"Also known as single-blow drop-hammer test, or impact compression
test. ' o




was referred to as the percentage reduction in height of the sample
and was taken as a measure of forgeability of the material. Some of
the forgeability.temperature curves obtained by Ellis on a group of
steels are reproduced in Figures 3, 4, and 5. These curves are more
or less similar in pattern but demonstrate that in the low-alloy steels

studied, carbon has a greater effect than nickel or chromium,

18-28

Since the publication of Ellis' work a number of investigators
have employed a compression test for evaluating hot-malleability
characteristics of metals by examiﬁing the development of cracks aiong
the circumferential area of compressed barrel-shaped samples, This
method has been applied to both hot and cold upsetting., It has been
generally agreed that the reduction value at which ruptures begin
to appear, or the maximum reduction which is obtained without
fracture, should be used to determine the ductility component of
forgeability, Thus, it has been suggested by Martin and Bieber??
that the compression of nickel-alloys, for instance, from a l-in, cube
to 1/8 in, thickness, a reduction of é,bout 87 per cent, represents the
practical limit for this type of testing usually carried out at 1800°F
and 2100°F. The ductility of a given alloy at a particular temperature
is then obtaiﬁed by subjecting a series of 1-in. cube specimens to
blows of different energy, and noting the reduction at which cracking
first occurs, In the case of nickel-alloys this procedure has beeﬁ
found useful for distinguishing between ductile and brittle (red-short)

material at a given temperature, as illustrated in Figure 6.



30,

in the case of other non-ferrous alloys, Portevin a.nd.v.vB_e‘Lstieln_ e
have shown that the qompressidn test results are influenced'.bYthe
forming svp’eed. They indicated that as the speed of deformation i»-sy
increased thé temperﬁture 0\‘1'81: whici’l fracture takes pla.c-:e is markedly
‘ displace& toward high terﬁperaturés. In other words, cracks developr
at a high éti‘ain rate up to a éonsiderably higher forging téﬁlperagﬁre»
than at é. low s'train rate. This eiplains why, in hot-working light
-‘a.nd ultra—li‘gﬂt ailoys, slow deformations are afdopted l(preéss forging,
for example). ‘ |

Inve s’tig.a’h;or§3l_:_3.4 have also tried to apply the compression
test to coppér—ziﬁc a’.lioys which offer forging arjlld rolling difficulties
in a é‘ertain l;angke of compésition, temperature, andv‘speed_ of
déformation. The results of these inve stigatio,ns’ha.ve,' however,
failed éo indicate any r.ellationship between ;c]_rle ‘compression test | ;
and the hot-shortness of such ﬁlaterials. Thus, it‘é.ppears; that the
compressién.;ggt 'coﬁld be o‘f‘s‘omé_value on‘ly'when‘:'é 'éxcessive hot-
shortness is involved or where surqflace defects or contamination ma.f
lead to cra;:king after éxtensiye upsetting. |

In ,rrega'.'rd to the'appllicafcion_ of a cr;nipress.ion te st,“ it must/b’e.
app}eciated that the ductility of Iﬁost' matérials ié of a Srerir high order
q.nder conditions where the strains are étrictly éompressive35. For. .
instance, many materials considered unforgeable c'an be worked"
éuccessfully by _methpdsvwhi'ch'gtiii_'z‘e ext'rusivon.' On the 6the1; halild,_

as a cylindrical sample b,,e’co'mes barrel-shaped under the upsetting.
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36

operation, associated tensile stresses come into play™ "~ around the
periphery. It is these secondary tensile stresses which restrict the
amount of compression and cause cracks to develop at the barrel-
shaped surface. As the degree of barreling varies with the magnitude
of the friction forces at the interfaces between the dies and specimen,
it may be inferred that the ductility derived from a compression test
also varies, depending upon the type of lubricant used.

Dietrich and Ansil®’ have shown (Figure 7) that the unit pressure
required for .cold upsetting a magnesium alloy increases considerably
as the reduction approaches high vélues. This may be attributed to
the rapid work hardening in this particular type of alloy. Of cour se,
the frictional forces will increase when the pressure to cause
deformation is increased, a‘nd the coefficient of friction of a cold-
worked surface against the die may also increase, so it becomes
practically impossible to cause further reduction beyond a certain
limit,

Since 1950 excellent work has been carried out by Cook and

26,27, 28 3, England on the hot-strength of a range

his associates
of steels subjected to compression at temperatures varying between
1830°F and 2200°F, and at different rates of straining. Figure 8
shows the effect of straining of the compression stress of two

alloy steels. It will be seen that the strength of steel at any given
temperature is progressively increased by increasing ‘st;ain rates.

It is also clear that the effect of strain rate on the hot-strength is

different for different materials. This obviously necessitates that
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the 'forgeabi"lity tests based on constant-rate ¢ovrnp1'essi0n téchnique
must be carried out at rat.es corhi)af'able' fo those used in prod'ucv'tion.v
In fact, .thefe»a_ppears to be no simpie 1'elatipnsh.iia b’,etween reduction
.obt‘ained by impact compression (hammerihg) and 'r‘ed'uction obtained
by slow coixnpression.‘ In otherywords, ‘static test;‘s,v‘ péfformed afc’ .
slow speeds, are 1i1ce1y't6 give a different ratiné of the’ stvegls:‘fro‘;h
that obtained under conditions of rapid strain,  such as in forging, ‘
They may Aeither deci'.ease or enhance cerﬁé.in features of for)g_eability
observed at' higher rates '_of étré,iniﬁgo |
Fufthermore, it has bveen's‘ho'\r\rn28 that,‘ in genell'a.li,« fhe
SOaltiﬁg at the te éting temperature reduces. fhe .']rllot—-strength of the |
materiai, éspecia;lly-r Whgn it contains a céafbi\dei»-forlnihg element éuch
" as chrlomium; The presence of updis solxlfgad cérbides in austenite has
been puf forward as an explénatio11 fér thev higher strengths. in‘v.steevls |
when not soaked. I—Iowgvér,’v as the testihg tyejrnpevrature is increased,
say from 1830,"-F to 2200°F,v'the, difference- betweeﬁ the strengths
of fapid}y heatéd and soalte‘cl"sanuplés is levsk':s m.arkeci.y This has been
;a.tiribﬁted to the ihcfeased solubility of the carbides at the higher
ktelnper)atu':e kand r'av\,pi’d' grain céérseningo Another significant obser~
vation bnade by ‘Co"‘ok‘ aﬁd B.lytliezs has been that thé time taken to
heat up to‘tc"e:sting terﬁpéré.turre'.i‘s a c?itiéa‘l féfc’tor’ in’hot;strength
determinations when the spéciinéns are }1ot soaked, |

A rough classification in respect to hot~-strength of so;ne'bf the
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steels studied by Cook is reproduced in Figure 9. It will be seen that
the addition of alloying elements in increa;sing amounts has a tendency
to make steels stronger at elevated temperatures.

In brief, it appears that although the compression test, either
impact compression or constant-rate compression has been employéd
to evaluate hot-working properties of steels, it has .a number of .
uncontrolled variables and,unless they are reduced to the barest
minimum,the method cannot be looked upon as a comparable qualitat_ive
measure of forgeability. Besides,. if the procedure has to be a
successful laboratory tool it should be simple, fairly 'quicl‘(., and
correlatable with large-scale or commercial hot-working operations
such as forging, rolling, piercing, etc. Another disadvantage of the
compression test is the difficulty of 'ma.i.ntaining the specimen at a

constant temperature during the test.

2,2. Other Laboratory Tests for Forgeability

As mentioned previously, attempts have been made to evaluate
the ductility of forging stock by tests other than compression, While
these tests have proved useful for certain specific purposes, their -
general application to forgeé,bility has been questioned by many
investigators., There appears to be a definite lack of a simple-
forgeability test which would rate the materials in much the same
manner as tension or fatigue tests. In this connection, Draper
has suggested that some test,designed after the bulgin.g or expansion

tests used to measure the ductility of plate, sheet or tube (at room
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temperature), may offer a solution to this problem, HowAeve’r., a hot-
twisf test in which the predomihati;ig' stresses are in 'shear‘has
received a good deal of attention in recent years as a fnéans of
evaluating hot;workability og metals.

2.3. Torsion or Hot-Twist Test -

,Séuveursg in his first Howe Memorial }ectqfé iﬁ 1924 despribed’»
the influence of carbon on torsional prop’ertie.s of steels near their L
critical points. He recorded that carbon ihéreésés the ductility
(plasticity) of gamma iron. I¥1 the:‘1930 Campbéli M%amorial lecture',
.Sauveur40 reported an investigation in wh‘ich a ty;/isting té’s,.vt‘: oi" grooved
bars was developed to deﬁermine sa'me‘ of. the ’ph:’ysic,;al_':pljoi)e:’t;tiés of
carbon. steelé, ‘austenfltic a;nd.non—au'stenitic stéiels at ,feﬁpefatures
uﬁde};_ 1830°'F (1000°C). The factor of s‘tiffnes,s obtained by dividing
the torsional strength (breakiné‘stres’é) in i)ounds b'j the ﬁufnber of
: tWists to rupf:u:vcev (strain) brought out sharpiy the blﬁe —heaj: range* :
in some steelis (sgé Figure 12). Figures 10, 11 and 12 show some
of the »twisti‘ng’test results on cdrbo;l ste.els. o,btéine’d‘ by Sauveur.
He ralsq demonstrated that the blue-heat brittleness range found in
carbon steels was absent ih fhé austenitic material and that red-
shortness in plainicar‘b’on steels was essentially a prope;ty of face- A
rcentr-ed (gamfné,) iron, It may be added fl;lat Sauveur's work was
con'ﬁned.to the twistiﬁg tests carried out>under 2000°f (1(‘)90"C) : S

and,therefore, below the normal forging temperatures, Furthermore,

480-750°F (250-400°C), depending upon the carbon content,
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he mentioned the existence of an apparent felationship between the creep

stress” and the torsional strength determined by short twisting tests.

40 :
Since the publication of Sauveur's work ~in 1930, torsion tests

41,42

at elevated temperatures or hotwtwist tests
3,4,5,6,7,8

| have been considered
by several investigators as one of the most suitable
methods for measuring the forgeébih‘.ty ofl strgight carbon and alloy .
steels, From the results on many steels, Clark and Russé have
c‘;)ncluded that hot-torsion tests indicate reliably the best temperature
for hot-working, The number of twists to failure, when related to
temperature,norraally shows a maximum; the temperature at which

it occurs is considered to be the optimum forging temperature.

In addition to the hot-twist characteristics, the test also g;lves
torque measurements at various temperatures of testing, Whereas
the number of twists to fracture is indicative of hot-ductility of the
material, the torque is a relative measure of >strength or flow stress.
Although twist-temperature curves are of prime importance in
determining the suitable forging temperature range, the torque curves
are useful in indicating how the strength of material decreases as the
temperature is increased, Figure 13 shows the temperature-torque
relationship of carbon and alloy steels. It will be seen that 18Cr:8Ni

stainless steel has the highest hot-strength at each of the temperatures

examined, and that 0. 16 per cent carbon stecl has the lowest hot

strength.

>sCreep stress for a life of 100, 000 hr, with 1 per cent elongation.
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2.4.: I—Iolt-T_vw‘isf% Test Appar’étus .

The apparatus has b‘een‘des'cribe_d by Ihr1g3: 4? ,C}a;k and
R'.uss'é,. and by othérs,‘ and in ‘pi‘inciple vis s,imilar’t’d thé :one ‘e'mplbye_d ,
by Sauveﬁr4o over 25 ye’ars'Aa.‘go. It con‘sists essentially of alfgrx}acea
for heating and rhaintaining the specimen at a given tempera}tur'e‘: and
a variablg speed motor for fwisting the s’pecime‘nl,'at thevldeqired'raté."'
A counter, which automa’;icaliy starts aﬁd,stops at the beginning and
end of the»tes,t,- giveé the nﬁinbef‘ofv :}evolutibns réqﬁired for Afractufve.4'
i‘hé determination of fvorvcle duzjing _e’a;,;ch te st' is. obtainéd with the help ‘
of a weighing x;1a<:hiﬁ¢;and~a»tox;que arm attached to one of fhe ‘chucks
Inouht’ed ina bearingé, Figure 14 shows the di_aérzi_m of: the‘.iaippara‘t;us

employed by Ihri’g4.k

2.5, Shape»amli Size of ‘Tesﬁt.Bar '

 The test ép‘éciinen employed by 01a;k6 and 1h;1g4_,4 a 22-24
’in‘ch long forged bér’, ha’dﬁia diameter of E;bout 9/16 in, fhroﬁghqut? with
no cevntral ;:educed section.. As it is ﬁnlikely:thaf ‘deforr”rhé,ﬁion’wduld A’
- be c‘onfined‘to the hottest (central) portion, the res,ﬁlts from such -
a te st‘specimen have been questioned by Hug.hgsg. It means »t,ha,t the -
t;otal'twists' to fracture include not only.those resulting. fr,or;rl_ twislt_in'g
tbe specimen in the portion at the /desir‘ed.te,_stft’empera"ture,' but'als'o.
those re sulting from twisting in_areas away from the hotjte'st central
gection, Tﬁe me_'éhod, therefore, invollxres,the twisting of.a teét
specimen over a temperature range, As a fesﬁlt, ,the to.tal' number
of twisfs may be a}ffe"ctéé‘ by the 1éngtl;lb'f'fhe' hottest zone in the

fﬁrnace and the general temperature gradient existing thrpughaut the




specimen's length, This effect, of course, can be minimized by the
use of a specially designed furnace.

Ihrig3, on the other hand, found that there was no advantage
in employing smaller or larger diameter bars than the 9/16'111.
standard test specimens referredtoearlier. FHe observed that reduced
po'rtions in the centre of the bars cause inaccuracies because the
twisfs are not confined to the small central section, but show a
tendency to -pile up at the shoulders. Regarding the size of the rod,
Ihrig's observations have been con_firmedby Andersoﬁ and his 0
associates7, who found that the number of twists to failure__‘is not
greatly influenced by varying the diameté}r of the test specimens.,.
They, however, did record that the number of revolutions required-
for rupture increased as the diameter of.the test specimen was
reduced from 5/8 in. to 3/8 in., as shown in Figure 15. 11; may be
added here that in regard to the speed of te s::ting, Anderson observed
that as the ra.te of twisting increased,the number of twists
to failure also increased, as indicated in Figure 16,

Furthernﬁore, in spite of the objec.tio‘nable features attributed
to the use of the straight réﬁnd test bar, Bloom an.d his co~workers43
consider that the hot-twist test is valua]sle because it gives an approximate
measure of the hot-workability (ductility) of materials at different
temperat.ures. They employed the test to examine the relationship
between the structure and hot-workability of stainless steel, and

found that austenite and ferrite, when present together, apparently
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caused poorer WorkabiIity than when only the ,vpréd'ominant phase for a-

given alloy composition was present,

2. 6. Teméera‘xﬁiré Fofgéability Results

‘Figure 17 s:howys_ typiéél l'lidt-w(;rkéb‘ility curﬁrgs5 of f‘o.\;.r
different steels, two of wh_ichtl;epf‘eysgyntt; tirle ébnstructional t");pes.'
SAE 4615 and SAE 2512, one a high éarboﬁ tool steel and 'th'c‘e;;other a‘ .
sta.i'nlérs‘s” type 304 (lSCr:B'Ni). 'The/se>curvesi cleariyV‘inclliicatevf.thlaiﬁin '
each case the number of revolutions?;'equirecil forlf'ra;cturel iﬁér@elases v
‘as the temperature is raised; until-an optimum Or'.a maximum
temperature 'i"s’rea.’ch’ed', after WBich the‘nulmber”_'oi tWiéts decr_.ea_sei‘;'sv.
These steels, however, bear out certain différeﬁces in (i) the ﬁ&mbe’r '
pf twisj:s requiréd for fréct_grg at' a givven te'mpei'a.tu;'e; (i‘i) the rate
at wﬁich the number of twists required in',creas’els with'te_r'nperafu'r'e; ‘
(iii) th-e" temperature >at Whi:ch the nurrnb_‘e._r 'é_f tw:';sts; rgaé.chgs a max1mum,
aﬁad (ivi fhe rate of dgcreasé in fhe nurriber-of:twists ;_‘equired a.fter' the .-
optimum tém'p'erature is pas sed. ” -

A c‘omparison Qf vthé two construction’a',l:'steels (Figure 1‘7) )
ihdicates thét whereas SAEF4615 has its tempéxljature of maximum
twist only 'a}:;out 25°E‘ aBove that of SAE 2512; it a.ppr‘oache s and departs
. from this temperature (2350°F) ;,t a much s];oWer' rate, ‘as’ Shov'Vn’by the‘
slope of curve (:l). ) The tool steel curve (3) i;s somewhat éimiia;r

to SAE 2'51'2' 'bil’f;(-'if’sﬂ/fémperature of maximum twist is apprecia.bly -

lower, bemg of Lhe order of 2150 F a.galnst 2350°F for SAE 2512

On. the other hand 18Cr 8\11 utalnless steel does not reach its -
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temperature of maximum twist at 2450°E. However, this steel
requires fewer twists for fracture than the other steels. It may be
added here that extensive work in correlating the optimum temp-
eratures \obtained on the basis of twist tests, with well established
forging temperatures on various grades of steels, has been carried
out at the research and development laboratories of the Timken |
Roller Bearing Company, Canton, Ohio, As a result of this s.urvey
it was found that in general the optimum temperatures obtained

from twist tests coincided with the maximum forging temperatures

established through experience.
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3. INFLUENCE OF ALLOYING ELEMENTS ON FORGEABILITYJ,
. ‘AS DE’;‘ERMINED BY'LAE_Q'RAT‘QRY TES?‘S

’ Althoué’h an extensive. stﬁdy of the. effects of J\_/‘a‘riOUS’fy_a'c”térs,‘ ‘
iqgluding the ailoying 'e‘lélj'le'nté, on tAhe‘ hvot—vv‘vcv)rkab_ilityvoféte“els_v has R
b;:en carried' out By a numbef of‘wor];{ers; the p'ui;,li's‘hed :y,éslu‘.lté %:;f"
ildt~£wis£ tests .by éach investigatof seem to be diffe'rerit fror.nft.hose
- of the O‘thers, Iﬁ:othér,.woras,' hoﬂtwist test. dva.Ltév on evén_the ’éarr;e_»
type of materi.al do not appear to’;be cdmpafable a;hd/ or’ reproctl{'n;c'ible..
Howéver‘, théré é.ré céftav,in»bf‘oa;d cor'lclusior,is'.w'h"i‘ch' caﬁ b'._e drawn, -6n' '
the basis of available inférlnation, to get a geﬁef’al id>ea‘,- of the éffe}:"ct
of various alloying elémeﬁts on the hot-—wor_l%abi.l"itly of f_ofgigg sto"c'ic. :
In this,conne'z,_c»tion 1t is lingportant to rﬁention4, a'.t_ tﬁe ';).utset, that all-: |
thoug'h the' results of }iot-;t;vvi's‘g tests on a singlﬂe heat afe_'very re-
produéible, the same reprpducibility does not appear to exist between -
différent heats of the same .claés of steels, This is. clvearlyA derﬁonstfq‘;e
V,éd in Figure 18 which shows tests on five’ h“eat"s c;f ty1‘3e> 304.9,‘t.ain1¢ss
-steels, IF wiil be noted that t‘hetemperat/ure‘s:howing‘the ﬁlaximum -‘
ﬁqmﬁer of twists to fractu:ye is ciiffer‘eﬁtminAeach case and th’ét théré |
is quite a'vari'a‘,tionfrom one heat to anothéf. : ..’In otvher'w‘ords, it
dpésant_appear,feasible to determine ‘thé maximum fofging femp-
el-atur(—; frrof.l’n curves of. single heats of_ various typés of steel, Théreﬂ
fore, the best coursé,!,as’ suggested by Ihrig, is to 6b£ain critical ‘
‘hot-workability data on-individual hgats in order to‘maké them

reproducible,
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3.1, Carbon

Regarding the influence of carbon it has been observed that in
the case of straight carbon steels containing under about 0,45 per cent
carbon, the maximum ductility (workability) rises with increasing
temperatures and that steels higher in carbon have their maximum
ductilities at about 2350°F, or lower, Figure 19 shows the results
reproduced graphic-ally on five steels with carbon content varying
between 0,04 and 0,96 per cent, It yvill be noted that the number of
twists to fracture decreases at each temperature with increasing
carbon content (especially in cases of high-carbon steels), as does the
temperature at which the 1naxirf1um number of twists takes place, This
means that as the carbon content increases the ductility falls off
rapidly with increase in terﬁperatureo

The general effect of temperature on 0,16 per cent carbon
steel is shown.in Figure 20, It clearly shows that above 2150°F, the
ductility or hot-workability of low-carbon steel rises very rapidly,
3.2, Manganese

It is well recognized that manganese is essential in steels to
reduce the red-short effect of sul_phux;o In general, it improves the
forgeability of carbon steels as shown in Figure 21, However, in
evaluating the influence of manganese it is imjportant that the sulphur
content of heats under comparison be as close as possible, This is
essential because .if the amount of sulphur in one heat is lower than in

the other, less manganese will be utilized in neutralizing the adverse
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effect of éuiphur and, theréfore,’its ‘hot--workability will Be cofﬁparable
to that of the heat W1Lh highei; ma_,nganese content, :

j f‘igur_e 21 ’alsvo,sho'ws fhat 1 2 per cent 'manga‘,ngsevaustenitic‘?‘
steel hlas very rléw'h‘ot»-\‘x}or:kabili‘tyl. Thls is nét f‘sufi)rising, inview
of the fact that the malxi.mum nu;hb_ei‘ of twisfs to,fracturé of ’ferf;itic
Asteel.s is g:eéter th.a;ﬁ thaﬁ of the austenitic m;térial as demonstrated
in Figuvre 22, | |

-Stu‘dievs of the effect of Vmar}ganése_ on s,'tai'nless steels (>>fvt}:1ve‘ '

types 304 and 321 have indicated that manganese ,abov-e‘O,él-O per cent
~ does not appear to improve the hot-wm:kability of these s’teé'lso.' The
con‘s ehsus/‘of opinion is that niéice.l a.;nd manganesé tend '_to have the
;aame or additive effect, so that in lower pickei st;‘eel's ity would be
expected"that,rﬁanganese would be more effective, Howe&er, in the
'case of 304 (18Cr:8Ni) and 321 (180r:8Ni:Ti) types of stainless steel,
the .r;.ickelA content is alré}acly high, thus restraining the beneficial effect
of manganese oh th.e;‘ forgeability of these steélé tov a limit of about
. 0,40 per cﬁenf; ‘
3.3, Sulphur |

| ,-,;1: is Weil known that presence of sulphui“ in relatively large
amounts adversely- affe’cts‘ the hot~-workability of ferrous and non-
ferrous mat‘er‘ials.' Figure 23 shows that when the amount of sulphur
was 0,021 per cent 1n steel (1), the number of twists to fragturé ka‘é 4
2100°F aﬁd ’,23'50"17‘ Wés a.b‘out 170 and 3ZQ, respéctifely. Howa?er,

when the sulphur content increased to 0,116 pc:ir cent, as in‘! steel (3),
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the twists required for fracture were reduced to 70 and 110 at '2100°F
and 2350°F, respectively. Steeis (5) and (6) in Figure 23 also indicate
that although manganese is important to counteract red-shortness
produced by sulphur, the steel containing 0,014 per cent sulphur is )
apparently superior in terms of ductility at high temperatures,

Figure 24 further illustrates how the hot-~working properties
of low=carbon steels, with practically no manganese, are affected by
the presence of even small amounts of sulphur, .It will be noted that
the maximum number of twists to fr;':),cture at 2000°F for steel (1) wi1;h
0.002 per cent sulphur is 440 as compared with only 40 for a similar
steel (2), but with twice as much sulphur, i, e, O: 004 per cent,

Regarding the effect of sulphur on straight chromium stainless
steels, there is some evidence to indicate that in steels of the types
410 (11, 50-13. 50% Cr) and 416% (12-14% Cr), chromiufn has a tendency
to reduce the qndeéirable effect of sulphur so as to make these types
of steel easily hot-workable, It must, of course, be borne in mind
that these steels are ferritic even at the forging temperature.

3.4. Silicon

The effect of silicon ;>n the forgeability of low-carbon steel
is reported to be negligible if the amount is within 0, 20 per cent, Above
about 1,00 per cent the hot-workability appears to fall appreciably, as
illustrated in Figure 25, However, these results must be taken with

caution, like most of the published data on hot-twist tests, as the

* 7r, Mo -~ max, 0,60 per cent,
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sulphur ct)ntént. of'vsteéls (3) and (4) is higher, ana» the amount of
manganese lowe‘r-, Ithap in si:eels '(1)4 and (2). Highef sulphur contents
associated with r'elati\,}e.ly low manganese will havg:the adcied depress-
ing effect on the; :Aforge'ab'ilit'y’ of steels (3) and (4). Thus, it is difficult
to determine whether the feduc_tion in‘ hot-duc,tility\ of steels (3) and (4)
was due priacipallyto high silicon coritént, or was. a combinved effect
of ﬁigh sulphur and high silicon, However, steel (4) with s;'ilicon as
high as 1.20 per c;enf has certainly the lowest hét-workability in the
temperature'range of 2250°F té 24"00"?‘.

‘Regarding the effect of silipon on high—allo;r steels, there is
some evidence to show that in tbe case of austenitic stainless matérial of
the types 302 and 304 (18 Cr:8 Ni), the hot-workability is reduced at
highe_r terhﬁeratures if this ele'ni‘eht is present in afndunté greater
\th'ari 0. 5‘ per cent, This has been «tentati*;rely explainéd as due to the
fevrritev-formin.g ter‘xdevncy'of‘silicon, which forms a du_pleic structure
generally consider'ed detrimental to the hot-"worka.,b‘ility of metals.

3.5 Nickel

: Pr‘ovid'ed the nickel content is kept beléw 5 per cent it has,
I1ike manganese“, é, teridency ’c;) improve hot~twist characteristics of
low«carbon s‘éeyels, as shown in Figuré 2.6.‘  This figure sh:ows fchait pure
nigkel is ductile: at higﬁ tempefa‘tures, thﬁs éontribﬁting‘ favotiré,bly to
the hot-working properties of steel, However, its presence in larger
amounts se‘ems'to_ reduce the hot-—workabilitir’avs indicated‘. by curve (4)

in Figure 26, This reduction is attributed to the effect of nickel as a




former of austenite, Curve (§) shows the hot-working properties of
Monel and how the addition of copper in large percentages has a
depressing effect on the forgeability of nickel and nickel-alloys,

3.6, Chromium and Other Alloying Elements

Chromium is an element which is present in small and large
amounts in alloy steels. It is often associated with nickel, molybdenum,
and silicon. Its general effect (Figure 27) in low-carbon steels is to
reduce hot-Workability of the ma,ter_ial.“: However, published data tend
to indicate that where it is ‘present in .excess-'of a,béut 9.0 pexr cent
thé hot-twist chara-cteristics improve,- especiall‘g above 2300°F, as is
borne out by curve (4), Figure ?.7. This effect, as shown earlier in
Figure 22, could be attributed to the formation of a homogeneous
ferrite matrix instead of a two-phase structure,

In straight high- chromium stainless steels the hot-workability
decreases? with higher carbon content, and Figure 28 shows the effect
in type 446% steel, On the other hand, in nickel-chromium steels of
type 304%% the low carbon material shows poorer hot-workability than
does the material containing 0,07 and 0.08 per cent carbon, as illus-
trated in Figure 29, Although this behaviour has been attributed to

the formation of delta iron in the lower carbon stainless steels

_ (curves 1 and 2, Figure 29), it is questionable whether the difference

* 23227% Cr:l% Ni max.with 0, 25% C max.
**18% Cr:8% Ni with 0.08% C max.
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in the hot~twist ciia;iacteristics of these steels is due te the Variaf;'ien
in carbon dontent, or is due to the normal spread of heats as indicated
in F1gure 18 |
It has been reported that in a.lloy, steels, the alloy content of

a given material, as well as 1tsAcarbon c’ontent, influences the a.ppa.rent
hot-workability, and that the alloy conteni: is of e'vel.rl greater significé.nce
in steels conta.ininé 1.0Q per cent or more ef can.;bon; 7' This is demon~
streted in:'E‘igure ‘30, which she';;vs how tiue forge‘ability is dei)ressed ;1n
high;,carbo,n. steels by the addiﬁieﬁ of elemente ‘such as moiybdenum,.
tungsten, and chromium. Figure 31 fﬁrther illustrates the le'ffe'ct of
molybdenum in 1ow—ca;1:ben steels of the compeeitiozi SAE 1015, It
sleows that steels of the se,me carbon Content g'ut without moly;i)deﬁﬁln
- are supermr in terms of hot- duct111ty. In; fhe case of ‘sta1ln1ess steels
of the type 18Cr 8Ni, the effect of molybdenum is also to lower the hot~
”_‘w_orkab111ty as shown in curves (4) and (5), E“1g.ure.>31. It is beheved
that melybdenum,“v,vhich ie a ferrit;e?fommihg elemeﬁt,i giyes rise to a
seeqnd phase, thus iOWe?iﬁg t‘il.rlje’hot'—v‘vorka.lkail‘ity of this type of .steel.@‘l

| The hot~twist :chla,ra.etex"istice‘ of verieus gra'dee ef"a.usvten.i’ci:c
,s_ta,.inless steel are feproduced in Fi_gure 32. It will Be seen tﬁa.t ma.rio- _
.ed differences exist in the ﬁot-;zvorlcab'ility ofit;hese‘steels and tﬁa.t the ‘
a;ddit':ion‘of si:a.bili“zing elements-such' as titanium or eelumbiﬁm appe'ars )
to decreaee botﬁ /the tempereﬁure of maximum twiét e,n‘d the number of'v
t.W'iStS( at thie tempei‘ature. Simile.i'ly, inefeasing the chromium a,ild

‘nickel contents, as in 25Cr:12Ni and 25Cr:20Ni steel (curves 5 and 6,
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‘Figure 32), lowers the number of revolutions required for fracture.
Furthermore, curve (4) indicates clearly ‘;hat the forgeability of
18Cx:8Ni steel is considerably lowered by a higher percentage of
sulphur, In fact, steel (4), Figure 32, shows the poorest pgrforrnance.

3,7. Lead, Tin, and Nitrogen

Lead, like sulphur, has been used in recent years to improve
the machinability of steels, Nitrogen has been employed as an alloying

element in chromium steels to stabilize austenite at normal tempera-

tures, It is also found as an impuﬁty in all coﬁm:ferci;ls%teels, In
straight carbon and low-alloy steels, the alncun_té normally s_p.r‘e.s ent are
small and not harmful to the hot~-workability, ﬂéwgy_er,_ in the high
chromium steels the ductility is adversely @fﬁ@@é@@ at high tempera-
tures with increase in nitrogen content, T1n is not ysed as an alloy-
ing element but is often found in modern steels as an irppurity, The
effect of these elements on the hot-working properties of steel is not
favourable, They seem to have a depressing effect as shown in
Figﬁres 33 and 34, For reasons of comparison, heats with low and
high sulphur are also included in Figure 34, It will be seen that the
effects of tin and lead are véry similar to that of sulphur, the curves
(2) and (4) being fairly close to the high~sulphur steel curve (6).

It has been reported that oxygen, phosphorus, cobalt,
vanadiurﬁ and titanium individually have little, if any, effect on the

hot-forgeability of steels, provided they are present in normal

amounts. It will be of interest to determine the effects of vanadium
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in quantities of about 1 per cent, ' For instance, low carbon steels with -
- phosphorus content varying between 0,013 per cent'and 0,025 per cent . =
' show little difference in their hot-workability curves (see Figure 35), @

On ffhe bthe;’r hé.nd, steels with evg,r'l’ srha}ll} 'diffe're‘fi.cxes in 4é_ulphu‘r' conte,n_tf

have mai'ké'dly differéhf hot-t_WiSt Char'a.ctér"‘ilstics',' as éhbv&ﬁ_eaf’liér 111

Figures 23 and 24,
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4, SUMMARY AND CONCLTUSIONS

1. Nearly all conventional mechanical testing procedures have
been tried by one or more investigators to determine metal charac-
teristics which comprise hot-workability or forgeability. These
attempts have met with varying degrees of success.

2. There appears to be a definite lack of a slimple forge‘abili_ty
test which wouid rate materials in much the same manner.as does
the tension or bthe fatigue test,

3. In recent years the hot-fwist test, in whic.h the predorni—-
nating stresses are in {shear, has been accepted fe;s the best technique
for measuring the hot-working properties of steéls at different
temperatures. |

4, The method consists in twisting test specimens at a
series of controlled temperatures; the temperature that allows the -
maximum number of turns before failure is taken as the most suitable
temperature for hot-working.

5. It has been found that the maximum number of twists to
fracture occurs at the temperature that has been known in practice to
be best, or optimum, for thé rotary piercing of steel rounds or billets
in the production of seamless tubings. The optimum temperature also
appears to be a satisfactory temperature-to use in assessing the
forgeability of steels.

6. The hot-twist test data so far published have been mostly
on steels of various compositions, no attempt having been made to

apply this test to non-ferrous material.
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7. It is'rrvl'cv)t feasible to as sgsé'-thé' r.élafion of the aVéilable
results fr:(’)n'n hot-twi ét te'.s;ts‘with préctical sho’p éxpefién'éé‘ in,f‘vﬂz‘arv'ioué
Ahot—woykin'g operations, some of W'hic’hiare‘ less severe than of!hér s
It ié, thexiefére, éséenfial that due consideratién svh‘{)uilcri- be g‘i'{r‘e.n in
correlating the éublishéd data witﬁ the particul,;x¥' tvpe of‘ hbtw;)v.oriking'
prbceés invol\;ed. |

8. In certain operations, such a'.'si}.’)ie’rcing, for instance, the
ten‘xperatﬁre»riseé dﬁring proce‘s sing and 1n 'sﬁchv césés va.'dljuvstment |
of"the oé‘erétipg temperature is nﬂeé,e':ss ary 50 thét 'af.tér‘ thé.

- temiﬁeraturé ri.se" the m‘aximum O;t' optimum' fémi)éréiﬁre cllogs,not’
" exceed the temperafure.of rnax1mum fwisffof'»‘frr’ac‘t’t‘lre'.

9. One of the most sigrﬁfiéant and discburaging aspects of the
hot-tv?;ist test is th(at,ywhereavs"the' ;:;'é’sults ;jn ;,‘s':ing”'le I;eé,f are repi':o‘ducible,
the ’sam'e repr éducibility is -a;bsér;t ‘TAJeAtwee‘n d.iffer'ent‘ he’af's iof the sr‘ame :
class of steels. In other words, to determine the hot-workability
_of‘ steels the te,;st‘ must be conduc.tevd; on:in;iiv.{duél he‘ats'.’

10. T};e ‘ré‘sults of 'Vé,rics@xs inv'estigatprsl on the same type of
matérial do not c‘ornpare‘ fa?bufably{ the forgeability—téfnpérature
curves obta}ined by 6ne 1nve sfigétor being very different 1n s"hape/ frbm
fhose 'gjf' a.‘.not.hé‘i'.-i_ 'I"hese Vafiéﬁo#é, of cour,éé, méy'be mihimizéd by
Cioséf cbntrol of (a)»t-he rate of he.atvi.ng to-, ahd tlme :aut,m‘the:forging
vte‘Il'nperat‘u‘r,e, énd (b) tﬁe rate of st'rai‘n.'

. 11. The variatib'ri in re sults f-I"vom heat fo héaﬁ éppears 1}0 be

e

"more pronounced the higher the total alloy _cohtent of the steel. It is
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believed that this difference is a function of the material being tested
rather than the test itself, which is generally accepted as a very
suitable laboratory tool for measuring the hot-working properties

of metals.

12. Most of the published results were obtained on rolled or
forged material. It is, therefore, questionable whether these results
could becomparableto those of the same material when in the as-cast
or ingot condition.

13. Since hot-working operaﬁons in steel processing begin
initially on the ingot, it is important that a comparative study of the
hot-twist characteristics of rolled or forged products versus similar
cast materials should be undertaken in the future.

14. Most of the published results }.1ave been obtained on straight
round test bars (22 in, long x 1/2 in. dia.,) without having a reduced
section in the centre. The results from such a test specimen have been
criticized in certain quarters a;nd have been considered of little
significance.

15. In spite of the objectionable features of the test bar, the
consensus of opinion is that ﬁe hot-twist test is valuable in evaluating
approximately the hot-working properties of steels at different temper-
atures,

16; With regard to the speed of testing, it has been reported
that as the rate of twisting increases, the number of revolutions to

rupture increases.
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17, ‘_Al’tflough the /size éf the.testv'baltr ’d.voés 'not'sc/e'em t(')"makﬂe |
a signifi’cantvc.hange‘in the number of twists to frac‘turg;.thlere is
' }evidence to show that as the diameter of the, épecirh'en de‘creé.Ses fro.m.
5/8 in, to '3/8 in, ’éhe number of réyolutions required for fria,cture B
increaées.

- 18. The micfostructure of the steel does not g'n}e any definite
indication asjto wh.ether it will forge W’ell,‘ Vexc‘ep’t th/an'it is pos s:ible
to distingui'shA a duio_lex and single phase str,ﬁctdre._ |

19 The tes‘t'dc;es not' appeér to yield any useful informati(c?n“
about the ‘effecf of ‘surface defects oﬂthe hof-woﬂrkinv'g pro.pg:fties of steels,
although it i‘é‘knowﬁ, in practic‘e, that many hvot-p;'oce.ss..ing troubles are :
as soéiafed with defects of this kind, This aspect appears to 'rﬁerit further
‘ W<C‘>I'k. : o |

20, A good deal of interesting work has been done to determine

)

thé influence of alloyirig elements én;a the h"otv-'workabi‘lity of 'steeis.
Hovflevfer’, there appears té be a large sc opé‘for é systéﬁatic study
of the effect of elements individually‘ and in' combinations on ffle hot-
working préper.ties of known and unfamiliaf steeis.
21, Brie_fly? the influ;ence of alloying ele‘meﬁts is a.As follows:
i) Freet—;machiniAng_additions such as sulphur or selen;lﬁm
| decrease broth tiéle téA‘rni)eraturej of max1mum twisf: 'and'the_- n_u‘r:nbAeAr
of"twists at this temperature, | In other WOI‘dS/, :these e/léments
depress the hotl—worka'bility of Steels.
' ii) The f?ffect of tin or lead is strikingly _srimilvar,’tvo th‘at of

sulphur,




iii) The strong carbide-forming elements such as titanium or
columbium have a tendency to reduce the forgeability of the
austenitic chromium-nickel steels at higher temperatures (above
2300°F).

iv) The ferrite-forming elements, e. g. silicon and molybdénum,
adversely affect the hot-workability of ste.éls-, especially in austenitic
chrome, nickel stainless steels at higher tempe.ratures. The same
adverse affect is increasingly .seen in low-carbon steels if thesie
elements are present in excess c.>f about 0: 20 per cent.

v) Chromium produces a deleterious effect up to about 9
per cent in low-carbon steels, and above this vamount it appears
to improve the hot-workability, especially around 2300°F,

vi) Nickel and manganese, in general, improve the hot-
workability of carbon steels. ¥owever, when these elements are
present in large amounts the workability is affected by the formation
of austenite. Hot~twist teste ha.ve:-clearly demonstrated thal manganese
counteracts the red-short effect of sulphur,

vii) Nitrogen has a marked depressing effect on the hot-
working properties of higher chromium steels of the types 430
and 446, probably due to its austenite stabilizing tendencies. iIn
carbon and low-alloy steels the amounts nermally present are
small, and these quantities do not affect the ductility at high
temperatures.

viii) The effect of phosphorus, vanadium, cobalt, and oxygen
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is not pr:ecis’e'ly known, - I-IoweveAr,"these elements, wilen p’résent'
indiyidual‘ly in small ndrma.l "a.mounté, W(;lo n@t a.ppe:a.l_' to ha.ve'.,a.\.;;-,
significant effect on the hot‘-workability of steels, .
i:;) The austenitic stee_ls,: such a's types 304 (VISCr::’éI\‘Ti),and
12 per cent Mn, show lower hot-workability than fe‘?‘ritié"«strai.ghf
chromium 'stéelé of the type 410. Likewiis.e, inéréaéing 'the}"_ )
chromium'aﬁd nickel contenté;, as in type.309 (éSCr: 12N1) or 310
(25Cr: 20Ni) steel, lowers the. numbez;’ of maximum twists to
fracture, i.e. hot-—worka,bili;ty.':"
~.'%x) The austenitic steels with ferritg-fprming elements,
such as tita.niﬁm or molybdenurn; or with iﬁguffici_ent a.ﬁétenite—’ |
formiﬁg elements, such asfni’cklel or fna.ngé.nese, 'ftend'to de\;elol‘)«
duplexstructqre's Whiqh have the poor'e'st l}otqurking”propertie'sL
22. The fe st appears to be é u'séful prl (a) ‘to‘ find ’the> eAffect'
of cofnpbsition aﬁd constitution on hot~workabili£y; (b) to inrdi‘cate
the best hot-working temperature for steel and ho'w‘-czi'it.icva.l thié
temperature is; and (c) to compar_é the hot-w'o'rka.‘bility of a pew‘lyr
developed or 'unfamilia.zf steel with one whosal.hot—twi,stl characteristics
are already worked out, by 'c‘ornparing the optifnum number of twists

to rupture,
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6. ILLUSTRATIONS APPENDIX-

Figures 1 to 35 .. 38-66




i
W
~

?

I
Q

Py
Q

Oy
(S

RS

Kesistance to Lrushing . ¥gm. per Cm3
-3

g
=é00 o 200 o) o0 2]
Temperatures of Crustmng , °C.

V~Fig. 1, - Resistance of carbon steels to crushing,
(After: ¥, Robins, ref. 9)

o
o

-
=

- ELECTROLYTIC IRON

PERCENTAGE REDUCTION IX NEIGNT OF SAMPLE

g B ] { {
% 310 320 T80 340 3%
© TEMPERATURL OF FORGING ¢~

Fig. 2. - Rezlation between forgeability and temperature
for electrolytic iron. o '
(After: O. W. Ellis, tef. 17)




Jemperatyre, Degrees F&hrenheit Jemperature, fogrees fahrontort

1800 1900 1600 1800 2000 10 —2%. 100 1600 1600 0
30 T T T T T > T ' !
S s’ E S - / f
S ean & & v %
- X, ,
S ' N e
. a a,ls-? ) 6. vy C 7 S
N S 1'F ’g.- “G ® o /qo‘{\ /
X Q K 0 gl
S 2 \Q A ./010(:1‘__ <o % P2/ (.55 7
R N 016 oo o ,\Q /qu." '*ﬂ‘_/
N 3 L [ 00 3 “ R
X SHA T e Y ANy
S 5 2 Rl SR E 15 00
3 PPECZ I Merr e
S’ b%r | e E e ¢ 065
. o & e

E -3 oA ):.a- ot }s 1 . ’.'

— o S 0 v
N/ 5T N — !
& ,,--9“[’ i & Vv /

o S / S

«"r ) ' e
Pt ‘l.' 5 -
Y 600 700 800 900 1000 . 100" ¢ 600 . 800 900 1000 1100

lempersture, Degrees @ntigrade Ternperature. Degrees (entigrace

Fig, 3. -~ Effect of carbon on Fig. 4. ~ Effect of nickel on
forgeability of carbon steels. forgeability of carbon steels.
(After: O, W, Ellis, ref. 17) (After: O, W, Ellis, ref, 17)

Temperature, Degrees [ohrenhert

200, MO0 1600 100 2000

Jo Y T 1 T T
Q \4
< D7
N £ 020KC 185K, 05250 2R
< A:-035%C 1275, 070%C o
S 0: 0X08CIBIH. - o
* 20 | i 27
L El LA ¢
% l ~ g /A‘ )

6‘\]./\:}"’;/ .7
D) i
X P
o chmd & -1
§ // / _,,66'%(,
$ AL
.
S |
&0 == 4
S rd
N -~ 3}/
g [ g 7
"
5

600 0 800 900 1000 1100
lempersture, fogrees (entigrace

Fig. 5. - Relative forgeability of a nickel steel
' and two nickel-chromium steels,
(After: O. W, Ellis, ref. 17)






Stress, tons/ sq,in,

~ 41 -

Composition, per cent

Steel A Steel B
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Silicon 3.74 0.22
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Composition, per cent
: (1) (2)  (3) - (4) ~ (5) (6) (7 - (8)

Carbon: 2,23 0,47 0,26 0,35 0,61 0,35 0.17 1.06
Manganese 0,37 = 0.58 0.57 - 0.66 = 0,94 1.49 -~ 0,62 0,46
Silicon 0.43 3.74 0,36 0,27 1,58 0.27 0,153 0,22
Chromium 13,10 8.20 3,03 0,59 0,12 0,03 ' 1,41
Nickel 0.33 0.20 0.29 2.45 0, 27 0.11 0,17
Molybde num o 0.49 0.59 0,06 0.28

Sulphur ; 0,009 0,023 0,038 :0,041 0,054 0,019

‘ 0,029 0,035

Phosphorus . - 0,023
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Fig. 9, - Relative atrengths of steels in compression & 'Lt 1830 F and 2200°F,

Strain rate: 1% in, /in./sec.
(After: P, M. Cook and A.J.

Blythe; ref, 27, 28)
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Fig. 15, - Influence of test bar diameters on hot-twist characteristics of
low~carbon steels,
(After: C, T. Anderson ct al,, ref, 7)
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Fig, 18, - Curves showing spread of hot-twist test data on the same class of steel
(stainless type 304), but representing different heats,

(After: H, K, Ihrig, ref. 4)
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Fig., 20, - Effect of temperature on hot-workability of 0,16% carbon steel,

- (After: H. K, Ihrig, zef, 4)




Mn
Si
Ni

Number of twists to failure
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Composition, per cent

(1) (2) (3) . (4) (5) -

‘Temperature °F

0,02 0,04 0,22 0,26 . 0,64 I |~
0,005 = 0,26 0.45 1,05 12.88 :
0.02 0.003 0,08 0.23. 0.88 (4)
- - . 3,11 ’ '
_. . ——0 SAE 1020
0,026 0,024 0,021 0.028 0,032 ¢ o= 1. 05% Mn
0.009 0.004 0,014 0,021 0,017 . -
- (2)
Ingot iron
- o lo 0. 26% Mn
300 | \ ___
: ° No (3)
. " SAE 1020
250 |— 0.45% Mn__|
/s
7
200 |- | , ]
| /I (L)
Ingot iron :
’ 0,005% Mn
100 f— o
50| ]
o \(5) 12% Mn
0 ! | | | A
1900 2000 2100 2200 . 2300 2400 2500

Fig. 21. - Effect of manganesé on hot—Wor‘kaBility of low~carbon steel,

(After: H, K. Ihrig, ref, 4)
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l | I l
Composition, per cent (2) - v
Ferritic stainless steels Austenitic stainless steels Type 430
(1) (2) (3) (4) (5) (6)
400 |— c 0,08 0.08 - 0,08 0,08 0.07 0.07 —
Mn 0,44 0. 44 0. 67 0.82 0.45 1,75
Si 0,53 0,38 0.45 0,47 0,49 0.47
Cr 13,83 15,86 26.10 19,09 18,60 10,63
Ni 10,24 10,74 11,47
Ti 0,45
Cb 0.73
s 0,015 0.008 0.011 0,015
350 | P 0.012 0.019 0,018 0.0l5 ]
N, 0.016 0,157
300 — —
v
250 | / Type 446—
v
200 [ — ]
/' pr——
150 v
/+
100}— // ]
x / . (4) Type 304
____-—-—_"'-— \ p— o
> /
/. \
e Sm—— +
50 ——— =t X
n— — — ®
! \c O — 0 _
I \A *kx./ (6) Type 547
| I | | |
2100 ' 2200 2300 2‘4.00
Temperature °F

Fig. 22. - Comparison of hot-workability of austenitic and ferritic stainless steels,
(After: H, K, Ihrig, ref, 4)
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Composition, per cent

(1)* (2) (3) (4) (5) . (6)

SAE 1020 SAE 1335 | |
C 0,22 0,22 0.24 0,24 0. 36 0.33 (5)
Mn 0.45 0.48 0.46 0‘. 44 1,74 1,62 0.014% S
Si 0,08 0.08 0.08 0.08 0.27 0.20
S 0.021 0.052: 0,116 0.130 0.014 0.12
P 0,014 0.014 0.014 0.014 0.014 0.026 —
(1) represents the original heat i, e,, ladle analysis;
Heats (2), (3), and (4) represent resulphurized o
ingots of (1). ‘
300 | — : —
3] ' o o
5 4 o (1)
+ : : 0.021% S
. U ) o .
‘d _ B
& 250 |— | N | / ” -
o ) '
3 o : :
) o/o/’ o (2)
12 o 0. 05
i; S
o jua—
: o o\/o
o
[o 1 e )
~ [+
0
o | ‘ .
g 150 |— , (6) —
3 °O 12% S
% /
o/o /b/‘:/\o (3)
, 0.116
100 %
8/0/0-—-—0——-0____-0______0 (4)
: om0 0.13% S
50 o - o .
‘ o
| | I | 1
1900 2000 2100 2200 2300 2400 2500

Temperature °F
Fig, 23, - Effect of sulphur on hot-workability of carbon steels.
(After: H, K, Ihrig, ref, 4)




Number of twists to fracture
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Composition, per cent ®
_ (1)
(1) (2) (3) 0.002% S
C 0.23 0, 21 0,17
400 t— Mn 0.003 0.004 0.001 —_
Si 0.115 0, 004 0,001
S 0.002 0. 004 0, 009
P 0,004 0,002 0,003
350 e
/.
@
/.
250 | —
®
\ ®
200 | . _
150 }— —
100 __ ]
500 _ (2) |
0\ ® 0,.004% S
e -
\. /. 3)
\. PY ® ..,_—-——. ./‘ O. 009% S
—"
L L ® ®
P —°*—1 | l
1500 _ 1600 1700 1800 1900 2000

Temperature °F
Fig, 24, - Effect of sulphur on the hot-workability of low-carbon steel.
(After: C. T. Anderson et al., ref. 7)



Number of twists ‘to fraActli‘re
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(After:

H. K. Ihrig, ref. 4)

[ I I [ |
Composition, per cent
(1) - (2) (3) (4)
400 - © 0,12 0.11 0.068 0. 070
Mn 0.51 0.52 0. 26 0.232 ""'
Si 0.06 0,20 0. 26 1,20
S 0.035 0.030 0,043 0.043
P 0.010 0,022 0,031 0.009
350 ' —
/Q\ N
| O~—0 0.06% Si
300 | ' —
-0
e (2)
/ ‘ o 0.20% Si
| 0/0\.0'/
250 : —
_ 0/
o
200 — —
150 - —
100~ —
(3)
o 0.26% Si
50| __
‘ *— ~a (4) =
~ .
® 1,20% Si
, | | l I |
1900 2000 2100 2200 2300 2400
Temperature °F

Fig, 25, - Efféct of silicon on hot-workability of low-carbon steels.




Number of twists to fracture

(1)
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Composition, . per cent

(2) (3) (4) (5) (6)

C 0:06 0.16 0.16 0,11 0.052 Monel
Mn 0, 26 0.57 0,51 0.47 0.49
Si 0,05 0, 24 0.18 0.01 0,13
Ni 99,43 3.55 5.05 30,06 43,50 67%Ni:30%Cu
S 0.005 0.013 0,019 0,042 0,008 (1%Mn 1%Fe)
P 0,013 0.019 0,010 0,011
1 } o\l | |
0\\ (1)
350 e o-m-u'vﬂ'ﬂoggn 50% N_é-_,
(2)
0. 3, 55% Ni
- .
0 \o——-—»o
(3)
300 |— o Po) o 5.05% Ni_|
. / / (&)
o
o
250 |__ /0 —
(0}
200 [ — (o} —_
(5)
: 43, 50% Ni
150 |— S L
O
Ve
100 |- © e @ =0 —
o ° o—-«"‘""’“o
/ (4)
50 |— o 0 30, 06% Nij
/O
O g
o/of_.—-'.' \O
6)
l | T ? ® Monel
1900 2000 2100 2200 2300 2400 l

Temperature °F

Fig. 26, - Effect of nickel on hot-twist characteristics of low-carbon steels,

(After: H, K. Ihrig, ref, 4)




Number of twists to fracture

450 ] ] [ LD R 5
Composition, per cent (4) 15, 60% Cr
(1) (2) (3) (4)
- C 0,21 0,11 0.11 0,07
400 b~ Mn 0,43 0.47 0.38 0.4l .
Si 0,23 0,30 0,69 0.38
Cr 0.70 2.86 7.02 15,60
Mo 0.49 0,55 0,025
S 0,026 0,009 0,014 0,013
350 p 0,018 0.013 0,016 0,018
300
250
200
150 ./ (1) 0.70% Cr
. /' (2) 2.86% Cr
. | |
100
50
\x§~(?i7.02% Cr
x
‘ | [ 1 | l
1900 2000 2100 2200 2300 2400

- 58 -

Temperature °F-

Fig, 27, - Effect of chromium on hot-workability of carbon steels,

(After: H, K, Ihrig, ref, 4)




to fracture

Number of twists

400

| | l [T |
Composition, per cent , A 590 turns
| [ 4t 2450°F
(1) (2) (3) (4)
350 C 0.08 0.09 0.13 0.14 ,
Mn 0.67 0,45 0,51 0.58 ’
Si 0.45 0.41 0,45 0.50
Cr 26,10 26.72  25.13  26.01 ]
S  0.012 0,011 0.019 0.010 |
P 0.014 0,008 0,030 0.030 l
300 —Ni 0.157 0,15 0.129 0,138 ,
(1) 0.08% C ,
T , (2) 0,09% C
250 /
200 [— »®
150 | f
J1
l .
)
100 |- i~
Ve
7 - o
/x o 7 \\
50 |— 7 /o/ /,’ \
o e
e o e @ 0.14% C
0 /“:/o
[ - "*,TJ- S
O . (3)0.13% C
”»
| | | ! |
2000 2100 2200 2300 2400 ‘ 2500
Temperature °F

Fig. 28. - Iifect of carbon on hot-workability of straight chromium

steels of the type 446,




Number of twists to failure

- 60 -~

T ] T

Composition, per cent

(1) (2) (3) . (4)

| C - 0.029 0.04 0.07 0.08 ~
Mn 1.10 0.49 0.50 0..82 ”‘
Si 0. 59 0.42 0,41 0.47 ,
Cr 19.28 - 18.44 18,70 - 19.09 ‘ |
Ni = 7,08 10,68 10, 34 10, 24 '
S 0,014 . 0,014 ~ 0,010 0,008

120 [ : P 0,011 0,011 0,011 0,019

100

(o]
(1) 0,029% C

2100 - 2200 . 2300 ' 2400

_ Temperature °F
Fig. 29. - Effect of carbon on hot-workability of stainless steel of the type 304,
(After: H., K. Ihrig, ref. 4)




failure

Number of twists to
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Composition, per cent

(1) (2) (3) (@) ]
C 1.02 1.03 1.49 1.45
Mn 0,31 0,44 - 0.40 0,37
Si 0,35 0,32 0,72 0.66
Cr 0. 30 1,37 0.12 0.09
Ni 0.09 0.12 0.17 0.13 - . .
Mo 0,03 0.03 0. 25 0. 54
W - - - 3.03
S 0.018 0,012 0.017 0.015
P 0.015 0.014 0.014 0.023
300 f— O ‘ —
250 {— / —]
) o : .
200 [— -
150 (1)
50/ . / \
. o.—-““’
o~
o—"
o
100 | (o) ' ‘-'0
. | (2)
; N 1.37% Cz
()/ O/ \0\
/ 0
50 b ™ —
[ o(3)
0O O 0.25% Mo
(—\1‘”‘ MQ.
T
(4:) %‘\o o
1800 1900 _ 2000 2100 2200 2300 2400
Temperature °F
Fig. 30. - Effect of alloying elements on hot-workability of steels con~-

....__ EA—

taining over 1% of carbon,
(After: C, L. Clark, ref. 5)




Number of twists to failure
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Composition, per cent

(1) (2) (3) (4) (5)
c 0,13 0,14 0,12 0,074 0,022

Mn 0,47 0,42 0.48 1,37 1,60 i — ‘
Si 0,03 0,31 0.23 -0.50 0,32
" Cr 18,59 18,08
Ni 10,44 11,40 o (1)
Mo : 0,46  0.53 2,35 0 Mo-~Nil
S 0,028 0,020 0,025 0,013 0,0107 0/ | —
P 0.013 0,016 0,016 0,017 0,015
Q'
300 f— , | .
/0/
250 |- /o/ o
/
o R
.. o
200 o= (3)_
) 0. 53%
o
150 |  (2)
0,46% Mo
100 e v
o (4)
50 L o= Ma-~Nit-
' OMO
, | 0\0/0/ \O"'"""O ‘ ﬁ)
| ' I L [ 2.35% Mo
1900 2000 2100 2200 2300 2400 2500

: * Temperature °F ,
Fig, 31, ~ Effect of molybdenum on hot-workability of low-carbon and
. "~ nickel~chromium steels, '
(After: H., K, Ihrig, ref, 4)

-




Number of twists to failure
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Composition, per ceunt

(1) (2) (3) (<) (5) (6)
18:8 18:124Ch 18: 12411 18:845  25:12 25:20
C 0.05 0.07 0,06 0.12 0,06 0.11
Mn 0.52 1.75 1.33 0.94 1.55 0,58
Si 0.52 0,68 0.28 0,35 0,42 0.75
Cr 17,78 18. 85 17,41 18,08 24,96 23,60
Ni 9,60 12,87 10.03 8. 85 13,40 20,65
Mo 0.06 0.24 0.01 0.03
Chb 0,82
Ti 0.43 :
S 0,012 0.017 0.013 0.239 0,017 0.017
P 0.006 0.012 0,021 0.022. 0,011 0,013
: l | I [ I
150p— o -
/o (1)
O
0]
100~ ]
O © o -] Y (3)
o;%“’/ 0.43% Ti
/070
e/o ‘
50-— o / \‘ \uq&“,..-..--———-—,‘_— (6) o~
e Lymon = e B
’(_——-—ﬂ‘?‘f’:‘".l "“’W NA (2')
X""'""A- ____--"/U——-'”'O (5) * O 82
l l l | 1 0. 238% 5
1900 2000 2100 2200 2300 2400 2500
Temperature °F
Fig. 32, - Hot-workability curves of various grades of austenitic

(After:

stainless steels,
C. L. Clark and J. Russ, ref, 6)



Number of twists to failure

- b4 -

] T
5 Compo_’silcion, per cent '
: "o
(1) 2 (3 | (4 - (5)
AISI Type 430 AISI Type 446
400 | : 1 _ _
C 0.08 0,09 0,11 0.10 0.10
Mn 0.44 0.43 0. 34 0.42 - 0,48
Si 0,38 0,38 0.35 0.43 - 0.38
Cr 15,86 15,09 15,60 27.12 26,44 -
350 S 0.018 0.013 0,018 0.010 . 0.012
350 0.022 0,013 0,018 0,011 o
N, 0,016 0,029 0,0575 0,16 0.30
(1) 0.016% N,
300 f—
(4) 0.16% N
250 | e
/D o
: No (2) 0.029% N,
200 - )
150 —
© (3) 0,058% N
100
/o"“< '
oo 0" s (5) 0.30% N,
" | | | |
2000 ' 2100 2200 2300 2400
: Temperature °F
Fig. 33, - Effect of nitrogen on hot-workability of st aight chr omlum

steels of the types 430 and 446,

FTALH ~ane T T F1 .= I Y




Number of_twists to failure

I | I I [
Composition, , per cent
(1) (2) (3) (4) (5) (6)
C 0. 20 0. 20 0,26 0. 26 0,22 0. 24
—  Mn 0,48 0,48 0,49 0,48 0.45. 0,46 o
Si 0.17 0,17 0.19 0,17 0,08 0.08
S 0.031 0,031 0,030 0,037 0.021 0,116
P 0.020 0,020 0,014 0,012 0,014 0.014
Pb 0,13 '
— Sn 0.002 0, 294 i
A
. \\ (5)
300|— Pl Al 0. 021% S—.
/ m~_-g(3)‘098820/0
/ (1) Pb-Nil
+ C7\
/’o ~+ g
+ /
A |
: le)
200 -
4(5)
150 |— —
(6)
A/A Oa 1160/0 S
100 '
e o —
A
%‘\«
g (4)
(6) a=i™" . - _ +0,294% Sn
f‘"“_
50— (2) o ) // \\+ // (2) 9. 13% Pb™
=t T
(4) g
A I I I I I
1900 2000 2100 2200 2300 24.00

T emperatﬁre °F
Fig, 34, - Effect of tin and lead on hot-workability of 0, 20-0, 25%
‘ carbon steel,
(After: I, K, Thrig, ref, 4)




Number of twists to failure

- bb -

Composition, per cent
(1) (2) - (3) (4)
[ C 0.11 0,12 0.11 0.12 - -
Mn 0.47 0.52 0,52 0.46 '
Si 0.04 - 0,17 0,20 0.178
S 0,023 0.026 0,030 0,030
* P 0.013 0.018 0.,022 0,025
300}— (1) ]
A0,013% P
(3)
:/..0.02_2070 P
250 (2) —
_ 00.018% P
/ ()
. :)/00. 025(70 P
200 p ~ o, o | —
/‘ .

150 |— ® —
100 fe A d . | ]
50 | _ —
| | | I |

1900 2000 2100 2200 2300 2400

Temperature °F :
Fig, 35, - Effect of phosphorus on hot-workability of low~carbon steel, '
(After: H. K, Ihrig, ref. 4)




