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This book considers problems involved in the production of
special-steel forgings used in power-plant constructiow ana other
branches of industry, deseribes the technological procedures for
forgiag low-deformability high-alloy steals, presents and analyzes
the results of research and induatrial experience, presents data
characieriaing forging quality in relation to fabriecation conditions,

and makes practical recommendations regarding the selection of opti-
f mum technological processes.

Thie book is intended for enginucering and technical workers
at appropriate plants, as well as at scientific research and tech-
peal planning=tnstitutes.
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FOREWORD

Of the diversity of speclal-steel forgings used in the fabrica-
tion of various machine and equipment components, this book con-
siders principally those produced from high-hot-strength and cor-
roslion-resistant steels, which are coming into wider and wider
use in modern technology in connection with the development of
powerplants and chemical machinery.

In many cases, the specific propertles and technological char-
acteristics of these steels necessitate special smeltlng, forging,
and heatsireatuent.-pracgdures, which can inedvrge measure-tese
to certain typlcal forgings produced rrom other groups of specilal
steels. The information in this book can therefore be applied to
a broad range of forgings from alloy and high-alloy steels employed
in various branches of industry.

Special attention is paid to analysis of metallurgical factors
adn the characteristics of hot machining and heat treatment, which
affect the quality, mechanical and special propertles, and opera-
tional reilabllity of forgings.

This book is based on data obtained in numerous investigations
conducted at the Neva Machine-Bullding Plant imeni V.I. Lenin [NPL]
(H3N0) when production of la.ge speclal-steei forglings was begun and
on many years of Ilndustrial experience. The experlence of other
plants 1s also taken into account.

The industrial-research results, the critical evaluation of
production observations, and the systemmatization of individual
datc on current production revealed a number of technologlcal
characteristics and patterns that can be successfully utilized in
the search for optimum technological solutions and in tringing new
types of rorgings from alloy and high-alloy steels into production.

The success of much of the experimental work that forms the
basis for this hook was furthered by the participation of metal-
lurgists at the NPL, including Engineers V.N. Tokarev, P.M. Libman,
Ye.V, Babayeva, N.I. Belan, and others, to whom the avthor wishes
to express his gratitude.
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Chapter 1

CHARACTERISTICS AND PROPERTIES OF CERTAIN HIGH-HOT-S,RENGTH AND
CORROSION-RESISTANT STEELS EMPLOYED FOR LARGE FORGINGS

High-hot-strength and corrosion-resistant steels differ from
ordinary steels in thelr speclal propertles, which are produc=d by
a complex of physicochemical and technological factors. Such steels
usually have a hligh content of alloying elements (chromium, nickel,
molybdenum, tungsten, vanadium, etec.), although their chemical com-
position 15 not the sole factor responsible for their speclal proper-

sdel@dmeTechnological factors, including melting and casting methods,

thermomechanical deformation conditions, and heat-treatment regimes,
also have a strong influence on the properties of steel. The best
results with respect to special hot strength and corrosicn resis-
tance are ylelded by a favorable combination of chemical composi-
tion and optimum technologlcal conditions.

The most important requirements imposed on the properties of
high-hot-strength steels are a guarantee agalnst component failure
under give' operating conditions and of minimum deformation over the
entire service period (within the limlts established for a given
machine design). These requirements are evaluated from the main
criteria of hot strength: yield strength and long-term ultimate
strength. Other important indlces of steel durability are also taken
into account, particularly long-term plasticity and notch sensitivity,
The plasticity margin governs the working deformation during compon-
ent service. This criterion is therefore one of the main factors
evaluated in selecting a metal. The tendency of a steel toward pre-
mature failure under the action of notches (stress concentrators)
is directly reiated to its deformability under creep. Research has
shown that most turbine-component fallures are due to the presence
of stress concentrators whose action has been intensified by low
steel plaaticity [1].

The physical constants of a steel (ccefficlent of linear expan-
slon a and coeffliclent of thermal conductiviiy A) are also of great
Importance f'rom the standpoint of high-temperature structural appli-
cations and technological applications.

The temperature stresses in components are directly related to
the coeflficlent of linear expansion, increasing with the value of
a. Designers cometimes give preference tc 13 metal with a lower coef-
fletent of linear expansion, even when it has a aomewhat lower hot
strenth, Austentte steels have the highest coefflclentas of 1inear
expanesion,
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Toe coclt'letent of thermal conducetivity Ureets principaliy
the temperature fleld ot a component and hencee tace ctrenpsth aod
cperattns behavior of the ascoembly of waleh 1t 1o v purt. A de=-
creace i thls coefflelent causes an Inercace tn the temperature
rradlent and thermal strescses. This lmpovtant Poetor 1o ulwars taken
Into account tn evalua:ing whether or not o cioel of a given struc-
tiral clase should be selected for a componert "ntended to operate
at high temperatures.

The technological significuance ol a low coefflcient of thermal
conductivity lles in the fact that metals with oueh conductivities
requlre prolonged preferping heating and heat treatment in order to
aveld large thermal stresses and development of cracks. Low thermal
conductivity also causes stress concentration during loe ! heating,
vhizch leads to warping o' the component. The thermal conuuctlivity
of steel 1o strongly affected by the extent Lo which 1t is alloyed:
carbon steels have the highest thermal conductivity, whlle high-
alloy auatenlite oteels have the lowest. The difference in the thermal
conductivities of cteels of different classes 1= greatest at normal
temperatures,

Pewerplants (steam and gas turbines), whose critical components
operate under the action of high temperatures, substantilal stresses,
and corroslve media, glive rise to a number of problems relating to
the search for and selectlon of steels with the requlsite combina-
tion of nhot strength and approprlate physical propertles, as well as
satisfactory reslstance to chemical agenuts at elevated temperatures.

Complex provlems alsc arlse in selecting chemicalily stable
steels intended to operate in aggressive media at ordinary tempera-
tures, €. .., lit comprescors intended to compress and deliver various
gavsecs. De.pite the abeence of creep, i.e., lrreversible residual’
deformacion, such ap, 'teations ofven require high-alloy speclal
steels comblining good corrosion reslstance with high structural
strength, The latter requirenient 1s especlally important in connec-
tlon with the contlnuous rice in the workling parameters of machines
using corrosion-resistant steels. As requirements {or hot strength
and antlcorrosion properties sare ralsed, the chemical composition of
steels usually becomes more complex and their werkability in all
stages of metallurglcal production becomes poorer,

Table 1 shows the cliemlcal composition of some of the corro-
slon-reslstant steels of the perlite, martensite, and austentte
classes most wldely employed in conutructicr of powerplants; these
steels are briefly Gescrlibed below.

1. STEELS OF THE PERLITE CLASS

The advantages of hlgh=hot-utrength perlite steels include a
low alloying-elemant content, good thermal conductlivity, a low
coelfietlent ur' linear expas-ton, sood workabllity, and relatively
low foreiny cost,

The common atloying feature o ti's proup of cteels Lo the
ot that they contain 1-3% chromlum, 0.5« .0 molvbdenum (the
rolnetpal solld=solutlon frdentay element), and varadtum (o the
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carbide-forming element). Some types of steels contaln additioral
components (e.g., tungsten) that have a favorable influence on the
mechanical strength of the metal at elevated temperatures.

The perliet steel with the highest hot strength 1s 3Wl15, which
1s widely used ln turbine building for fabricatling wheels, rotors,
and other components. In terms of hot strength, this steel 1s in-
tended for operation at temperatures of up to 550°C for prolonged
periods (106,000 h) and at 550-580°C fcr short pericds, Type Iunhls
steel has a high capacity for thermal improvement and good temper-
ability.

When uoed in forged wheels with huts 300 mm high and no central
hole, 3N415 steel 1s characterized by the following mechanical pro-
perties (in tangentlal specimens): yleld strength 00,2 = 70- 78 kgf/
/mm?, ultimate strength o, - 80--8k ¥/ ~! relative elongation § =
= 16-18%, relative reduction in cross-sectiocnal area ¢ = 50-60%,
and impact strength «, - 8 10kg-mem®. Research has shown that such
wheels can be treated to give them higher strength while retaining
complete satisfactory plasticity indices.

A great deal of experlence in the production of forged wheels
and other components of various sizes and shapes from 3U415 steel
at the Neva Machine-Buillding Plant imeni V.I. Lenin (NPL) has con-
firmed that i1t 1s technologically suitable for not working and prov-
ides rellable mechanical properties.

High mechanical properties and good homogeneity of properties
over the forging cross-sectlion huve also been noted in a large ro-
tor with a body diameter of about 900 mm [1]. At ou. 60 65ket/mm?and
0, =70- 78kgi’/mn® , the plasticlty indices were & -~ 16 7%, ¢ = 40 60%,

a, = 10—12kgf.m/ crs, The difference in the yleld strengths at the peri-
phery of the body and in the region close to the central hole (100-
12¢ mm in diameter) was about 5%.

When subjected to long-term tensile loading, 3U415 steel
treated to oe,2 > 65 kgf/mm? has high plasticity. Steel intended
for components to serve for 100,000 h can be deformed by 1%. As
a result of its lower plasticity, the permissible deformation of
steel treated to oo,z > 75 kgf/mm* 1s limited to 0.5%.

In view of 1ts comblnation of hot strength and stabllity of
properties, F2 rotor steel, which was develcped by the laboratory
of te Leningrad Metals Plant [LMP](/NM3), can be used for turbine
components Iintended to operate 1t temperatures of up to 535°C.
The principal advantages of thils steel is that {t has no tendency
toward thermal embrittlement and nas satisfactery plasticity at
vlevated temperatures,

Heat-treated P2 steel is characterized by hiyh mechanical
properties at 20°C. A series of ¢ yheels with hub: 100 mm high
exhibited the following mechanical propcrties:oa,, - 803 88,0« :/=nt, o, ~

898 97.0ket mud, 8 = 152 17.6%; ¢ - 467  70.0%: a, 60 13,7 Temlond.

In accordance with the recommendations made hy the LMP latora-
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tory, larye rotor forglngs fabriceated from POosveed e sud foeted
not te refining but to cingle o double novmalization Votlowed b
high temperinge., Roto» Popcfre o thits atote have the Pollowtng
mecenanieal provertien oo I et e, F00 75 L 15 I8

¢ 40 60w, o o When cuty a4 orotor mere than 300 mm

1n dlameter wa: tound to huve high unliormity ol properties throurh-
out the forgsing volume, The yiold strength 04,2 holds enctant at

41-45 %pf/mm? over the hLemperature range USO-““”F

The satlsfactory plastlelty of P2 steel when subjected to
long-term tensile testing at 500-550°C jermits a defermation of
1%-

(up to 0.8-1.0%) has a higher hot strength. According to the data
of the LMP, the increase in molybdenum content nhas a favirable ef-
fect on mechanical properties at room temperature and ensures sati.- A
factory deformebility under long-term tens!lle loading. Type PIM
steel is uced for large rotors with stoam parameters of up to 580°C
and 240 atm (abs).

Type P2M rofor steel wlth an elevated molybdenum conient §

s ————

Type 15X1IM1l¢ stee! 1s emploved f{or forged flanges, plpes,
T-jJoints, and other steam-turbine fittings intended to operate at
temperatures of up to 565°C. After normalizetion and high temper-
ing, forged flanges of the wheel tvpe with a helght of 170 mm
have the followlng mechanical propertie, (tanyentiql qpenimens)
Gp2 = a3 3000 un® g, 52 ool & U6 A%y o7H T8%, u, 18 Dt/ 2,
Increasing the forging h»ibht to 340 mm causes the Jield btrength
Jy.2 to decrease to 30«34 kgf/mm?,

v

o

Thorough investigations of experimental forgings from 15X1M1¢
gteel, involving mechanical tests of different zones conducted
at the LMP laboratory, showed thelr properties to be sufficlently
uniform over thelr cross-sectlon.

According to the data of the LMP, the mechanical properties
of v ved and tempered forbint have the followling value\'
a, -li\ KR "IEUIY-' " ar (.) el . & 3 330“‘ “" 0y Tne e . AT

This group of high-hot-strenyth perlite steelus nas a very
favorable comhinatlion of technological properties, which permits
fabrlcation of nigh-quality forgings without material mernllurpt-
cal difflculties.

2. HIGH-CHROMIUM STAINLESS AND HIGH-HOT-STRENGTH STEELS OF THE
MARTENSITE CLASS

Chromium martensite steels have hfgh corrosion resi:ztance and
ot strength Lomhined willi gocd mechanlcal properties, which has
revalted In thelr {inalng hroad tndustrlal applicaticn. Large forg-
ings from these stoeln are used in chemical machine tuild' o and
in other producticn aieas involving exposure to correatve media.

In turbine tullding, statnless chromium steels are emploved piine
cipally for blades intended to aojperate at tempernture s of up to
450-500°C and seal.npg bushes, Additional alloyinge of chvnm‘x -
tensite ~teele pormits Laem to fo o used as Blrheabolestroppth sateg-
Pale, replacinge: murtenite 2teeis,
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Type 2X13 chromium steel has relatively high strength and good
plasticity. Forged shafts 150 mm in diameter, subjected to normal-
ization and tempering, have the following mechanical propetties:

Go,e NI 55&{?;1_"/ writ, o, = 68-~-T0kgf/mm?, & = 21- 20%, ¢ =60 61 ", ¢, -

= 8--12kutm/cm*. When tested in the quenchied and tempered state,
forged wheels have hlgher strength indices: o,; -~ 60-65.xt/mrtand g, =

= 80--BOKet/mm® win § - 14 -18%, ¢ == 57--05" and g, =5 -7 kgfm/cef. In a forged
rotor with a body dlameter of 720 mm subjJected to the same heat
treatment, o,em0, are reduced to 42-45 and 61~63 kgf/mm? respectively
with 6 == 22.-28%,4 == 45-—-585%wnug, = U 10 kpzfm/cm*; the mechanical propertles
remain very uniform over the forging cross-section.

Technologically the most complex of the martensite gsteels is
1X17H2 (3an268). Its principal advantage over other stainiess steels
is 1ts combination of high mechanical properties (a yleld strength
of up to 60-75 kgf/mm?) with extremely good corrosion resistance in
aggressive media. In view of 1ts chemical and mechanical properties,
this steel 1s regarded as the most suitavle for shafts and wheels
for nitro.o-gas compressors and certaln other machlnes.

High-hot-strength steels based on 11-14% chromium and subjected
to additional alloying with tungsten, molybdenum, vanadium, and
certain other hardening elements have come into wide industrial use
in recent years, éspeclally in powerplant construction. The effec-
tiveness of such alloying lies in the fact that 1t hardens and in-
creases the hot strength of chromium stainless steels, bringing
the operating-tempsrature limit up to 560-600°C.

While having high mechanical properties at normal temperatures
and a hot strength intermediate between those of perlite and austen-
ite steels, hardened high-chromium steels are also distingulshed by
a number of other characteristics (scale resistance equivalent to
that of austenite steels, high thermal conductivity, and a low
coefficient of linear expansion), whose practical utilization in
powerplant c¢onstruction is very important. These properties result
in smaller thermal stresses and permit naﬁgd components of high-

chromjium martensite and perlite steels tofbe used In machine as-
semblies, ‘

- Economically, chromium steels ditfer from austenite steels 1n
their greater technological workabllity and relative cheapness.
They are therefore being more and more widely used in modern power-
plant construction for fahricating rotors, wheels, and other compon-
ents intended to operate at temperatures of up to 580-600°C. Large
turbine forgings from stainless steels are belng produced by the
Bochumer Rhein rlant (FRG) and ciner foreign fiems [2]. In the
Soviet Unicn, a number of high-hot-strength high-chromium sieels
have been developed by the Central 3team Turbine Institute, the
Central Scientific Research Institute of Technology and Machine
Building, the Leningrad Métals Plant, and other organization:.
Specifically, 1x12BHMe (3WB02), 1x1282M¢ (3WU7505), and 15X11MeE
steels have been developed, investigated with large forgings, and
used industrially for fabricating steam=- and gas-turbine components.

Large forged wheels and rotors of 1X128HM® steel are charac-
terized by the following mechanical properties: o,, €0 70 -2
o, = 80 87k§‘l':srm', d = 14 7%, ¢ - 30 40%, a, § T vianion?
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Type 15X11M¢B steel, which: was developed by the LMP laboratory,
18 intended principally for fabrication of cast blanks but is also
used for certain steam-turbine fittings (T-Joints, pipes, etc.) tc
operate at temperatures of up to 580°C. Such forged compunents welgn
up to 3-5 t. Tests conducted with forgings having dlameters of 300-
350 mm after normalization and tempering showed them %o have the
following mechanical properties (tangentlal specimens): o,. 35 65
kef/mme g, = 75 Nikgf/mm'. b 0N ity G0 60w G Bketin/en?,

A general characteristic of high~hot~strength high~-chromium
steels 1s their high sensitivity to various deviations In the ne-
tallurgical process cycle.

3. STEELS OF THE AUSTENITE CLASS

Chromium-nickel steels .of the 18-9 type, with titanium, niobium,
and molybdenum added, are most widely used as corrosion-resistant
austenite steels. The development of power engineering and the con-
tinuous increase in machine working parameters has necessitated the
creation of many high-hot-strength austenite steels with varied and
c¢omplex chemical compositions [3], which are employed for high-
temperature operation.

A common high-hot-strength stainless steel with good stability
in corronsive media 1s X18H9T. One can get some idea of the mechani-
cal properties of this steel at normal temperatures from the follow-
ing data, which were obtained irn tests on forgings of the wheel type
after austenization and tempering (tangential specimens): o,, == 30- 34
kef /mm?, @, -~ 53 ~60kyfimm?, & == 47--50%, ¢ 65 70%, a, - 16 --20k;*m/c.’. Forgings
of the seme type of steel containing no titanium (X18H9) usually
have a lower yleld strength (go,. = 24-28 kgf/mm?) with 8 and V
falling in the range 50-60%.

The corrosion resistance of a steel depends largely on its
composition and structural state, which 1s governed by the heat-
treatment regime. The lower the carbon content of a steel, the high-
er is 1ts corrosion resistance. Titanlum also has an effective ac-
tion, the resistance of a steel to intercrystalline corrosion de-
pending on the quantitative ratio of the titanium to the carbon,
Technical specifications therefore relate the minimum permissible
titanium content to the carbon content. The carbon-titanium ratio
shown in Table 1 does not conform to GOST 5632-51, since produc-
tion experience with critical forgings from X18H9T steel has shown
that' the minimum titanium content stipulated by this GOST, equal
to (C% -<0.03):5, is insufficient to impart effective corrcsion re-
sistance to large forgings (e.g., compressor wheels) subjected to
heat treatment in the form of austenization and subsequent temper-
ing. Colombier and Hochman [U4] recommend that the ratio of Ti to C
be raised to 6,

However, X18H9T steel does not have the necessary corrosion
resistance in a number of chemically active rmedia. A chromium-
molybdenun-nickel steel of the 16-13-3 type with titanium added
or X18H12M2T steel, which exhibit a smaller tendency toward inter-
voystalline corrosion, are sometimes employed in such cases. The
mechanical properties of X1B8H12M2T stecl are zimllar to those of
X18H9T steel,
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Type ¥18H22B2T2 steel is dispersion~hardening and is distin-
gulshed by gnod mechanical properties. After austenization and
aging, large forgings of this steel (from initial ingot weighing
up to 11 t) have the following mechanical properties: o,, -= 40- 55 . . st N
6, == 80--30 kgt /mm?, 8 = 25- 35%, ¢ ~= 35-50%, a,:= 10 --15kgfm/cnd,

Type 31405 steel can undergo slow, prolonged aging and !s
characterized by the following mechanical properties 1in forged
wheels: o,y = 34--38 kgf'/mm? 0, = 58 —60kgf/mm?, & == 40 - 50%, ¢ -~ 45--65%, a, = 10--
~42kgﬂm/ué. This steel is highly resistant to corrosion and
scale formation at temperatures of up to 750°C, but 1t has a ten=-
dency toward embrittlement as a result of precipitation of a o-phase,
which limits its application in components intended for prolonged
service at temperatures of up to 600°C [1].

Like 3ul05 steel, 3N395 steel can undergo long-term aging
and 1s dispersion~hardening. The mechanical properties of this
steel at 20°C are distinguished by high strength indices: o, — to 50
kef/mm?, @, ~ to 88kegl,/mm® withd = 23% endyp = 37%. Its mechanical proper-
ties are alsoc high at elvvated temperatures; for example, the yield
strength go,2 = 30-32 kgf/mm?® at 650°. The stability of properties
during prolonged holding characteristic of this steel permits it to
be used with confidence in components intend2d co operate at tempera-
tures of up to 650°C [1]. However, it is very “difficult to forge.
There are great obstacles to production of large forgings from this

steel.

The most economical austenite steel 1s 3IN572, whose hot
strength exceeds that of many other steels with a similar degree of
alloying. This steel 1s also dispersion-hardening, with hardening
achleved by austenization and subsequent aging. The following typi~
cal mechanical properties have been found in tests on ccmmercial
wheels: o044 == 35 - 40kgf mm?, o, = 65  7H5KRL/mm?, Sanayp = 20.-30%, a,= 5 8kgt'm/cmt.

The average yield strength Oo.2 of M572 steel is 20-26 kgf/mm?
600°C and 16-20 kgf/mm? at 650°C. The relative elongation §, the
reduction in cross-sectional area ¢, and particularly the 1mpact
strength ay, decrease abruptly when the steel is held at £50-700°C,

which 18 due to its structural instability: it has a tendency to~
ward embrittlement resulting from formation of a a-phase.

Type 31572 steel has high long-term plasticity at temperatures
of up to 600-650°C and, in view of its hot strength, is usually
employed for components intended for prolonged service at such
temperatures., It i{s unsuitable for use at higher temperatures,
becoming brittle.

Type 3U726 ¢.aromium-nickel-tungsten-niobium steel with boron
added, which was developed by the Central Scientific Research In-
stitute of Ferrous Metallurgy, 13 an austenite steel with relative-
ly high hot strength. It has good plastic properties during long-
term tensile testing and high stability of structure and propertles
during prolonged heating; howe 'er, it has a comparatively low yleld
strength at normal and elevated temperatures,




In large forged wheels fabricated from ingots welghing 4 t, the
yleld strength oo,. In the tangential direction at 20°C is 2U.28
kgf/mm® and the ultimate strength oy = 50-57 kgf/mm?,

The chromium-nickel-tungsten-titanium steel 3U612, which was
developed by the Central Scientiflc Research, Planning, and Design
Steam Turbine Institute, has a hot strength exceeding that of many
other austenite steels. This steel has good mechanlcsl properties ¢t
20°C: o,, = 40—56bkgf/mn’, @, = 75--90kgf/mn?, 8 = 20- 28%, ¢ = 25--45%, a, =
= 6--10kgf.w/cm®,  The yield strength ge.2 is no less than 40 kgf/mm?
at 600-700°C.

The principal advantages of thils steel are 1ts long-term
plasticity, which makes 1t insensitive to stress concentrators,
and the fact that 1t has no tendency touward intercrystalline cor-
rosion. Type 3M612 steel is recommended for wheels lntended for
prolonged service at temperatures of up to 650°C.

An improved version of 3U612 steel is 3IN612K, whose chenmt.2]
composition differs in additional alloying with 3-4% cobalt and
boron. The mechanical properties of this steel are characterized
by high strength indices and satisfactory plasticity: o,. = 56 6Ok:f/mr?,
0, = 90--95kef/mm?, 6 = 26- 27%, ¢ = 20—35%, a, = 7—-9kgfm/cr?,

Type 3U612K steel has high plasticity during prolonged tensile

testing at 700°C and can withstand prolonged service at working

temperatures of up to 650-700°C. However, fabrication of large forg-
ings from this steel is a complex process.

- 10 -
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Chapter 2

ROLE OF METALLURGICAL FACTORS IN DETERMINING THE PROPERTIES OF
FORGING |

The metal in special-steel forgings should be compact and
physically homogeneous, with a minimum content of gases and non-
metallic inclusiona. The higher the purity of the metal, the bet-
ter are its physical, mechanical, and technological properties.

Defects in the metal, in the form of cracks, flakes, and
pores, reduce its propertles, since they are strong stress concen-
trators and serve as foci of component fallure. A high gas content
in steel reduces its plastic properties and often causes flakes to
develop. Nonmetallic inclusions, which are inevitably present 1in
any steel, reduce its structural strength and serves as foel of
corrosion and fatigue failure,

Many fallures in attempts to fabricate large forgings from
high-alloy steels are due to internal defects in the ingot. Proper
selection of the baslc parameters and casting conditlions for the
ingot 13 therefore a factor no less important than smelting of
high-quality steel.

Most special steels have low plastic properties at forging
temperatures and are difficult-to-deform. A number of smelting and
casting defects, such as contamination with interstitial impurities
(lead, antimony, and arsenic) and poor deoxidation, reduce the
workability of steel and sometimes cause it to completely lose 1ts
hot deformability. The presence of flakes, large scales, or slag
inclusions at the ingot surface also greatly reduces the deform-

ability of steel when ingots are forged without preliminary clean-
ing.

Forging of steel under fa.orable thermomechanical conditions
with optimum stress patterns sometimes correct metallurgical de-

fects in the ingot or at least minimizes their detrimental effect
on the quality of the finished forging.

For example, it has been established that shrink hnles and
pores in ingots of many perlite and austenite steels are well
f1lled under definite forging conditions and leave no detrimental
traces ln the macrostructure of the forged component, while prelim-
inary cleaning of the ingot almost totally eliminates the detrimen-
tal effect of su»fnce defects. However, deformation plays a very
limited role in correcting metallurglical defects. First of all,
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a number of steels are difficuit to weld up (these include such
high-chromium complex-alloyed martensite steels as amn8o2, 15x11Mes,
etc.). This process takes pluce szatlsfactorily only when the steel
is of high purity. Secondly, not all forgings (particularly those
that are large or have complex configurations) permit the requilsite
technological measures to be taken for effective welding=-up of in-
ternal pores.

As for mechanical removal of certain superficial metallurgical
defects, this process 1s expensive, laboricus, and nect always tech-
nologically feasible.

The examplzs givenr show that it 1s unreliable and often impos-

s1ble T eovreet metallurgldal defetdts by ANy mechaniesl method,; ™" ™™

although specilal solutions can theoretically be very effective.

We must theref.ure agaln emphasize that the basis of high
forging quality 1lies in the initial ingot, i.e., the latter should
have a compact and homogeneous structure, minimum gas saturation,
and minimum contamination with detrimental impuwvities and nonmetal-
1ic¢ inclusions.

4. SMELTING AND CASTING OF STEELS USED FOR CRITICAL FORGINGS
Smelting of steel. Analysis of the characteristics of varilous

steel-smelting processes and many years of experience in the produc~
tion of large forgings convincingly shows that use of an open-~hearth

furnace with a basic bottom for smelting steels intended for fabrica-

tion of critical forgings is impermissible, since the steel smelted
in such a furnace does not provide the high metal quality stipulated
by technical requirements. Metallurgical defects, in the form of
flakes, a high nonmetallic-inclusion content, and reduced plasticity
in transverse and tan-ential specimens, are usually present in most
large critical forgings fabricated from basic-open-hearth alloy
steels smelted by current techniques, even when special technologl-
cal procedures are employed to prevent high gas saturation and me-
tal contamination,

Relatively reliable results with respect to both purity and
minimum gas saturation are yielded by acid-open-hearth steel, which
has certaln advantageous physical characteristics, particularly low
flowability and low slag hydrogen permeability [5], Such steel can
be smelted by using an especially pure charge and handling the tech-
nological process carefully; the duplex process {(reductive silicon
method) is used for most critical forgings. This process 1s u.ed at
the Urals Machine Plant, where turbine-component forgings are fab-
ricated from special steels of the perlite and martensite classes.

: Steel smelted in a basie arc furnace by oxidation or remelting
i{s used for a liroad range of forgings. An electric furnace is the
only possible smelting unit for certain types of high-alloy steel,
such as those of the austenite class, Certain of the main metal-
quality indices, and particularly the pgas =aturation, of medium-
alloy ateels pr.duced by this method are markedly lower than those
of acid-open-hearth steels.

o
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comparison of the hydrogen content in melts of mediuum-alloy
acld steel and medium~alloy baslc electric steel shows that the
average hydrogen content of the former 1s about 3-U4 cm®/100 g of
metal and that of the latter 1is 5-8 cm%/100 g, i.e., the hydrogen
content of basic electric steel is about 1.5-2 times that of acid-
open-hearth steel.

The physicochemical properties of the slag and the technologi-
cal characteristics of the process permit metal with a low content
of detrimental impurities and slag inclusions to be smelted in elec-
tric furnaces. Thus, arc smelting can yield a steel with a sulfur
content of less than 0.010~0.015%, which is very difficult to do

‘in the open-héarth process. However, it must be kept in mind that

forging quality is affected both by the guantitative content of
nonmetallic inclusions and by the type and distribution of the in-
clusions in the steel. Research and analysis of many commercial
forgings fabricated from steel smelted by different methods have
established that randomly distributed inclusions of the globular
type, which do not create stress concentrators, have the minimum
effect cn the mechanical properties and hot deformability of steel.
Inclusions distributed in the form of films, chains, or eutectic
networks are more detrimental, essentially giving fergings low mech-~
anical properties in the trancverse and tangential directions. From
this standpoint, the character of the inclusions in acid-open-hearth
steel is generally more favorable than that of the inclusions in
basic electric steel, although that in the latter can theoretically
be altered by various technological smelting prccedures.

- In view of the wide use of electric arc furnaces with basic
bottoms for smelting a hroad range of alloy and high-alloy special
steels, the problem of increasing the quality of basic electric
steel and particularly that of reducing its gas saturation are
particularly pressing.

The experience of the NPL and certain other plants indicates
that it 1is possible to obtaln a substantial increase in the quality
of electric steel by taking a number of technological measures.
Prime amcng these are selection of a charge with a reduced content
of gas-producing elements, use of specially smelted charge blanks
f'or the most critical melts, roasting of the lime, oxidizing agents,
and ferroalloys, selection of the optimum melting and slag regimes,
use of complex deoxidizing agents, and effective utilization of
diffusion deoxidation. These measures permit fabrication of rela-
tively large forgings from various alloy steels (e.g., forged gas-
turbine wheels with hubs 400 nm high from 3U415 steel) that satis-
fy &1l the rigid quality requirements imposed by technical speci-
fications or critical turbine components. : :

Rare-earth metals [REM](P3M), principally Dutch metal and
ferrocerium, have recently come into wide use for better deoxida-
tion and modification of special steels, especiaily those of the
austenite class. It has been shown that REM actively interact
with the impurities in the metal, faciiitating removal of nonmetal-
1ic ineclusions and diassolved gases, reduction of grain size, and
elimination of crystallizaticn defects; they reduce the amount
of a=-phase in the austenite chromium-nickel and chromium-nickel=
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molybdenum steels X18H9T and X18H12M2T. Ac a recult, REM increase
metal purlty, reduce anisotropy of mechanical properties, and have
a favorable effect on deformabllity at forginy temperatures.

Casting or steel. Optlmum casting methods and regit s facili-
tate formatio.a of a compact ingot macrostructure, a decrease 1n the
content of gases and nonmetallic inclusions, and minimum development
of surface defects. We must emphasize the importance of the latter
factor, which is directly related to solution of one problem in the
productlon of special-steel forgings: forging of hot-dellvered in-
gots without cleaning, local removal of defects, or cther types of
preparation. Hot delivery of low-plasticity, poorly deformable
steels, which include most special steels of the austenite, marten-
site, and ferrite-martensite classes, is permissitle only when the
tngot surface has no cracks or other large defects, which inevitably
L.ave an unfavorable effect on forging, extending as far as ingot
fracture during the first few passes. However, provided that the
ingot surface 1is satisfactory, hot delivery has a number of undoub’ =d
advantages, Ilncluding more economical utilization of producilion areus
in the smelting shop, shorter preforging heating of the ingots, and
increased technological efficiency. As research and plant experience
has established, a continuous hot cycle 1s an important condition

for successful production of high-quality forgings from many alloy
and high-alloy steels.

Qf the two prlncipal steel=-casting methods, top and bottom
pouring, speclal steels are usually cast only by top pouring, which
produces fewer axial defects In the ingot and results in lcss con-
tamination of the metal with slag incluslons.

During top casting, i1iquid steel spatters on the walis of the
mold and, oxidizing, forms large scabs and flakes of metal on the
ingot surface. The oxlidized metal, reacting with the molten steel,
remuins as Iinclusions within the ingot, thus increasing the content
of nonmetallic inclusions of the oxlde type. This is particularly
true of speclal st.cvi: alloyed with titanium, alumlinum, and chrom-
ium, since thecc element. have a strong tendency toward oxidation
during pouring.

The method by which the steel 14 poured (directly from the
ladle or through some intermediate device) and the atmosphere in
the mold during filling have a strong influernce on ingot quality,
These factors sometimes have a decluive ef'fect on contamination
with nonmetalllc Inclusions, surface quality, and cracking.

Pouring the metal through an !intermediate funnel substantially
lmproves mold-filling condittons, Even durlng the inltial stage of
pouring, the metal enters the mold with a small ferrostatic head,
ina smooth, accurately centered stream. The force with which the
atream atrikes the bottom at the bepinning of casting tx substan-
tially reduced, All this promotesx an Increase In tngot quality.

In all casex where the thermorhyslical state of the molten steel
permits the mold to be f'illed throupgh intermedtate funnela, this ,
proceas therefore 1o undowbtedly preforable to dirvect pouring trom
the ladie, Pouring of special cteols divectliy from the ladle iz
permlizcible culy when the melten metal bbb viceoaity and $t
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is difficult to use intermediate funnels.

Possible contamination of the steel with the produc.s of the
mechanical and chemical action of the molten metal on the funnel
lining causes some misgivings. Serious practical evaluation of this
factor 1s necessary in fabricating forged turbline components and
other critical articles from ingots. However, sufficiently stable
refractories are now available and their use for funnel linings
provides completely rellable results, as has been confirmed by
many years of experience in casting alloy and high-alloy steels

at the NPL.

The amount of metal oxidized and hence the contamination with
nonmetallic inclusions decrease as the liquid-metal surface exposed
to the air during pouring is reduced. Oxide formation during casting
is the principal factor responslble for surface defects in ingots.
Such defects can therefore be eliminated or at least reduced by
creating a reducing or neutral atmosphere in the molds. The neutral
gas argon 1s specifically employed for this purpose, being supplied
to the mold before the steel 1s poured; 1t drives the oxidlzing gases
out of the mold cavity and reduces the contamination of the molten
metal with nonmetallic inclusions. Ingct surface quality 1s markedly
improved. Argon 1is used in casting high-alloy steels, including the
austenite steels 3U572, X18H2282T2, etc.

Various plants have begun to make wilde use of the mathod pro-
rosed by Engineer X.N. Ivanov for casting special steels, especlally
those alloyed with titanium, chromium, and aluminum. This technique
consists in introducing magnesium shavings, chips, or powder into
the mold (before casting) in amounts of about 75-80 g/t of metal,
in order to absorb all the oxygen and set up a nonoxidizing atmo-
sphere in the mold. The latter is tightly covered with a steel 1id
before casting. When the first portlion of metal 1s delivered, the
magnesium burns and binds the oxygen present in the mold. Ingots

cast with magnesium are distinguished by a notliceably improved sur-
face.

,
Parallel experiments on the use of argon and magnesium in
casting OX18H10T, 3IN572, Xx1BH12M2T, X18H22B2T2, and other high-alloy
steels into ingots welghing up to 16 t have demonstrated the advan-

tage.: of magnesium over argon.

In order to reduce the number of surface defects in high-alloy
steel ingots, some plants cast the metal under a layer of molten
slag [6,7]. Study of the macrostructure of ingots cast by this
method showed that the slag 1s not lncluded in tne metal and that

. the contamination and porosity of the ingrot i1s, In 2any event, no

werse than that of ingots rast by the usual method. At the same time,
there 15 a severe decrease in surface :uality. Experimenval ingots
welghing from 6.5 to 32 t have been cast under a layer of molien
slag with satisfactory resultc at the Nelshill Sapplay plant in Tor-
rence (USA) [8].

Further study and improvement of casting under wolten slag
as thla technique applies to special ateels used for large oriti-
cal forgines in obviously wise,




Cooling of ingots., The thermal conditions under which coolling
takes place have a strong influence on the quality of ingots of
alloy and high-alloy steels. In particular, the sensitivity of steel
to formation of intercrystalline cracks and to propagation of such
cracks during transfer of hot ingots from the smelting to the press-
ing shop 1s greatly increased when the metal temperature drops (to
below 600-650°C). This is true both of martensite steels and of cer-
tain types of austenite steels (X18H22B2T2, am572, ete.). In individual
cases, it 1s therefore best to deliver the ingots to the press shop
in the molds, so that their temperature is meintalned for a longer
period. The NPL has successfully employed this technique for small
ingots of 3NB02, 15X11Me6, X1T7H2, X18H22B2T2, 34572, and certain
other steels. Statistical analysils showed that forgings fabricated
from cooled ingots exhlblt a higher percentage of rejects for folia-
tion and other metal discontinuitlies detected ultrasonically. There
is also a marked decrease in deformability during forging.

If the technological process for production conditions requive
that the 1Ingot te cooled to normal temperatures, this is done in
heat-treatment furnaces from a temperature of 600=700°C, following
a special regime that depends on the specific type of steel.

Special methods for producing high=-quality steel. The develop~
ment of gas-turbine bullding and other branches of modern technology
has necesslitated smelting of special-purpose steels with hlgh physi-
cal homogeneity, a compact macrostructure, no nonmetallie inclusions,
and high mechanical properties. The usual techninue for steel produc-
tion in open-hearth and electric furnaces cannot always prrvide me-
tal that satisfles such high requirements, even when speclal tech-~
nelogical procedures are employed. To some extent, this problem has
been solved by use of new steel-production methods: evac:ation dur-
Ing casting, electrlc slag remelting, and vacuum smelting. Wide use
of these smelting and casting techniques in special-steel produc-
tion 1s planned for the immediate future.

Vacuum casting of molten steel is one way to effectively in-
crease metal quailty. This procedure has come into wide use in the
USSR and abroac. About 80% of the steel intended for forgings 1n
the USA 135 subjected %o vacuum treatment [9].

Vicuum casting promotes degas!fleatlon of the metal, gspeei-
Fically reducing the hydrogen concencriation, decreasins the content
of nonmetallic tnclustions, and providines a more unitforn ‘nelustion
distritution in the !ngot,

According to the data of the Urals ¥achine Plant [10], the
hydprogen content ~f teels of types aueh o P2 1o eoduced by -U0%
durtng exposure to a vacuun, while the total ponmetallle-ineluston
content deceresses by a4 factor of -3, Vacuam castinge has been
found to have a1 simllar Influence on depasttientton and nonmetnl=
Hesincluston content in 3MULS steel ot the Novo Kearmatorask Machine
Butlding Plant [NKMP J{HK3M) [11]. Foretrn data [9] have alze aone
flrmed that the content of hydroger and oxtde tncluston: in vacuum-
cact steel o far lower than 1n cteel csst by the usunl method,

Hor oexample, 1t nas beon found that tie bsdroren content of 8t pented
Steel fo reduced by 40602 and e oxtle-taclucton ontent o
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duced by no less than 60-T70%. There 1s a decrease in both the number
and slze of the nonmetalllc incluslons, which has a favorable effect
on the physicomechanical properties of the steel.

A radical technique for improving metal quality 1s molten-slag
remelting, which provides high purity from nonmetallic inclusions,
high compactness and uniformity of macrostructure, and increased
forgability.

Ceonsiderable experience has now been amassed in the produc-
tion of forgings from special steels obtained by molten-szlag re-
melting. An extremely large molten—slag furnace, intended for produc-
tion of ingots welghing up to .2-1% t, was put intc operation at
the Novo Kramatorsk Machine Bullding Plant (in the Donbass) in 1962.
Furnaces for production of ingots weighing up to 40-50 t are in the
planning stage.

Vacuum smelting is another way to solve the prinecipal problems
in the production of high~-quality steel. Vacuum arc furnaces with
consummable electrodes are the most widely used. It hzs been estab-
lished that, even when the furnace vacuum is 1lc +, there 1s a sub-
stantial decrease in the amount of dissolved hyurogen, oxygen, and
nitrogen in the steel. The content of nommetallic inclusions, ec-
peclally those of the oxide type, is also greatly reduced and their
distribution over the 1ngot becomes more uniform. Vacuum-steel in- -
gots are distinguished by reduced liquation and porosity and good
deformability. Detrimental impurities (tin, lead, antimony, and
ismuth) are removed during vacuur: smelting [12]. Tn combination,
the aforementioned factors promote an increase in the mechanical
and special properties of steel, including hot strength,

Steel of especially high quality, with high, stable hot strength

~ and long-term plasticity, is producel by two or even three vacuum

are remelts, which improves metal quality to a substantially greater
extent than a single remelt.

5. DISTRIBUTION OF NONMETALLIC INCLUSIONS AND HYDROGEN IN INGOTS

Numerous experimental investigations have established that
most of the nonmetallic inclusions of the oxide type are lccated
in the lower portion of the ingot (the lower third of its height).
The ingot content gradually decreases {rom the bottom of the ingot
to the top. In cross-section, the nonmetalllc-inclusion content lis
higher in the axial portion of the irgot.

The qualitative character of the inclusion dis*ribution along
the ingot axls remains roughly the same In ingots of different

weights, the only difference being that the maximum oxide=inclusion
"~ content lies closer to the bottom of the ingct as 1tz welght increases,

The preferential accumilation of nonmetallic inclusions in that
portion of a forging corresponding to the lower third of the ingot
haz been confirmed by many years of experience in the fabrication
of large alloyeateel forgings., Under plart conditions, thta pwttern
i+ very clearly seen Jduring ultrm«onlo quality contrel of « lrlﬂal
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components: according to statistical data, the overwhelming majorily
of the forgings rejected at the NPL for impermissible accumulation:
of nonmetallic inclusicns were fabricated {from the lower portlon

of an ingot. This situatlion zlso holds for other plants,

In individual cases involving fabrication of very critical
components, a speclal quality-contrcl check is made on the inter-
mediate blonks by ultrasonic defectoscopy, rejecting the portions
of the ingot with t.ae highest concentration of nonmetallic inclu-
sions. This procedure is specifically employed in forging large num-
bers of smooth plates from ingots of P2 steel weighing up to 1i5 ¢,
The ingot, reduced to a plate over its entire length, 1s subjected
to ultrasonic defectoscopy and then laid out for cutting in accord-
ance with the results obtalned. It was found that the overwhelming
majority of the defects (nonmetallic inclusions) in all the ingots
were located in the bottom portion, in a zone occupying from 1/4 to
1/3 of the ingot heizht. This example is quite interesting, since
the nonmetallic-inclusion distribution was found to hold for large
ingots on a broad production scale.

The concentration of oxide inclusions in the lower portion of
the ingot apparently results from secondery oxidation of the steel
when it is poured into the molds. The 1liquid metzl that spatters
when the stream strikes the bottom of the mold 1s oxidized in the
air and, entering the metal as it 1s poured in, ultimately takes
the form of incluslions.

The contamination of ingots with nonmetallic inclusions can
be reduced by pouring the steel in a nonoxidizing atmosphere. This
1s one of the maln factors responsible for the sharp deccrease in
the nonmetallic-inclusion content of ingots cast in & vacuum,

The hydrogen distribution in an ingot has the following char-
acter: the hydrogen aontent along the ingot axis increases fronm
bottom to top, while tnat cver the ingot cross-section increases
from the periphery to the center. According to data obtained 1n
investigating a chromium-nickel-molybdenum steel ingot welghing
2 t [1?], the hydrogen content along the 1ngot axis increase from

3.7 em’/100 g in the lower portion to 6.4 c¢m®/100 g in the center
and 7.4 cm®/100 g in the upper portion, the content over the ingot
cros%—,ection increased from 1.7 em®/100 g at the periphery to
6.4 em®/100 g at the center, the hlghest hydrogen content occurring
in the liquation zones, A number of other investigations have shown
the hydrogen distribution to have a similar character.

A tendency for the hydrogen content to increase {rom the peri-
phery to the center has also been observed in ingots of austenite
steel, but the cross-sectional hydrop~r distribution 1s more uni-
form than !n i{nyota of structural per .e steel. This can be il-
lustrated by data for an ingot of X18HuT austenite steel welghing
2.1 t, tn which the hydrogen content ranged rom 6.6-7.8 um'/loo g
In the peripheral zone to 9-14 cm?/100 g in the center [5

™yt hydrogcn-dlstributlon pattern hes alaov been conflrmed
by the results of quality-control teats on alioye=tteel forylngs
ander plant conditions: the highest hydrogen enntent goneraliy
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oceurs in forgings produced from the upper portions of large ingots.

6. SELECTION OF OPTIMUM INGOT PARAMETERS

The optimum initlal-ingot shape 1s one of the declslve condl-
tions for high forging quality and, at the same time, governs the
economy of the technologlcal process.

The principal requirement imposed on an ingot are minimum de-
velopment of shrinkage and liquation phenomena and a compact cen-
tral structure. These requirzments are especially important for
alloy and high-alloy steels contalning nickel, chromium, vanadlum,
titanium, and other elements, since the nature of the forgings
fabricated from special steels not only makes 1t impossible to
remove the axial zone of the 1ingot in many cases but also necessi-
tates 1ts use for forming the most critical portions of the compon-
ent ‘e.g., gac-turbine wheels without central holes). Shrinkage de-
fects In the 1ingot are difficult to weld up during deformation and
even special complex forging techniques often do not yield satis-
factory finished products.

Development o1 metallurgical defects in an ingot is largely
governed by 1ts welght and shape, whose principal parameters are
the ratio of helght to average diameter (#/D) and taper, which is
determined by the direction of 1lngot crystalllization. The combina-
ton of these factors hag a decisive influence on the physical
structure and chemical homogeneity of the ingot. An increase 1in
relative helght reduces extracentral liguation as a resuic of rapid
30lidification and limltatiorn of diifusion processes on the one
hand and promotes development of axiai cores an the other, since
horizontal sclidification proceeds more rapidly than vertical
sollaification; the situaticn 1g reversed in ingots with a reduced
relative height. The less distinct =o0lidification directicn in in-
gots with a high i/l ratlo causes formation of a less compact axial
zone. An increase in ingot taper improves 1ts internal structure:
the zone of axial porosity is reduced. By selecting an optimum 4/0
and taper, it 1s possible to produce 1ingots that most tully satis-
fy requlirements for physlcal and chemlcal homogeneity. However,
there 1s also an economic factor that must be taken into account:
an elongated ingot iz usually more cconomlecal to work than a short
inget. This is due, filrst of all, to the higher yleld or [inlshed
products resultine from the relatively lower shrinkage head and,
secondly, to the 1ucreased forging-eiuipment productivity lp cases
where the ratic of the crosa-sectional area of the Initial ingot
to that «f the drawn billet is sufficlently hign for apecifilc
forginegs. : : ‘

Selection of an optimum ingot shape should take into account

the steel uced, the rforging conflguration, and the degrec of cri-
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ticellty. For example, high compactneas of Ingot macrostructure 1o
not of as decisive importance in fabricating speclal~steel Torglnes
of the ring or bushing type as In forgling gus-turblne wndels wlith-
cut central holes. In the first case, the axlal zone of the inpot
is to aome extent removed during broaching; In the second case,
this zone forms the portion of the wheel subject to the most seve
ere structural loading, 1.e., the hudb, s determined by etehing
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and ultrasonic and mechanical tests on tangentlial specimens. In-
dividual forgings, even those of complex shape, fabricated from
steel that has been thoroughly welded up during forging can be
produced with complete rellability from ingots with a less compact
structure, but such ingcts are sometimes totally unsultable when
a cteel that is difficult to weld up (e.g., 3NB02 or 15X11M4E)

is used, : : :

Tt is thus best to orient oneself toward a general-purpose
Ingot snhape for speclal-steel forgings, with their diversity of
types, classes, and varietles. Study of the characteristics of
forgings and of the types of steel used under specific produc-
tion conditions will thus permit completely reliable classifica-
tion of steels with respect to the required axlal-zone compactness
in the initial ingot and selection of the ingots that are best
with respect to both forging quallty and prcduction economy for
each group of forgings.

Table 2 shows the principal dimensions and other parameters
of ingots ured for fabrication of critical speclal-steel forgings.
A1l the 1ingots are octagonal in cross-section.

The NPL makes extensive use of hlgh-~taper 1lngots having an
H/D ratio of about 1.7. Ingots weighing up to 5.7 t are produced
with a stationary adapter, while those of greater welght are prod-
uced with a floating adapter. This ingot shape creates the requis-
ite conditions for a given crystallization direction with miniaum
development of shrinksge phenomena. Prolonged production testing
has established that the results obtained in using ingets with
high taper or complex forgings from many alloys and high-alloy
steels of the perlite and austenite c¢lasses are completely satis-
factory, as 1s confirmed by the relatively compact and homogrneous
ingot structure. The manner in which axial defects develops in the
ingot ls such that they can be successfully welded up under normal
forging conditions, including forging of rotors from 2X13 ste«l,
solid wheels without central holes from 3MU15, X18H9T, and 3INST2
steels, and even components of austenite steel with a vevry complex
composition (X18H2282T2). The forglngs exhiblt no negative pheno-
mena thact might be attributed to inereased ligquation nonuniformity
of the ingot. .

However, uce of Ingots wlith thls shape does not always have
1 favorabvle effect, We have ooserved some cases In which residual
defects, tn the farm of follation and unwelded pores, were detected
Tn the central sones of forpings decplte extensive machlinlng of the
metal. This was true prlneipally of forglines from high-chromium
complex-=alioy ateels of the martensite class (IMB02 and 15X11MeB),

Secettoning of an Ingot of 3UBOR steel welphing 3.75 L ace-
tually confivied that vhe axial zone contalped rather well-devel-
sped cnrtnicaye pores, prinetpally in the central third of the L=
wol nelynt. The most gerlous defects, 1a the form of coneentrated
shelnkays pores 1noa veptleal band about 150 mm long and 40=50 mm
wide, were located about halfway up the ingot, The shrinkape cavlie
ty dld not extend beyond the shrinkage head, below which was a
Iaver of campact metal, There were no traces of poroalty In the
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1) Sketch of Ingot; 2) shape of ingot; 3) Ingot welght, t; 4)
ratio of Ingot-section weights, %; %) shrinkage head; 6) body;
7) bottom; 8) Ingot dimenslons; §) taper of ingot body (both
sides), %; 10) normal; Ll) with increased taper and stationary
adapter; 12) with increased taper and floating adapter; 13) with
varying taper and reduced HI/DC,p ratio; 14) elongated; 15) see
sketch. ©

lower portion of the 1ngot. The transverse axial-defect zone had
an extant of 50 mm 1n only one section, belng less distinet and
no more than 20-30 mm wide 1n the other sections.

The noor weldability of 2M802 and similar steels during
forging means that Ingots with the shape under consideration can-
not Justifiably be used for critical forgings in which the axlail
zone of the 1ngot is not removed. Only use of especially pure
nelts and complex deformation techniques lead to complete welding
up of the shrinkage defects in the ingots.

The group of ingots (Table 2) whose shapes are dlstinguished
by triple taper and a low H/D ratio are of Interest with respect
to complex high-alloy steels used for ;roduction of forgings with
contlnuous cross-sections,

The taper increases sharply (from 5.7 to 53% on both sides)
as we move from the upper portion to the center and from the cen-
ter to the lower portion of an ingot with triple taper. The #/D
ratio equals 1.5. The bottom is spherical in shape. The shrinkage
head 1s larger than in ordinary ingots, amounting to 28% of the
total welight. Ingots of this shape were planned and first used
for high-alloy steel forgings in the Urals Machine Plant. They
subsequent came Into use 1n certaln other plants that produce
speclal~steel forgings. The princlpal advantage of triple-taper
ingots 1s the smaller extent of the shrinkage pores and hence the
greater ingot compactness and homogeneity. :

Sectioning and study of an 34405 steel ingot weighing 1.3 ¢
[14] esvablished that there was no highly developed axial porosity
and only very flne, discontinuous intercrystalline cracks in a
narrow region of the axlial zcne, i.e., the shrinkage porosity was
very limited in extent., A simllar pattern was observed when a
triple-taper ingot of 16X11M®6 steel welphing 2.1 t was investigated
at the NPL. The fact that there were no large shrinkage defects at
the .surface of a lorpitudinal section distinguished it from other
ingots.

Analyais of production results permits us to look favorably :
on triple-taper Ingots from the standpoint of the quallty of fin- ;
Ished forgings of complex-alloyed steels. This 1s particularly

true of metallurglically complex forgings of 3U802 and 15X1LM®B

steela, which were checked by very preclse type of defectoncopy.

Howover, teiple<taper lngots are uncecnomical: the large
woedoht f the shietnkape heend great iy Tnereases the apesific meotal
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consumption in comparison with ingots having normal parameters,
while the relatively large diameter (when not required by forging
conditions) complicates the forging cycle, nececssitating addition-
al heating and greater labor consumption in forging fabrication.
The metal consumption per ton of finished forgings 1s inereased by
an average of 15-17% in comparison with ordinary ingots.

Elongated ingots (Table 2) are most economical, greatly in-
creasing the main technological-economic indices ol forging produc-
tion. Their use reduces meval consumption by 10-15%, raises forging-
equipment productivity bv 10-20%, and increases heating-furnace
capacity. As a result, aralysis and technical evaluation of the
feasibility of using elongated ingots for a broad range of special-
steel forgings 1s of great practical interest.

Ingots weighing up to 6 t with #/D = 3.3-3.4 and increased
taper have a modified shrinkage head, which forms a unit wlth the
mold and extends upward, which ylelds a more compact ingot struc-
ture and reduces the depth to which the shrinkage cavity extends.

Longitudinal sectioning and study of an ingot of chromium-
molybdenum perlit steel welghing 2.17 t showed that the shrinkage
cavity was dish-shaped and, at 1ts greatest depth, occupled about
2/3 of the shrinkage head. The polished section surface exhlbilted
no pores and only deep etching of the central portion, within a
radius of 30 mm from the axlis, revealed defects, which took the
form of a fine cellular structure and small pores. The defect zone
occupied abecut 30% of the ingot helght. The extracentral liquation
zone was less highly developed than in ordinary ingots.

Elongated ingots are wldely used at the NPL for many forgings
with different welght and configurations (including wheels without
central holes) fabricated from perlite sateels. Even with reduction
factors less than those employed in forging lngots with normal
parameters, no defects assoclated with axial pores were generally
fourd 1n critical forglings produced from these ingots.

We also obtalned favorable results in using elongated 1ngots
for austenite-steel forgings. Specifically, we produced complex
forged gas-turbine wheels with a continuous hub {34572 austenite
steel) from elongated 1agots welghing 2.17 and 3.5 t. No traces of
reslidual ingct defects were detected when an experimental batch of
such forgings and then many production batches were checked. In
investigating an elongated ingot of X18H9T austenite steel welghing
2.17 t, a fine but quite distinct intercrystalline crack extending
cver 2/3 of the ingot helght and locallzed along the geometric axis
of the ingot, was found in the axlal zone., It began below the com-
pact metal in the upper portion of the ingot and ran to 400-450 mm
from the flange 1in the lower portion. The crack length in trans-
verse sections of the ingot did not exceed 2-3 mm; there were al-
most no axial cells or pores in the radilal direction. One charac-
teristic of an elongated austenite-steel ingot 1s therefore very
limited development of shrinkage defects in the transverse direc-
tion and a considerable extent in the longitudinal direction.

Comparison of research data with the results of quallty-control
tests on forgings produced from ingots of thils type leads us to con-
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?ludw that the lack of Internal detfects In austenlite-steel forpg-
ingz 1o due not so mueh to the hiph compiactness of the axlal zone
of an elongated Ingot as to the ease with which defeets are welded
up during forging. Welding up is facllitated both by the physical
nature of the steel and by the complete isolatlion of iIntercrystal-
line cracks in the ingot, which protects thelr walls from oxidation
during heating. As detalled investigations similar to those des-
cribed in Chapter 8 showed, the TWinimum reduction in area necessary
for effective welding up of shrinkage pores in an elongated ingot
is usually small and achievable by ordinary forging processes.

At som nlants, use of triple-taper Ingots for austenlite-steel
forgings w! “out central holes 1is regarded as a necessary condition
for successtul fabrication of such components. The experience of
the NPL in using elongated ingots of high-alloy steels, including
austenite steel, has shown that they can be wldely employed for
complex, very critical forgings.

The use of elongated ingots of high-chromium martensite steels
(an802, 15X11Me6, etc.) 1s a considerably more complex problem.

Attempts to use even small elongated ingots (2.17 t) for fcrg-
ing: of continuous cross-section must be regarded as unsuccessful
11 ~ractical terms: isolated forgings were of high quality but
stable and satisfactory results were not obtailned, despite the
fact that a number of defective forging processes, involving alter-
nate deformation directions, large reductions in area, and favorable
deformation temperatures and rates, were cemployed. The defects de-
tected in the forgings by ultrasonic and macroscopic examinatlon
(in sections of the component) were found to be related to unwelded
ingot pores. ;

/

One 1ngot of 15X11MéB steel welghlng 2.17 t was sectioned.

A porous shrinkage structure with discontlinuous cracks and cavitiles

¢longated along the lngot axls was found along the entire length of

the ingot center, except in the area beneath the shrinkage head and
in the lower portion of the ingot. The zone of pronounced axial
porosity was 50-70 mm wide. Analysls of the microstructure. of the
motul in the central zone showed chalns of carbide and.oxides to

be present along the grain boundaries, while defects in the form

of' intercrystalline discontinuities were also found. Complete weld-
tng up of axlal defects in a steel of this type can:apparently take
place only when metal of very high purity 1s used. Since this 1is
difficult to achieve wher complex-alloyed, high-chromium steels are
smelted in arc furnaces, selection of the optimum 1ingot shape 1s
cspeelally critical. Despite the increased metal consumption, it

1s best to use triple-taper ingots for complex forgings -of such
steels, since they are most reliable with respect to final produc-
tion results; at worst, high-taper ingots should be ‘employed (Table

2).

Among the additional factors affecting the compactness of ingot
structure are the character of the riser and the thickness of the
mold walls. Two types of risers are employed in producing special-
steel forging ingots: the presence of a floating riser set close
to 1ts lower position has an unfavorable effect on ingot quality,
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since i causes substantial loss of heat into the upper portion of

the mold, promoting formation of a "bridge" in front of the shrinkage
head and poorer crvstallziation conditions in the central zone. In
casting ingots for critical appli-ations, 1t 1ls therefore desirable to
¢vold having a floating riser in this position and even better to use
molds with stationary risers.

Use of thin-walled molds 1s of considerable interest. Research
in this area [15, 16] has shown that use of such molds for ingots of
high-alloy steels increases the compactness of the axial zone and
improves forging quality.

Experimental work on the use of thin-wall molds for elongated
ingots of 15X11M¢B steel has been conducted at the NPL. Investiga-
tion of an ingot weighing 2.17 t established that there was a marked
decrease in the volume of the axial shrinkage porosity. Batches of
experimental forgings produced from such ingots were of satisfactory
quality. However, the experimental results require additional investi-
gation and more thorough verification of the expediency of using thin-
walled molds under production conditlons.

As ingot weight rises, there 18 an increase in the extent of
the liquation and shrinkage defects. It 1s therefore necessary to
attempt to use ingots with the minimum necessary weight. However,
the general rule that it 1s preferable to select an ingot of minimum
weight for a single forging is not always the optimum one. The pcint
lies not only in the greater process economy that sometimes accompan-
les use of one ingot for several forgings and the better organization
of the operations involved in casting the molten steel, but also in
the characteristics of the Torging process, which affect the effl-
clency with which the metal can be machined and hence the quality of
the forgings. An example is one of the technological processes for
forging gas-turbine wheels from 3U802 steel, in which it was found
necessary to subject the ingot to preliminary drawing (before inter-
mediate upsetting), 1in order to weld up axial defects. It was found
that this was feasible only when the ingot was twlce the necessary
weight, i.e., could be used for two forgings. In some cases, it is
best to select an ingot of greater welght than necessary for the
final forging because use of large reductions in area 1s undesirable.
This situation occurs, for example, in forging certain components of
the ring type from poorly deformable steels, where substantlal upset-
ting of the ingot or blank before rolling is impermissible for rea-
sons of component quality. In this case, use of an ingot of greater
weight (equivalent to 2-3 components) permits a sharp reduction in
the upsetting of each blank (as a result of the increased cross-sec-
tional area) and improves steel deformability with no detrimental
effect on component quality. Finally, when the central portion of
the ingot 1s to be removed, use of an ingot equivalent tov 2-3 forg-
ings and having a favorable configuration is scmetimes expedient on
the basis of technical-economic considerations.

The general fule that an ingot of minimum weight should be used

must thus not be regarded as excluding other solutions in individual
cases, especially with respect to ingots weighing up to -5 t,

e e — g e . L




Chapter 3

THERMOMECHANICAL CHARACTERISTICS OF THE FORGING OF HIGH-ALLOY STEELS

7. gHANGE IN METAL STRUCTURE AS A FUNCTION OF DEFORMATION TEMPERATURE
ND RATE

High-alloy steels of the austenite group are distingu!shed by
the most important features with respect to the thermomechanical
factors involved in forging, since they are known to undergo phase
transformations. The requisite metal structure can be achieved in
these fields only through the deformation conditions, as there is
no heat treatment that can reduce the grain size produced during
forging. The quenching and subsequent aging generally employed for
austenite steels can, at best, merely maintain the grain size created
during forging. The opposite situation 1s often observed, however,
in which heat treatment leads to an increase in grain size and there
is no way to modify 1t by subjecting the metal to any thermal process.

The mechanical properties and hot strength of steel depend on
its graln size. The mechanical properties are reduced as graln size
increases, while long-term strength is slightly raised if the grain
structure 1is relatively uniform., The principal requirement imposed
on the structure of high-hot-strength austenite steels 1s chus homo-
geneity of grain structure. In most cases, forgings of high-hot-
strength steels should have a fine- or medium-grained structure in
order for them to have the required characteristic.

The grain size of a deformed metal depends on the recrystalliza-
tion process, whose course 1is determined by the degree of deformation
and the deformation temperature. When a metal 1s forged at critical
degrees of deformation, its structure after recrystallization is
coarse-grained. The final operations of forging should therefore
provide a reduction regime for each prcss or hammer stroke that en-
sures production of normal grain size. The degrees of deformation
recommended for forglng are based on the recrystallization diagrams
that have been worked out for speciflc types of steel.

The crlitical degree of deformation for most high-hot-strength
austeénite steels is 5-12%. Critical deformation occurs at all forg-
ing temperatures, but the grain size undergoes a particularly large
increase at high temperatures. As a result, forging cannot terminate
in the high-temperature region when the degree cf deformation is
small (close to critical) in cases where the forgings must have a
fine~grained structure. However, use of very low final forging temp-
eratures also produces an unsatisfactory structure: the grain size
varies as a resulr of the nonuniform deformation eonditions produced
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by incomplete recrystallization.

One coundition for production of a uniform grain size throughout
a foerging is that there chould not be a composite deformation mech-
anism, 1.e., recrystallization should not terminate during forging.
Studies of the influence of deformation temperature and degree of
deformation on the recrystallization of 3IM5T2 austenite steel made
at the[NPL)] (H3N) and the Central Sclentific Research Institute of
Technology and Macliae Building showed that recrystallization does
not occur with any reduction in area when the final forging tempera-
ture is below 800°C. Working recrystallization begins after forging
at 900°C or above. Formation of recrystallized grains at this tempera-
ture requires deformation by 80-85%, but working recrystallization is
not complete even at thi. degree of deformation, The deformation at
which working recrystallization begins decreases as the forging temp-
erature 1s raised, amounting to about 50% at 950°C and 40% at 1000°C;
recrystallization is complete throughout the entire forging volume at
1100-1150°C, regardless of the degree of deformation. When working
recrystallization is not complete (at 1000°C or below), the structure
of 3N5T2 steel contains grains of greatly differing size. It was es-
tablished that selective recrystallization begins at 1050-1100°C but
1s very weak, having only a slight effect on graln growth even during
prolonged holding. In practice, marked grain growth resulting from
selective recrystallization occurs only after holding at a tempera-~
ture of about 1150°C for 2-3 h. For other austenite steels, the speci-
fic relationship between the recrystallization conditions on one hand
and the deformation temperature and degree of deformation on the other

depends on the characteristics of the steel, but the general pattern
i1s the same.

The lower temperature limit for forgin@ of austenite steels 1s
thus dictated both by the plasticlty of the‘metal and by grain-uni-
formity requirements.

Aggregates of enlarged grains are found in the most diverse
areas of austenite-steel forgings subjected to production quality-
control checks. In wheels, for example, a coarse-grained structure
1s most frequently observed in the regions adjoinlng the faces, but
it is also often encountered in the inner layers. The presence of
large, nonuniform gralns near the contact surfaces is due to nonuni-
form deformation and cooling of the metal 1n these areas: the deforma-
tion temperature is often below the recrystallization-initlation temp~
erature, so that recrystallization takes place only during subsequent
heat treatment and large gralns are formed. Thc coarse-grained struc-
ture in the deep regions of a forging, where the metal temperature
is relatively high during the forging process, 1s apparently formed
as a result of prolonged holding in the high-temperature reglon and
of selective recrystallization. There is no heterogeneity of grain
structure when working recrystallization throughout the « .tire vol-
ume of the component being deformed takes place (and is completed)
at a relatively low temperature.

The metallurgical nature of high-alloy steels also acts to pro-
duce nonuniform recrystallization [18]. A highly contaminated steel

‘has a broader range of critical deformation and recrystallization

usually involves formation of large crystals in local areas of te
forging. Production of a unifourm metal structure can therefore be
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facilltated by using high-purity steels with a minimum content of non-
metallic inclusions and other l1lmpuritiles.

The influence of der'srmation rate on working recrystallization
1s of great practical interest. Research has estatlished [17, 18, 19]
that there 1s a substantial difference in the kinetics of steel re-
crystallization at different deformation rates, especially in the
region close to the lower limit of the forging-temperature range.
Softening processes occur with time, so that recrystalllzation 1is more
complete at low deformation rates. In this case, the critical-deforma-
tion range 1s generally smaller, recrystallization beglins at smaller
deformations, and the deformation mechanism is to a larger extent
purely a hot one., Hence 1t follows that, with 1dentical temperature
conditions, hammer forging presents a greater danger of lncomplete
recrystallization and a mixed deformation mechanism than pressed
forging. In view of this pattern, different temperature-time regimes
have been established for pressed and hammer deformation. For example,
it is recommended that the same section of a forging not be deformed
discontinuously in hammer-forging certain high-alloy steels at rela-
tively low temperatures in order to avold suppression of recrystalliza-
tion processes,

The influence of deformatlon rate on the recrystallization condi-
tions for austenite steels 1is greatly reduced when the forging temp-
erature is ralsed; the racrystallization rate 1s relatively high and
the steel Is not hardened at all during hot working, even under dyna-
mic-deformation conditions. In practice, hammer-forging of austenite
steels 1s no less successful than press-forgling at elevated tempera-
tures. The substantially more uniform temperature throughout the
blank cross-section, which is maintained duaring deformation as a
result of the dynamic action of the hammer, also helps make this
possible.

The grain size and uniformity in a finished forging are dictated

principally by the thermomechanical deformatlon factors acting during
the final operation.

In addition to the deformation temperature and degree of deforma-
tion, the final grain size 1s to some extent affected by the initial
state of the metal [20], but this effect is most noticeable at small
degrees of deformation. The initial structure ceases to have any ef-
fect on the final structure as the degree of deformation l1s increased:
a nonuniform or large-gralned structure can be almost completely
eliminated by deformation during the final operation and subsequent
recrystallization,

Heating a forging from the final deformation temperature to the
temperature at which extensive recrystallization takes place causes
more uniform structural changes throughout the forging volume, which
promotes a decrease in grain nonuniformity [21],

Use of ultrasonic defectoscopy before heat treatment !z frequent-
ly limited by the structural heterogeneity of forgings, since sound
transmission is hampered when areas with a coarse-gralned structure
are present, the latter scattering the ultrasonic waves and creating
false defect pulses., Rellable ultrasonic quallty control can be car-
ried out only when there 1s no intereference, in the form of large
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unrecrystallized gralns.

The ultrasound transmission of coarse-grained areas resulting
from incomplete recrystallization during forging can be greatly im-
proved by heating the forgings to a temperature somewhat above the
recrystaliization-initiation point and then cooling them. The same
effect can be achieved by quenching (austenization), provided that
the heating temperature and the holding time at this temperature do
10t cause selective recrystallization.

Poor ultrasound transmission in forglngs that have not been
heat-treated 1s characteristic both of austenite steels and of high-
hot-strength steels of other classes, such as the high-chromium,
hardened martensite steels 3M802 and 15X11M$6. There have been many
cases 1n rractice where complete ultrasonic quallty control of forged
disks, rotors, «.:d other components was impossible before heat treat-
ment, because of the interference set up by regions of uncrystallized
grains., Ultrasonic testing before heat treatment has sometimes led
to incorrect conclusions regarding the presence of internal defects
in forgings and caused improper appraisal of metal quality. The poor
ultrasound transmission of such forgings is due to the temperature
conditions under which forging 1s conducted: as a result of the high
recrystallization temperature or high-hot-strength steels, final de-
formation at reduced temperatures leads to incomplete recrystalliza-
tion and local areas with a nontransmitting coarse-gralned structure
developed in the forging.

Recrystallization of the metal is completed after heat treat-
ment and ultrasound is transmitted without interference {provided
that the forging contains no areas with an insufficiently defcrmed
cast structure). For technological reasons, however, ultrasonic de-
fectoscopy of forgings should often be carried out before heat treat-
ment, This 1s true, for example, of seamless forged rotors, wheels
heat-treated after cutting, or components of the T-Joint and piping
type, whose irregular shape does not permi- ultrasonic testing after
heat treatment. As prcduction experience has shown, introduction of
a special thermal operation, i.e., holding at a temperature above the
recrystallization temperature, into the cverall cycle of primary heat
treatment and cooling improves ultrasound transmission in such cases
and permits quite rellable ultrasonic quality control of forgings
before final heat treatment.

8. FORGING-TEMPERATURE RANGES AND YNGOf HEATING REGIMES

The optimum forging-temperature range is determined hy analysis
of experimental plasticity diagrams, which show the variation in the
mechanical or technological properties of a given steel as a function
of deformation temperature. Each type of steel, which is distingulshed
by its own chemical composition and metallurgical and = suctural char-
acteristics, has a most favcrable forging-temperature range, within
which the metal can be efficlently deformed and the requisite forging
quality obtained. The basic characteristic of a steel with respect to
high-temperature plasticity are shown hy appropriate rlasticity dia-
grams but, in establishing forging-temperature regimes, particularly’
the maximum heating temperature, it i necepsary to taks Into account
possitle deviationa from the predetermnined temperature: under furnace-
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op:ration conditlons, e.g., during brief overheating. It Jo beot for
technical working specifications to stipualate heating temperatures
somewhat (20-320°C) below the maximum established from the plasticity
diagram. This ls especially Important for hilgh-alloy steels containing
low-melring elements. For example, overheating 3NT726 steel vy 10-15°C
causes the metal to fall during forging, since 1t contains a low~
melting boride eutectic. Moreover, tne plastic properties of steel
from different melts (even of the same cype) may vary 1n accordance
with the metallurglical characteristle ol the production proces:s, a
factor not taken into account by plasticity diagrams.

The heating temperature for high-alloy steels should, as far as
possible, ensure complete solution of the carblde and intermetallic
compounds In the solid solutlon. However, the efficliency of solutlon
depends both on the temperature and on the properties of the phases
present in the steel. Some carbides (e.g., niobium carbldes) are very
stable at forging temprratures. Complete solutinn of these compounds
requires heating at a temperature close to the colidus point, whieh
i3z obviously impermissible because 1t weakens the intercrystalline
bond., Excessive heating of austenite steels is also undesirable be-
cause it produces a coarser graln structure as a result of active
collective recrystallization, aithough this factor ls not decisive
if the metal 1s subsequsntly subjected to effective deformation. The
purity of the iteel to bte deformed is therefore of some significance
in selecting the heating temperature, 'The presence of lead, antimonv
tin, and other low-melting elements or of nonmetallice inclusions
the graln boundaries reduces to capacity of a steei for hot defo. .
tion. The detrimental _ffect of impurities on steel plasticity can
reduced by lowering the temperature at which forging is begun.

In some cases, a heating temperature quite satisfactory trom the
standpoint of metal pilasticity must be adjusted in the light of spe-
clal requirements imposed on the phase composition of a given type of
steel. This 1is particularly true of X18H9T steel, whose ¢ -phare content
is stipulated. It has been established [22] that the a-phase content
of this steel is increased by high-temperature (up to 1250°C) pre-
forging heating. As a result, hign-temperature heating 1s not re-
commended 1f the initial melt has =z high a-phase content. The plas-
ticity of a steel with a high ferrite-phase content 1is greatly re-
duced during forging, wnich causes discontinuities and cracks to de-
velop in the blank.

The technologlcal plasticity of an ingot 13 always lower than
that of a deformed blank. Chemical and physical Inhomogeneitles 1in
the metal are more severe in the cast state: these tnclude zone and
dendritic liquation, loucal aggregates of carbldes ard nonmetalllc
Incluslons, and areas of noncompact structure. De“ormaticn compacts
the metal, breaks up and chifts the gralns, and causes the brittle
constituents to be more uniformly distributed threughout the deformed
blank, All this promotes an cveizil Increase in mctol plastielty,
so that inltlal heating of a deformed blank cnn be carrled out at a
higher temperature than that of an ingot for certain high-alloy steels.,
This relationship between technological properties and optimum hot-
deformation temperature or one hand and the initla! state of the me-
tal on the otner is {liustpated by the plasticity dlagram for 3IN3y5
stecl shown In Fiy, 1. The quantity (hy = k)/hy -orresyponds to *he
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Fig. 1. Plasticity diagram of
IN395 steel [17]. 1) Cast steel;
2) deformed steel.
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Fig. 2. Graph represensting variation in mechanical proverties of cer-
tain high-alloy steels as a function of forging temperature . a)
15X11Me6 steel; L) X18HO steel [22]; ¢) X18H9 steel [22]; d)

X18H1M2T steel; e)X1BH22B2T2 steel. 1) kpl/mm?,
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degree of psettlng deformation before the flrst crack dppears.

The large complex of factors affecting selectlon of the initial
heating temperature for a stecl thus confirms the need for ferro
verificatlon of the optimum temperature established on the basls of ;
plasticity dic srams under actual production conditlons, using several ;
typical melts and taking into account the initial state of the metal
and the special requirements Imposed on finished=-forging quality.

There are different methods for evaluating metal plasticity at
different temperatures in order tc construct appropriate diagrams.
The most widely employed of these are upset “esting and tensile test-
ing at forging temperatures.

Constrnetion of dlagrams from the results obtalned in upsetting
speelme. ™ig. 1) corresponds most closely to free-forging condliticns.
However, 1t does not give consideration to all the actual production
factors invelved in deformation. For example, cracking during upset-
ting of blanks under shop conditions 1s often due not to reduced me-
tal plasticity but to the presence of surface defects, which are
exposed during deformation or to additional tensile stresses pro- ;
duced In the lateral processes by greater coollng of the ingot butt §
than under laboratory conditions. This factor must be taken into ac- ‘
count in using plasticity diagrams constructed from upsetting results.

Tensile testing and subsequent construction of plasticity dia- ,
grams from the relative elongation and reduction in cross-sectional !
area of specimens at high temperatures does not provide an absolute
characterization of metal plasticity applicable to production deforma-
tion conditions, since the stress patterns in the speclimen and produc-
ticn blank usually are guilte different from one another. However, such
dlagrams, which characterize relative metal plasticity, make 1t pos-
slble to compare the behavior of different types of steel at differ-
ent temperatures and thus to establisih quliie well-justified forging-
temperature ranges.

" Figure 2 shows graphs representing the variation in the mech-
anical properties of certaln high-alloy steels as a functlion of
test temperature .

Type X18HG steel has hlgh plastlicity at temperatures of 900-1250°C.
Steel of this type but with titanium added ( 18 9 ) has lower plasti-
clty over the forglng-temperature range, especially when 1ts a-phase
content 1a hiph. In the latter case, the steel has satlisfactory plas-
tieity at 900-12007C. This is also true of the same type of steel with
4 peducsd earhior oontent (OX19497) and a relatively high a-phase zon-
tent. The bhent detormabllity is achleved for 1X13 and 1X17H? steels by
heating them to 1260-1270°C,

The iaal foreine temperature for hivh-alloy steels 1s estabe
Hohed roem thefr plastielty aud reepyotalileatlton diagrams, pro-
ceeding feom the baste premise that a reduced forpinge temperature
should noet lead Looa aharp dreep o plastlelty, hleh deformation pe-
slotance, op tormation oft a heteropeneous structare with JdI e ront
cratn s luce, Undes Trable phase trancstormations oceur In certaln gus-
tenite steels when they are forped at low temperatures, reducingg the

B . Dom - .-

P I RN O PR




———

service characteristics of the forgings. This 1s particularly true of
N572 steel, which tends toward rapid g-phase precipitation over the
temperature range 930-650°C. Despite the adequate metal plasticity,
the final forging temperature is set above the temperature at which
intensive og-phase formation occurs, 1.e., 930°C, in such cases. It
should be noted that, as a result, forgings of 3U572 steel are sub-
Jected to accelerated cooling in water or at least in moving air.
Holding of the blanks at temperatures of 650~930°C 1s undesirable.
Table 3 shows the forging~temperature ranges for certaln high-alloy
steels.

In order to avoid development of substantial thermal stresses or
thermal cracks, high-alloy steels should be heated solely to 600-
700°C, since they have low thermal conductivity. Further heating to
the forging temperature differs little from that for ordinary alloy
steels, slnce the two types of steel have almost the same thermal
conductivity over this temperature range. The temperature zone re-
quiring slow heating 1s neglected in practice for hot upsetting of
ingots.

The most important element of the preforging heating regime for
high-alloy steels, which affects deformabllity and metal quality, is
helding at the forging temperature., As for ordinary steels, the hold-
ing time 1is governed by the period necessary for the entire ingot
volume to be heated to the requisite temperature. The optimum holding
time at a given temperature 1s also governed by the kinetics of the
phase transformations.

TABLE 3

Forging~Temperature Ranges for Certain High-
Alloy Steels

’ Manenmannnan ‘ :
1 2 Temnepatypa } 3 Tewneparypa
Mapxa craan m;,:;’,::?,‘c i (n;c:u:: :.o’u‘lc
1X13 1260 800
2X13 1220 800
: IX1TH2 (3H268) 1250 800
| I5X12BMO (3U802) 1220 880
X18H9 1250 850
X18HOT 1190 850
31572 1200 960
31612, 31405 1180 S0
l K pp. ] 1160 900

1) Type of steel: 2) maximum heating tempera-
ture, °C; 3) final forging temperature (not
below), °C.

The monophasic state is ¥nown to be most favorable for deforma-
tion of a metal. Homogeneous structures have a higher plasticity at
forging temperatures, as a res=1lt of the absence of hardening phases
and the more uniform deformaticn of individual prains. Whon ingots
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of alloy atructural steels are heated, the individual structural
compoenents uzually nhave time to go into solld solutlen durlng temp-
erature equillbration over the Ingot cross-section and no addition-
al holding 1l gcenerally required to convert the neterogeneous struc-
ture to a homogeneou: one.

The conditlons obtaining for constituent-solution kinetlces in
high=-alloy steels heated to forging temperatures are more complex.
The diffusicn processes associated with solution of the excess phases
and structural homogenjization proceed slowly and requlre a longer
time. High-temperature holding of such steels should therefore be of
a duration sufficient to provide both cumplete heating of the ingot
crogs-section and maximum solution of the exc~3 structural compon=-
ents.

When ingots are held at the forging temperature fur the appro=-
priate time, the hardening phases, in the form of carbides and in-
termetallic compounds, are partially dlssolved and partlally coagu-
lated, being dispersed throughout the structure rather than forming
a compact chain along the grain boundaries. This arrangement of the
low-plasticity phases is more favorable with respect to plasticity
and deformabllity. However, ingots and blanks should not be held at
high temperatures for extremely periods, slince certain negative fac-
tors also act In this case; in particular, the crystal structure of
blanks becomes coarser as a result of collective recrystallization.
This factor 1s not of great importance for ingots, since, as a re-
sult of the characteristics of their cast structure, graln growth
does not occur even when they are heated to very hign temperatures,
or for deformed blanks, provided that heating 1s followed by a high
degree of forging. However, the structure and properties cof forgings
deteriorate if deformation after prclonged high-temperature holding
is slight. Moreover, prolonged holding reduces the plasticity of
steel contalning large amounts of oxlde and sulrfide impurities [177].

With respect to initlal heating of ingots and blanks of spe-
cial high-hot-strength steels, where subsequent deformation is rela-
tively large and the sulfide and oxide content of the metal 1s small,
orolonged holding at forging temperatures not only increases deform-
ability but improves the structure and mechanical properties of the
metal in the finisned articles. Thi: has been verifled at the NPL
with a large number of 1ingots of 3M572 steel from different melts,
which were used for forged gas-turbine wheels.

Long~term holdin at the torging temperature has also veen

found to have a favor:tle effect on the deformatlion of other high-
hot-strength alloys [23]. The technlical specificatlons for heating
regimes for anstenite-steel inpots should therefore provide the minl-
mum holding time at the foeging temperature that will give an excess
of 2-3 h cver the time required to heat the entire ingot crosg-sec-
tion. There 1s no danger In more prolonged holding (up to 6-8 h) but
1t 15 undes!irable because of the large amount of scale formed on the
metal and for technical-economic reasona: the Increased furnace load
and fuel consumption.

- 3 -




9. DEFORMATION RESISTANCE OF CERTAIN SPECIAL STEELS

High-alloy high-hot-strength steels have a substantlally higher
deformation resistance than perlite structural steets; it usually
increases with thelr alloying-element conteit. Austenite steels arc
particularly noteworthy in this respect, their deformation resistance
being several times that of ordinary alloy steels. This property of
austenite steels 1s related to the characteristics of the deformation
mechanism in the forging-temperature region: hardening of the metal
during forging begins at relatively high temperatures (900-1000°C),
while ordinary steels undergo slight hardening at 800-850°C. From the
standpoint both of production of . homogeneous crystal structure and
of deformation resistance, which affect the efficiency and productiv-
ity of the forging equipment, the final derormation temperature for
austenite steels should be considerably higher than that for s.ruc-~
tural steels, while the forging-temperature range should be nari-ower.
The power of the forging eguipment at the lower limit of the permis-
sibli temperature range is far higher for deformation of austenite
steels.

TABLE 4

Ultimate Strength of Certain Special Steels at
Forging Temperatures

i 2 Mpeacn nposnoeTn a, (K7/xa') ﬁ; !5
Mapxa cranu” npi Temmeparype g;‘::i
0> ¢ e ¢ P € pos ¢ e ¢ awe gy & HEH
\ 315 B SR RV %13‘ K — 2 i
? 2X13 750 - 63 87| — | — (16
! 1X17H2 — | 79|57 | 24| 09| 13 4 |
’ 15X11MO5 —~ 1 96 66 | 3.4 24| — 4
X 18H9 mz’ &9!3& 30 | — |16 11
X 18HOT 51 01! 55 | as | 29| 1.8 11
X23H18 il ez)ss 52| — |29 1
X1sHi2M2T b~ 167 65 1351 26 | — 4
3M572 LAz 22u 1277 82 - (S0 [ 16
; 3K405 |- Lo 182 - | 5016
; 3612 —_— 04— | = 138106
i X18H22B2T2 f 276 - 14,6 ‘(Ll i;tz | 23 .15 | L1,

1) Type of steel; 2) ultimate strength %y

(kgf/mmz) at temperature ofj 3) deformation
rate, mm/min.

In addition to temperature, the deformation reslstance is mater-
ially affected by the rate and degree of deformation. Experimental
investigation of a broad range of high-alloy uteels [19, 22, 24]
has established that the deformation resistance of metaly Increases
wity the deformation rate; this pattern Is maintalned at all tempera-
tures and degrees of deformation. Preis forging 1s therefore more
favoratle in this respect than hammer forging, in which the deforma-
ticn resistance of austenite steels 1s gre.'~r» by a factor of 2-4,
The higher dynamic-deformation resistance of the metal Iz due to the
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fact that softening processes are leuss complete as a result of the
slow recrystallization rate of hirh-ualloy steels subJected to hot
plastlc deformation.

It must be kept In mind, however, that there 1s not always a
noticeable manifestation of this phenomenon when press and hammer
forging of a metal are compared, since a larpe amo.unt of heat 1s
evolved when a blank 1s deformed under the dynamic action of a ham-
mer and there 1s a substantlal rise In metal temperature.

When 1dentical forgings are produced with & press and a hammer
of equal power, the total work consumed may be less for hammer forg-

Ing as a result of the temperature factor, desplte the higher deforma-
tion resistance.

Like an 1increase 1n deformation rate, a rise in degree of deforma-
tlon increases deformation resistance; the efi'ect of this factor be-
comes stronger as the alloying of the steel Increases and is greatest
In the lower portion of the forging-temperature range. A steel under-
goes hardenling during both dynamic and static deformation as the de-
gree of deformation 1s increased. The general mechanism of this phen-
omenon 1s related to the comblnation of two simultaneous processes,
hardening and recrystallization, which govern the deformation mech-~

anism and the extent to which deformation 1s suppressed by softening
processes.

In testing specimens at small deformation rates, deformation
resistance is determined from the yleld sirength ce,2. Ultimate
strength % is often used in place of o0y., for calculaticns, intro-
ducing the correction factor 0.85-0.90, 1l.e., Ug.2 = 0.85—0.900b.
Table 4 gives the values of ob for certailn speclal steels at forging
temperatures, tsken from the data of the NPL and the Central Scienti-~
fic Research Institute of. Technology and Machine Building, as well
as from the literature [22, 25]. A uniform deformation rate is an

Indispensable condition for comparability of such data at high temp-
¢ratures,

The deformation resistance of a metal Oy during hydraulic-press

forging 15 assumed to equal 09.2, which 135 determined In low-speed
test machines for the steel in gquestion. In hammer forging, the ap-
oroximate value of Gdin is determined by takling into account the rate

factor m: O4in = ™, ¢» Where m can be assumed to equal 4 (accerding to
SO dubkin,

Amony, the addittional factors affecting deformation restatance o
are the type of stress pattern durlng forg'nge and the scale factor.
All other conditions belnp ecqual, the value of o ilnereases with the
hydrostatle preasure [26]. The scale actor o operative in the fact
that the actual value of 3 decreases as the deformed blank becomes
larger. This phenomenon 1a due to the Jd{fferent thermal conditions
ol tatning durlng deformation of @ laboratory specimon (in determining
the matn Jdeformation=restistance constant o4, or co) and a production

Dlank, sinee the surtace-to=volume rativs Ccr, The amoant of heat
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removeu from the metal 1s greater and the average deformation temp-
erature 1s lower for deformation of a small specimen, whichh results
in an increase in o04,2 and Op In fabricating large commercial forg-

ings, the deformation r-=sistance of the metal is therefore determined
with a correction factor for the forging scale. Tnis factor ranges
from 0.70 to 0.55 for blanks 100-1000 mm in diameter [27].

10.

SR o

INFLUENCE OF REDUCTION IN AREA ON STRUCTURE AND MECHANICAL PROPER-~
TIES OF AUSTENITE-STEEL FORGINGS

The reduction in area is one of the most important factors af-
fecting the structure and mechanical properties of forgings; 1t also
influences the reliability of ultrasonic quality control of austenite
steels (in connectlon with the characteristics of their recrystalliza-
tion), since the structural heterogeneity due to inadequate reduction

TABLE 5

Technological Regimes for Forging Experimental
Wheels of 3572 Steel

QruTMeCtH | pasepns |
2FOTORRH noxosKN Crenens
2 N0 ocaaky. _ Awexa, i YKo
Cxexa Kopku ;u)c‘:a 3 am o s | 8

' fipw
Ana- Axa- | Bu- 9"!"'. P! .
| [ fpere %"‘""" yere ijou !’:g‘o“ ocax

e 20| ~ lf" Ll! -

: -
" 11Buasesnponanne no smay | 2 .| 270 ) 550 ] 1.0 | 1.8
| Kopnyea oc.c'm'rxa. Pybkasaro- | 3 | 400 | 300 | 570 1.2 | 20
tosoxk. OCaBK2 HA OKOHua-
Bt e N AR
’ 6 1 675 | 850 ! 115) 4.8 ‘\(f‘

12Mpovexytounan ocaaka | 7 | 440 | 300 | 520 | 180 | 2 2
COKLICTHPOBANNOTO  CANTKA.

INporsxka. Py6ra 3arorosox. o
Ocaaka 13 OKOHYaTeIbHNA. i
pasvep ' 1 l

¥The blanks were not upset.

1) Forging process; 2) disk No.; 3) actual size of blank before up-
setting, mm; 4) diameter; 5) length; 6) size of forged wheel, mm; 7)
height; 8) reduction in area; 9) during drawing; 10) during upsetting;
11) billeting along bottom of ingot container, Trimming of blanks.
Upsetting to final s.i:.e; 12) intermediate upsetting of billeted in-
got. Drawing. Trimming of blanks. Upsettirg to final size.

is the principal obstacle to complete ultrasound transmission.

The influence of reduction in area on the structure, mechanical

properties, and ultrasound transmicsion of forged wheels of INS5T2
steel was investigated at the NP[.
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Fig. 3. Pattern for cutting sections from experimental wheels. 1)
For tangential specimens; 2) for axlal specimens; 3) for radial speci-
mens; 4) for macroscopic examination.
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Fig. 4. Macrostructure of radfal sections cut from wheels. a) No.
) 1; b) No. 23 ¢) No. 63 d) No, 7.
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The initlal material consisted of elongated ingots welghing
2.17 t (see Table 2). The technologlcal regimes for the experiments
(Table 5) provided for forging of wheels with reductions in area

of from 1.8 to 4.5, with and without intermediate upsetting. In the
latter case, the reduction in area during drawing was due solely to
billeting of the 1ngots and ranged from 1.1 to 1.3, depending on the
location of the blank. One of the blanks was not upset but underwent
all the subsequent machining and test stages together w!in the forged
wheels, All the experimental forgings were fabricated from steel of
the same melt (containing 0.30% C, 0.55% Si, 1.2% Mn, 18.8% Cr,

10.3% Ni, 1.36% Mo, 1.29% W, 0.33% Nb, 0.31% Ti, 0.01% S, and 0.023%
P), which was smelted in a 10-ton arc furnace with a basic hearth.

The ingots were supplied hot to the press shop, with a surface
tempera.ure of 6U40-720°C, and subjected to preforging heating under
a hot-upsetting regime. All the forging operations were carried out
in a press exerting a force of 2000 t, drawlng wacs conducted 1in com-
posite die blocks (with the upper block flat and the lower block cut~
out), and upsetting was carried out in a broad, flat die block with
successive deformation of individual sections of the ingot butt. Forg-
ing was carried out over the temperature range 1180-950°C, with a final

degree of deformation of no less than 30%. The forced disks were cooled
in water.

The forgings were then trimmed and subject=d to heat treatment
(quenching from 1150°C and aging at 760°C), ultrasonic defectoscopy.

and thorough investigation of thelr macrostructure and mechanical
properties.

Ultrasonic testing of the forgings was carrled out at a fre-
quency of 2.5 MHz, with the defectoscope calibrated from a standard
having an aperture 3 mm in diameter. Complete ultrasound transmission
was observed in wheels Nos. 6 and 7. No defects were found 1in these
wheels. The other forgings, which were produced without intermediate
upsetting of the ingot to a reduction of 3.0 or less, exhibited no
ultrasound transmission in their central zones, whose radii increased
as the reduction decreased. Wheel No. 2 was ultrasound-transmissive
only within the inner half of 1its diameter, whlle wheel No., 1 was
nontransmissive thrcughout its entire volume.

All the wheels were cut 1n accordance with the pattern shown
in Fig. 3 and the resultant sectlions were used for macroscoplc exam-
ination and testing of mechanical properties 1n different dlrections.

The results of macroscoplc examinatiocn of the sectlons showed
that wheel No. 1 had an almost undeformed cast structure (Fig. la),
while wheel No. 2, which was forged with & reduction of 1.8, was

istingulshed by substantial cast-structure areas in the central

zones of inhibited deformation near the contact points (Fig. lb).
The volume occupled by the cast structure in the contact zones de-
creased as the degree of upsetiing Increased. Almout the entlre metal
volume had a deformed structure at a reduction of U.% (Flg. le) and
cnly isolated weakly deformed gralns were found in one of the coantact
areas. No traces of a ~ast structure were detected in wheel No. 7,
whi~h was produced with intermediate upsetting of the ingot (“1p. Bd).
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Tahle 6 nrecents the results of mechanical tests performed on
the experimental wheels In the tangentlal, radial, and axial direc-
ticns, Wheels Noo. l=fi differed principally In degree of upsetting.
The reduction: 'n aren during drawing Kn were almost the asame 1In

this group of wheels and apparently had no material influence on the
mechanical propertles of the metal. The degree of upsetting Ko had a

very marked effect on plasticity, which rose in the tangentlal and
radial directions as the value of Ko increased. Thils pattern was es-

recially pronounced when the mechanical properties of the wheels in
the vicinity of the horizontal axial plane (vertical midline) of the
forging: were compared. The plasticity properties 8§ and ¢ in the tan-
gential direction were more than double those in the 1nitial metal at
k, = 1.8 and reached their absolute maximum (35-40%) at K, = 3-4,5,

There was a simultaneous rise in impact strength and only very slight
changes 1n other strength characteristics.

It 1s interesting to note that the mechanical properties of the
metal 1n thils reglon of the wheels was almost completely equilibrated
at reductlions of 2.0 or more, a high degree of homogenelty being
achieved in the central and peripheral areas. A similar situation wazs
observed for the mechanical properties of the wheels in the radial
direction when specimens were taken from the zone clese to the hori-
montal axial plane. The absolute values of the mechanical properties
observed 1In thls zone in the radial and tangential directions were
alnost equal when the reduction was morc than 2.0.

The mechanlcal propertie: of the wheels 1n the axial directilon
were distingiuished by low values of & and ¢y, whose absolute magni-
tudes in the central region decreased as the degree of upsetting in-
creased. Since the variation In plasticity characteristics in the
axial and tangential directions in the central zone of the wheels
as a function of Ko was reciprocal in character, the ratics § /

osev
/d*ang and ¢ decreased substantlally as Ko Increased

osec/wtang
(Fig.5).

The varlation In the mechanical properties of the metal as the
degree of upsettlng increased had a quite different character 1n the
central zone of the wheel fzees, Here, In contrast to che mlddle zone
(the reglon close to the hozizontal xlul rlane), the plasticity
characteristics in the tangential and radial directlons were marked-
ly elevated only at KO = b.5, At cmaller reductions, the indlces §
and § were equivalent to those for the undeformed blank and were

characterized by large scattering of valies, a feature characteristle
of tne metnl in the cast state,

The mechanteal properttes of the pvrlphevai zone were rather
hivh ln the blank for wheel No. 1, whlech was not upset, Plastielty
fnereased with K ;3 the indices §, ¢, and a, were reughly the same

ot
tn the face and central portions ol the whecls, This phanomenon aliso
oceurred at relatively amall depFrees of upoettine,
-l -
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1) Wheel No.; 2) reduction during drawing;3) degree »f upsetting; U)
specimen direction; 5) area of radius tested; 6) sampling cite on
‘dlsk height; 7) kef/mm?*; 8) kgfem/cm?; 9) lst specimen; 10) 2nd
specimen; 11) tangential; 12) center; 13) middle third of radius;
14) periphery; 15) lst face; 16) center; 17) 2nd face; 18) radial;
19) axtal.
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Fig. 5. Variation 1n ratio of plasticiiy characteristics in axial
and tangential directions 1n central zone of wheels (vertical mid-
line) as a function of degree of upsetting K, 1) ¢ 2)
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Fig. 6. Variation in mechanical properties of wheels in tangential
direction as a function of degres of upsetting Ko. a) Central zone;

b) middle third of radius; ¢) periphery. The shaded areas represent
the scattering of the mechanical properties of the disk faces; the i
dashed curves represent the mechanical properties of the metal in : ' ?
the vicinity o the horizontal axiai plane. 1) kg'm/cm?; 2) kgf/mm?. :
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The mechanical properties of the wheel faces in the middle third
of their radius occupled a position Intermediate between those for the
central and peripheral sections. It 1s noteworthy that the properties
of the middle zone (especlally 6§, ¥, and ak) were higher in the central

region at relatively small degrees of upsetting (2.0-3.0) than in the J
middle third of the radius or at the periphery.

Another striking phenomenon was the substantial difference in
metal plasticity in the two faces of wheels forged with a reduction
of 2.0-3.0. For example, the values of § and ¢ 1in the tangential
direction in a wheel forged with X = 310 were 8.6 and 7.8% for the

central sectlon of one face, while § = 16.0% and ¢ = 13.6% for the
opposite face. For the central third of the radius of one face, § =
= 19.8% and ¢ = 20.8%; for the other face, 6§ = 36.2% and ¢ = 31.2%.

Figure 6 presents graphs representing the variation in the mech-
anical properties of the wheels In the tangential direction as a func-
tion of the degree of upsetting.

These patterns in the plasticlty indices of the metal in dif-
ferent sectlons of wheels produced with differen. rgrees of upsetting
are directly related to the macrostructure of the forgings and the
characteristics of the forging process. Becanse of the nonuniform
deformation during upsetting, the greatest actual reduction in area
occurs in the vicinity of the horizontal axial plane in the central
zone of the forging, while the smallest reduction occurs near the
faces in the central zones, as a result of the inhlbitory action of
the contact surfaces. Approprlate experiments have established that,
when wheels are forged from 3N572 steel with a total geometric re-
duction of two, the actual degree of upsetting variles vertically
through the central section, ranging from 1.05 near the faces to
6.5 in the vicinity of the horizontal axlal plane.

Even at a very small degree of upsetting, l.e., a small ratio
of initial-blank height to wheel height, the middle zone of the forg-
ing thus undergoes very efficient mechanical working. The macrostruc-
ture of this section therefore conrtains no traces of the cast struc-
ture and the grains are radially oriented. On the other hand, the
macrostructure of the metal near the faces 1s characterized by almost
undeformed crystals, which is reflected in the reduced plasticity .f
these areas. As we move farther from the center of the forg:ng, the
difference in the macrostructures of the face and middle sectlions de-
creases, so that. their mechanlcal properties become more similar. As
the average degree of upsetting increases, there is a rise In the ac-
tual reduction in area near the faces and a simultaneous improvement.
in plasticity.

Assuming the acceptable values of § and § for the ceutral zone
of a wheel to be 20-25%, the investligation described above glves us
grounds for stating that the minimum necessary degree of upsetting
for wheels of the type under consideration is about 4-5. However,
taking intc account the vertical deformation distribution through
the forging and comparing the mechanical properties obtained in test-
ing the middle zones with the actual reductlons {n these areas, 1t
must be assumed that the highest metnl plasticity in the central re-
gion is achieved with an actual degree of upsetting of 6,0-8.0,
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The differenze in the mechanical properties of the metal near
the two faces of a wheel 1s due tc¢ the nonuniform deformation of
these areas during upsetting. The blanks were deformed with the dle

11 bloek on the lower plate; the face of the blank was deformed in
individual sections rather than as a whole, which promoted better
working of the metal. The opposite (lcwer) face of the blank, which
was in contact with the plate, was less highly worked, as a result
of the greater deceleratory action of the contact surface, and was
found to have lower plasticity indlces during mechanlcal testing.
Hence it follows that the best plasticity indices are obtalned for
the faces of a wheel when blanks are upset without a pressure plate,
individual sections being clamped against a dle block o other forg-
ing tool.

A wheel forged to a reduction of 2.0 after preliminary drawing
of the ingot (Table 6, wheel No. 7) had relatively high mechanical
properties in the tangential and radial directlions throughout the
entire forging volume. Comparicon of this wheel with others forged
to different reductions without preliminary upsetting of the ingot
shows that its mechanical properties and their uniformity were equiva-
lent to those of wheel No. 6 (produced with a degree of upsetting
of 4.5) and markedly exceeded those of wheel No. 3 (produced with
a degree of upsetting of 2.0). The principal advantage of wheel No.
7 lay in the higher metal plasticlty 1in the face zone. The mechani-
cal properties of (his wheel in the axlal direction were roughly the
same as those of wheel No. 3.

The positive effect of intermediate upsetting of the ingot on
the mechanical properties of the forgings was conflrired by thelr
macrostructure (Fig. 4d). Intensive drawing of the upset block re-
sulted in effective working of the entire volume of metal and no
large cast gralns were found even near the wheel faces, l.e., in
the zones of impeded deformation, as occurred 1n wheel No. 3. This
cxplains the higher plasticity in the face areas of wheel No., 7.

The technological processzs empleyed in forgling wheels should
therefore include intermediate upsetting of the ingots in all cases
where a relatively high degree of upsetting cannot be acnleved for
austenite-steel blanks and speclal measures cannot be taken to greatly
reduce the extent of the ifnhibition zone. The importance of this
technoioglical factor increases as the D/H ratio of the wheel decreases.

Selection of the optlmum reduction 1n nrea for austenite~-steel
forgings of the cast type i3 also technoloy.cally important. Investi-
gation of forgings of this type produced frou X18HYT steel with draw-
Ing reductions Kn = 1,5=-84 and without intermcdiate upsetting of the

tngots (wiileh welghed 3.8 t and had an #/0 ratio of 2.08 and a taper
of 6.04%8) showed the following pattern in the vartation of mechanical
properties at normal temperatures [28]: strength remained almost un-
changed In voth the longltudinal and transverse directions as the
reduction was incrcased, while plasticity in lonyliudinal specimens
rose markedly unttl Kn = 2,5 was reached and remained almost unchanged

at higher values of K". Flasticity in transvérse specimens was almost
constant below Kn = 2.5 and decreased slightly when this factor was
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further increased. The macrostructure of the metal was coarse-grained
and not destroyed by forging at Kn = 1,5, while 1t was medium~grained

and had a radial orientation at Kn = 2,5 and fine-grained at Xn = 4,

The forgings were ultrasound-transmissive (at a frequency of 2.5 MHz)
only with a reduction of 4.0.

Forgings produced from X18H97T steel with the same drawing reduc-
tions but with intermediate upsetting of the ingot were distinguished
by higher {by 10-30%) plasticity indices in the transverse direction
and somewhat lower (by 5-10%) indices in the longitudinal direction.
Intermediate upsetting reduced the anisotropy o mechanical properties
in the forged shafts, especially at small reductiors. Experiments
conducted on forgings of X18H9T steel alsc showed Intermediate upset-
ting of the ingots to have a favcrable effect on the structure and
ultrasound transmission of the metal. The structure was fine-grained

and uniform even at Kn = 1.5 and no scattering of ultrasound was ob-
served.

Similar work has been conducted with 3nul05 steel [17]. Stepped
shafts were forged from ingots weighing 1.6 t under regimer that
provided for different reductions (from 2.0 to 10.0), the ingot being
subjected to one or two Intermediate upsettings or to none. 1t was
found that the strength Indices in the longitudinal direction re-
mained almost unchanged as the reduction was increased, while the
plasticity characterisilics rose rapidly as the reduction was 1ancereased
to 4.0 and only very slightly when it was further raisec.

Mechanical tests in the tangential direction established that
the mechanical properties of forgings produced with intermediate up-
setting were more uniform. Metalliographlc examination of the same
forgings revealed no elongated carblide inclusions, which are charac-~
teristic of forgings produced without intermediate upsetting.

The research conducted at the NPL on the relationship between
the structure and mechanical properties of austenite steel and the
reduction to which they are subjected and other investigations 1in
thls area thus indicates that deformatior in alternate directions
during favrication of shaft and wheel forgings has a positive effect.
The influence of this factor increases with ingot weight. In some
cases, as when a large wheel has an unfavorable shape (a large H#/D
ratio), effective working of the metal, good ultrasound transmission,
and the requisite properties in a given direction can be obtained
only by one or more intermediate upsettings. The reduction after
intermediate upsetting can be limited to 3.0-~4.0 for shaft forgings
(depending on ingot weight) and to 2.0-3.0 for wheel forgings. The

reduction must be 1rncreased by a factor of 1.5-2 when intermediate
upsetting 1s not employed.
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Chapter 4

INFLUENCE OF FORMING CONDITIONS ON SPECIAL-STEEL DEFORMABILITY
AND FORGING QUALITY

Most high-alloy steels, especlally those of the austenite class,
have low reserve plasticity, which is manifested in poor ingot de-
formability and affects the physical state, structural compactness,
and macrostructural homogeneity of the finished forgings. Such phen-
omena as the welding up of axial defects in the ingot, which 1is of
prime importance for some groups of forgings, are directly related
to the plasticity of the metal.

11, ANALYSIS OF BASIC TECHNOLOGICAL OQFERATIONS IN FORMING AND SPECIAL
FORGING PROCEDURES FOR HIGH-ALLOY STEELS

The plasticity cof an ingot depends to a large extent on 1its
surface quality, since superficlal metallurglcal defecis serve as
stress concentrators and foci of metal failure Juring deformaticn.
Moreover, superficial defects, in the form of ercsicn-crack networks,
cavities, impurities, blisters, and so forth are more highly developed
in ingots of low-plasticity high-alloy steels. The work that has been
done on improving the surface quality of ingots merits serious atten-
tion.

Solution of many of the techinologlcal problems involved in
forging is associated with ingot surface quality. Among the most
important of these 13 the practical feasibility of hot delivery of
ingots or heating before the first withdrawal. Actually, when ingots
of high-alloy steel with a low reserve plasticity contain large su-
perficlal defec..;, they cannot be fully reduced without preliminury
trimming, removal of local flaws in the metal, or other types of ad-
Justment in order to avoild fallure during the first few reductions.

Preliminary trimming of the ingot has a very great effect in
increasing the technological plasticity of low-deformability steels.
Expertence In forging austenite steel has established that mechanical
reroval of surface defects results in a metal plasticlty such that

" the ingots can be deformed as well as ordinary structural steel in
many cases.

Flpure 7 shiows two smooth for:ad wiicels fabricated from billeted
lngots of 3NATY =teel, one of which was completely trimmed and the
other trimmed over haif 1t: helght, oth ingots had relatively poorly
developed surface defecta, The Ingot with half ite surface untrimmed
Wwas upset qu'te satisfactortly, without deep propagation of cracks
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Fig. 7. Forged wheels of 3U572 steel fabricated from billeted ingot,
completely trimmed (upper wheel) and trimmed for half of height
(lower wheel). :

or tears. However, ther was still an obvious difference in the sur-
face state of the wheels: trimming greatly reduced the number and
depth of the defects, which permitted a decrease in the number of
passes required to give the forgings the characteristics provided
for ordinary-steel forgings by the GOST. In other cases, where the
character of the surfac' defects in the ingots is less favorable,
faillure of the metal dur ag forging can be avoided only by including
a trimming operation, e ;ecially when the technological process in-
volves upsetting.

Trimming of multitaceted lugcts regulres installation of spe-
cial lathe equipment, so that the billeted blanks are often trimmed
instead of the ingots. Billeting carrried out under appropriate temp-
eratures and deformation conditlions usuelly does not lead to notice-
able development of (surface defects and permits ordinary lathes to
be used for intermediate trimming of the blanks.

Whether or not trimming cof the ingots or blllets 1s necessary
and expedient 1s determined by the physical nature of the steel to
be deformed and technical~economic considerations. Trimming is
obligatory in forging low-deformability steels, whose low reserve
plastlcity makes 1t impossible to forge them without removing the
surface defects from the ingots, even when substantial tclerances
are lef't for machining and the forging deformation regime during the
basic formling operaticu 1s favorable. In 4ll other cases, crimming
1s best if it conforms to economic production principles.

The main economic¢ advantage of such a technology lies 1in the
greater reliability of the forging process, l.e., the relatlvely
smaller number of forgings rejJected for cracks and other surface
defects and the possibility of a substantial reductlien in forging
tolerances and allowances, bringing them clese to the norms estab-
lished for similar forgings fabricated from ordinary astructural
steels. The tolerance problem becomes especially important In con-
nection with the introduction of automatic devices of tl.o CUT-11
type [29]) In many presses, since these greatly increase ferging pre-
clsion and hence reduce machining tolerances., However, use ot such
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devices for forplngs of hipgh=alloy, low-deformabllity steels makes
sense only when the ingots or blanks are prellminarily trimmed.
Economical forgling shapes can also be introduced under such condi-
tions, using power-hammer dles and other forging attachments, which
results in a substantial reduction in allowances and forging weight.

However, use of trimmed ingots or intermediate blanks 1s com-
plicated by the need for additional cooling of the ingots in the
furnace (o even for speclal heat treatment), repeated heating of
the cold blanks, and prolongation of the technologlcal cycle, Addi-
tional heat treatment is required both for forgings of martensite
special steels (3M802, 1X17H2, etc.) and for forgings of certain
austenite steels, ¢.g., X18H22B2T2. The experience of the Neva Mach-
ine Building Plant [NPL](H3N) has established that cooling of such
stcels in molds leads to development of shrinkage defects in the in-
gots and unsatisfactory forging quality. Alr-coolling of billeted
blanks causes detrimental phenomena, since the metal 1s only slightly
deformed.

The expenditures assoclated with the loss of metal during trim-
ming and the labor consumed in lathing 15 usually compensated for
by savings In tolerances and in machining of the finished forglings.
Different technological processes for forging identical components
(with and withou‘ trimming of the bllleted blanks) were compared
at the NPL. It was found that the weight of the 1nitial ingots was
almost constant: the amount of metal removed in the form of scrap
during trimming was roughly equal to the amount that went for the
increase In tolerances required by forging of crude blunks. The total
labor consumed In lathing {(taking Into account the trimming of the
billet) on one hand anid the decreace in tolerances and allowances
In the forgings produced from clean blanks on the other were some-
what less for trimmed blanks.

Use of trimmed blanks 1s thus econcmlcal in many cases from the
standpoint of metal consumption and total lathe load. Among other tac-
tors, it s necessary to take into account the speciflelty of the
conerete production conditions: forging shape and production tech-
nolougy, the surface state of the cast inpots, the productlon scale
tor forgings of low-deformability steels, and the load on the pre-
heating and heat-treatment furnaces, Popr example, the following pat-
tern of operattons has been found sultable for conditions at the
NPL: only a limlited number ot blanks o XIRH2280T2, 0X18HIOT, and
ather low=deformability austenite steels thot are to be upset with
a high degree of deformation during torpging are penerally trimmed,
In Individual cases, when the ingot surtace s satisfact ry, the
blanks are trimmed after drawlng of the upiaet workplece rather than
after billeting, provided that the tforging rrocess includos inter-
mediate upsetting of the tnpot. This sequence of operations 1o em-
ploved, for example, for forped wheels of IMHTY steel formed 1n
power=hammer dleas, The purpose of teimming the blank arter the last
forying operatton (upsetting In the power=hammer dle) 1o to creatoe
Lthe moast favorable condltions rfor product ton o torping: with mint-
mum tolerances,

Indtvidual examples of the tolcrances emploved at the HPL o
Ao ront types oF formingeg with certiatn spectal cteeln ars piven 'n
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Chapteis 6-8,

Billeting of the ingot is of material impurtance in forging in-
gots of low-deformability steel. Speclal emphasis must be lald on
this factor, cince some forging-pre.sing operations omit billeting
in fabricating many types of forgings, not evaluating the nature and
characteristics of the specific type of steel or the metallurglcal
characteristics of the ingot and not running rellable practical trials
of a new process,

The feasibility of forging ingots without bllleting depends on
the metal plasticity, which 18 characterized by the type of steel
and the surface state of the ingot. Practice has shuwn that billeting
can be omitted for many structural steels, provided that the ingot
surface contalns no large cast-structure defects. For example, up-
setting without blileting has been successfully employed at the NPL
for ingots of 40, 34XM, 34XH3M, and certain other steels weighing up
to 12-°% t. However, deformation of ingots of certaln melts cast un-
der les. favorable conditicns and having larger superficial metal-
lurgical defects during upsetting without billeting caused forma-
t‘on of deep tears; similar ingets subjected tc prelimlnary billet-
ing were upset without prcducing visible defects. Rellable results
were olLtained on a large scale only after producticn of ingots with
a relatively stable surface quality had been mastered.

An attempt to upset unbilleted ingots of high-alloy X18H9T,
INRT2, and other steels was cnhstantially less successtul. Even
selective upsetting of ingots cast with magnesium and having a com-
parativei, c¢iean surface ylelded unreliable results: a substantial

portion of the upset workpleces exhibited a larger than normal number
of tears.

This type of behavior on the part of superficlal defects dur-
ing upsetting cf unbilleted ingots of high-alloy steels is due to
the strong influence exerted by the stress concentrators present in
all low-plasticlty steels. In addition to defects in the ingot that
coinclded with the upsetting dlrection, trensverse defects also ’
characteristically served as foci of metal fallure, expanding and
disrupting the continuity of the metal.

Experimental investigatlions of ingot billeting under laboratory
and production conditions [30] have shown that this process, which
creates a sheet of deformed metal at the Ingot surface, substantially
increases the plasticity of the outer zone, especlally at forging
temperatures. This 1s basically reaponsible for the less expensive
development. of superficial defects durling upsetting ol billeted in-
gots of low=deformability steel. .

It follows from the data given above that omission cof billet-
ing for ingots ef ..1gh~alloy low-plasticity stecls greatly increases
the probability of metal failure during forging ind 1s unwise until
{ngot quality has be@n radically improved., Elimination of billeting
during forging of medium-alloy steels can be recommended only after
ingots of stable quality have been developed and the new preocess has
been subl!scted to thorough practical testing with production batchen
of forgings.
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Ingot drawing 1@ one of the maln operuations in forging, being
of fundamental Importance for austenite-steel forgings of the shaft
type and for components in disk form, as a result of Lhe special
character!stics of the behavior of such steels during upsetting.
Production practice has established that large austenlite-cteel wheels
cannot be reliably fabricated by normal forging techniques withont
preliminary druawing of the ingot or upset workplece, during which
the cast structure undergoes an extremely rapid transition to the de-~
formed structure and shrinkage defects in the ingot are effectively
welded up.

However, drawing can have a positive effect only wnen deforma-
tion conditlions are favorable, i.e., when the entire volume of metal
is directly subjJected to multilateral nonuniform compression and
substantial tensile stresses do not develop in the blank. This con-
dition 1s nlsc the main prerequisite for fallure-free dr formation
of low-plasiicity steels,

Among the technological parameters responsible for a favorable
stress pattern in the metal during drawing, we should note the shape
of the die blocks, the relative feed, and the reduction regime dur-
ing the press strrke or hammer blow.

A flat dile block 1s simplest and best for drawing ingots of
speclal steels having relatively low reserve plasticity. Drawing
is carried out on the sguare-square cor, even better, square-rectangle-
square pattern. This provides the greatest depth of deformation
through the ingot cross-sectlon and creates favorable condltions
for vigorous working of the central zone of t!': inpot. The effec-
tiveness of this drawing pattern has been ocon”’ vmeu by much re-
search and p:oduction experience. Specificaily, Investigation of
the macrostructure »f two blanks of austenite chromium-nickel-man-
ganese steel rorged from identical ingots with the same reduction
ratlo (X = 2.7) but different drawing regimes showed that remnants
of the cast structure and concomlitant porosity were present in the
center of the bLlank forged In shaped die blocks on a round-round
pattern; the blank forged on flat die Liiocks by a square-rectangle
pattern exhibited a compact deformed structure throughout 1ts en-
tire cross-section {17]. The square-rectangle-square patteern is
employed both for forging that are to undergo final formings by draw-
ing and for certain critical components of the wheel type, for which
drawing precedes upsetting., In such cases, the shift from a sguare
to a cirele 1s affected with a minimum cross-sectlion ratio. Drawlng
in flat die blocks 1s widely employed particularly tn forging rotor:
and large wheels of high<hote-strength stecls of the perlite and mar-
tensite classes (PIM, IUBO2, ete.). A simllin: . egime has heeu sac-
cesafully employed at the NPL for forging lavge shatts from 1X1742
ateel, .

Flat dle blocks are completely unsuttable for drawing on a
ctrele=cirele pattern or for shiftirg from 1 quare to a clrcle,
Sliee tranaverse tenalle streszes develop in the blank, especially
at amall degrees of preduction, and the shrinkaye defects in the
meral are net webded up but ext o ad atill farther; new infernal foel
off metal fatlure et aasoetatea with defects In the {npots may de-
velop, '




4 cumxired drasing patteran sitn flat dle blccks cannet b used
Ior low-defornapility strels f‘orincipzilly those of the austentte
tlass} because of the low tecvnnologicsl plasticity of the xaetal and
the entir: arawing process, from the initia) to the flnal cross-sec-
tien, 1s carried out on a circle-circle pattern. Pie blocks with a
shape profile are employed in such cases. The most favorable profile A
is cne that provides contact with the blank over the maximum peri-
meter of its cross-section. This factor is most effective froa the
standpoint of the siress-deformation reginme: the pressure applied to
the blank by the die dlock and directed perpendicular to the contict-
ing surfaces causes development of compressive stresses, provides
: more or less multilateral compression, and creates the most favor-

able conditions for defcrmation of the inner regions of the ingot

: and a simultaneous increase in the total reserve plasticlity of the
B steel.

The test die-Dlcock shapes in this sepse are notched or rhomblc.
However, their design {angle of diank entry, zpical :radius of curva-
ture, and ratic of dle-bleck radlius tc dlank radlus) !s of material
importance. The optimum regime Is cone in witlch the die-biock radlus
equals the blark radiuvs, but, since this impossitle in practice,
such blocks belng sultable for forglng blanks of only cne size atu
Yest, a minimue productiveiy feaslible range of blank dlameters has
heen established for notched and vthombic die blocks with a definite
radius or entry angle. The technologliczl sceries of dlameters was es-
tablished from the condition 2, > & (Pig. 8a), with a restriction

izposad on the maxioua biank radius. Thne variant 1n which R < Eb is

unfavorable {Fig. Bb). At worse, this variant approximates to drawing
of round blanks in rlat die blocks.\

Comgrosity die blotks (with the upper bhlock flat and the lower
notched or ~hombic) are often used in practice. Such btlocks ars
convenlent Iin production terms but substantlizliy less effective
than notched or rhemblice blacks from the standpolint of the stress
pattern in the blan¢. Yrawing blanks of hlgh-211loy steels with low
Teserve plasticity in composite blocks often leads to eracklrig.

N Sucn: blocks are 2lso less effective with respect o w=lding up of
Internal defects. These characteristics of the stress pattern in

. low-plasticlly steels during Zrawxirg in dle blocks of different

’ shapes were specifically ceonfirmed by Ye.P. tUnkscv, whe . *.dled
the stress distribution during drawing of shafts by the opiical-
polarizatior method [311.

Fig. 8. Diagram of reduction of round blank with notched die block:
a) R, > 35 b} at R, < B ; R, Is the blank radius and B 1is the dle-

b 1
block radlus.
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Fig. 9. Notched rhombic die tlock with chamfer for forging press
exerting oressure of 3000 t [23]: a) Upper block; bt} insert for
icwer block.

The angle at which rhcmpic blocks are cut awiy Is usually 90-
118, btut the optimum dliock-shape parameter regulres refincment.
Ezperimental work cconducied in this arez In recent yvears has led
te the conciusion that the lutaxay angie is obviously test eotab-
lisned In a2ccordance with the chzracter of the technologicszl sp2ra-
t'ov ta he perioraed ioilleti 1w, drawing, or smeothing), since

pecific stress-de “ormation sonditions are cperative in each cas=.

In drawing low-deformability steels, creaticn of the optimum
deformation pattern during the initizl perlod of forging, when the
cast steel has itz lowest reserve plasticiiy, Is especizally impor-
tant. It Is during the first few times that the die blcek 1is pressed
against the Ingot surface that tears and cracks appear ia the metal,
thea >flen leading to compiete failure. Slight reducticn of the in-
£2t markealy Increases the plasticity of tke metal and permits sub-
saguent dlah ing of the blank to be carried out under conditiors that
are less [ rabln in terms of stress pattern bu*t technologicilly

or exazmrle, after an ingot is removed from the pres:s after
ai ‘edvction in notched nlocks, shifting to composite
even toe forging on a3 2ircle-square-circle pattern is per-
t;- in many CJses. Specia’ attention snould therciore se palid
he Iritial reduc’ "on operation ard the die block and prepara-
procedir2:s should be selected =2ccordingly. The results of work
ducted by L.V. Prozorov [32] indicate the significance of the
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tvucture was deformed by nonun!form multilateral compression. Re-
Juetion of the fingots by 5-10% permitted subseguent forging without
any serious difficuities.

In forging low-plasticity steels, transverse cracks are prefer-
entlally formed where the deformed portion of the ingot passes into
the undeformed portion. The smaller Lhe radius of die-block curva-
ture (given the same degree of reduction), the greater are the ten-
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st ¢ sheath formed on the ingot as 3 result of the initial de"orma-

rrom Ingots with an =2xtremaly low riserve plﬂbfile), which made
HPOQZibIO te ferce them with die blocks of any shape, was carried
vy fepcing ohem theoust spe=2ial feaders In which the primary cast
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siPle Ciresses that arise In this area ind the mere rapidly Jde trans-
verse craces develep. A pattern of this type is conslistently ob-
served in forging high-alloy steels. As a result, the die bleocks must
be fabricated with larger radii of curvature in the areds where the
latersz] surfa:e pasc<es 1nto the working surface (up to S0-100 mm)

and the block must coves the reglon where the undefcrmed portion of
the blank passes lnto the deformed gortion during each reduction.

The tensile stresses trat develop in the transition areas (as

a result of elongaticn) can to some extent be compensated for by com-
presslve stresses produced by reduction of the transition zone with

snamfered die block (Fig. 9). Experimental investigations in th's
rea and work carrircd out under productlon conditiions [33] has yield-
d vositive results: cracking was substantlally reduced ducring fcrg-
- of low-rlazticity steel ingots. The best results were obtalned
1-n the blanss were reduced xith dle blocks having a tarer a2ngle of
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The rclative eed I/h (where ! is the feed and 72 1s the blzank
thickness witin the geometric focus of deformation dvering a given
rress strck~ or hammer v.ow) plays a large role in creating a favor-
2ble stress pattern duriag drawing of ing ts.

As numercus theoretical and experimental studies [3% and others]
nave shown, the vaiue of l/k affects the uniformity of reduction
Jver the blank thickress; the nonuniformity of reduction increases
as the relative feed genreazses. As a result, longitudinal tensile
stresses act in the central zone of the blank when 1,h is luw, not
only failing to promote welding up of axial defects In the ingots
tut 2ctu2lily creating conditions for enlargement of defeets and =ven
fcr formation or transverse cracks irn weakened areas cf th2 blank.
The metal 13 in this state when I/k < 0.%5. Both tensil=s and longitud-
inal compressive stresses are operative in the ceatral portion of
the blank cross~section at I/k > 0.5 and the possibility of effec-~
tive working of the metal in the central zone is greatly increased.
However, the maximum value of 1/h should be limited to 0.8-1.6,
since transverse tensile stresses are dominant in the blank at 1/. >
> 1 and, in forging low-plasticlty steels, can lead to formation of
longirudinal axial cracks and surface defects. The optimum value of
1/a2 Yor drawing is therefore 0.8 > I/k > 9.5, It is important to
satisfy this condltion both during drawing in flat or composite
blccks or when notcred blecks are used, i.e., when the deformation
pattern is mcst favorable,

The influence of the 1/h4 ratio has been wldely checked under
production conditions, partlicularly in forging rotors and wheels
from high-hot-strength steels. In most cases, switching to broad
die blocks and large feeds led to an increase in forging quality.

The mechanical Jdeformation pattern during drawing is alss
affected by the reauction, i.e., the degree of deformation per
press stroke or hammer blow. This technological factor, which has
no material effect on the stress and deformation distribution during
drawing of blanks wlth a square or rectangular cross-section 1n flat
dle blocks, greatly alters the stress-deformatior. patt:rn of the me-
tal during drawing cf round blanks in flat or notched blocks [35].
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an increase in the relative reduction ienptaens tor contact 1o
between the die black and blank perimeter, which vromobts a decre
in the tenslle ctresses in the center of the blang and may ¢ en con-
vert them to compressive stracses, l.e., produce 3 more avoerasle
strezs-deformation pattern.

The depth to which deformation extonds Increases wlith the
reduction. This factor 1s responsible for one of the maln functions
of drawlng: increasing the dencsity of the metal in the central zone
and welding up axtal defects in the ingot, which 1s possible only
17 the deformaticn cxtencz to the center of the blank, l.e., through
its entire thlckness.

Small reductions causge <he flow in the cuter layers of the
metatl to lead that Iin the laner layers when ferging steels, especizl-
1z thegse with high alloying-element content. This is manifested in
araters formed on the butt surfaces of the blank, their presence in-
diecating ineffective worklng of the deep region. Coupled with other
detrimentn2l factors, cratering causes increased metzl consumption,

a higher laher consumpticn in forging (since, in some cazes, 1t is
necessary tc smecth the buitts), and cccaslional appearance of con-
strieticns 2nd surface cracks in the finished forgings. It should be
noted in passing that formation of butt craters during drawing of
upsel piocks can to some extent Le prevented by use cf spherical
plates suring upseiting of the ingots. The convex face of the block
compensates for the preferantial metal fiow in the cuter regilons and
rromotes smocthing of the blank butt during the final drawing opera-
ticns.

The relative reductler during drawing therefore cught to be
as iarke as possible. its maximum valiue shouald be limited princi-
pally by a single factor: the reserve technolcgical plasticity cf
the steel.

Use ¢’ large reductions tor special steels of the perlite
class usually presents nc particular difficulties. Some preblems
are encountered with low-deformabllity steels. For relatively uni-
form metal I'low in the outer and inner layers of a blank of dia-
meter d during drawing, th= reduction during a single press or
nammer stroke should be no less thkan 0.08-0.12 with a die-block
width of no less than 0.6-0.84 [32]. In practice, some austenite
steels, such as X18H22B2T2 and X23H18, can undergo a relative per-
pass reduction of no more than 0.05-0.084 (during drawing in com-
rosite blocks). In such cases, It is especlally important to create
conditions for increased steel plasticity by preliminary trimning
of the 1ingot, use of the optimum dle-block shape and elevated
forging temperatures, and employment of oth2r measures that permit
an increase in permissible reduction during drawing.

Increased reductions have a varylng final influence on the
quality of forgings for components with different shapes and dif-
ferent degre = of criticality. Thus, this problem is not as funda-
mental fcr forgings of the wheel tvpe or other hoiiow componants
as for rotors or wheels without holes, in which effective working
of' the central region of the blank during drawing of the upset
bloeck 1s the principal prerequisite for high component quality.
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Pig. 10. Graph showing distribution of a:tual degrees of deformation
€ over helght of axial zone of spacimen of 3¥572 austenite steol
after upsetting to halfl its height (data from Central Scl?ntific
Research Institute of Technelegy and Machine Building). 1) Distance
from hHutts, mm.

The permissible per-pass degree of deformation established at
the NPL for drawing of round articles \In rhembic and composite die
blocks is 15-22% for 2X13, 1X17H2, 3M392, and X18H9 steel, 1J0-12%
for AXISNIST, X18d12M2T, and 3MUST2 steel, anu 5-8% for X23K18 and
X18HZ22B2T2 steel. The relative reduction is reduced by a factor of
about two in drawing square blanks in flat die Liocks. Similar de-
grees of deformation are employed at the Urails Macnine-Building
Plent [36].

Upsetting is widely employed in ferging producticn, serving
as an auxiliary operation to ensure the required reduction ratio
cdurirg subsequent drawing of the upset blank and as the main forming
opsration in fabricating forcings of the wheel type.

Forging occurs with nonuniform metal flow over the vlank thick-
ness, a consequence of the varying deformation resistance that 1is
produced mainly by the influence of the frictional forces at the
surfaces where the metal comes into contact with the deforming tool
(d1e block, plate, or punch). The nonuniformity of deformation re-
suits from the fact that metal movement in the radial direction in
the reglons adjoining the contact surfaces 1ags behird deformation
in sections far [rom the butts, so that the lateral surface of the
blank 1s distorted: it changes from rectilinear to curvilinear and
comes to resemble a barrel. The larger the frictional forces, the
greater 1s the inhibition of radial metal flow in the butt regions
and the more barrel-like th= blank becomes.

The inhibition svrfaces in the contact planes are bLiases of
segment-like zones of impeded deformation (inhibition zones), within
which minimum metal flow occurs, The metal lying between the zones of
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(e o b e Pormat ton 1o most paplidly Beformed, sinee contact friction

loes not aet on it, The peripheral zone of the blank, alongs the
curve and in oad).oining regions, undergoes mostly tangential deforma-
tleon. It 1u In this area that the greatest tensile stresses devalon

causng cracking nt the curved surface during up:ctting of low-
nlasticity steel:s [37].

flgure 10 is a graph representing the disiribution or the ac-
tual degrees of deformation over the height of the axial zoie of a
specimen of 3INU572 austenite steel after upsettine to half its
nelght (with a reduction ratio of 2.0). The graph was plotted from
the change in the thread pltch of a screw inserted into the speci-
men. The temperature to which the specimen was heated before upset-
ting was 1200°C. It can be seen from the diagram that the actual de-
sree of deformation was 3-8% near the contact surfaces and avout
852 in the vicinity of the horizontal axlal plane. This curve, ob-
*ained for an experlimental specimen, also characterizes the general
trend of the phenomenon during upsetting of production blanke.

The presence of zones of impeded deformation during upsetting
ann oxtremely important -factor, maklng the fabrication of wheel
Seryings from low-deformability steels a complex process. Actually,

~emnants: of the undeformed cast structure are detected in wheel

‘wees even when a billleted austenite-steel ingot 1s upset U4 or 5
imes; this beling completely impermissibvle In cases where these areas
A the metal are not removed durling subsequent machining. The metal
‘n the poorly deformed areas of the wheel ncar the faces have a sub-
ctantially lower plasticlty than that in zones far from the faces
particualarly that in the vicinity of the herizontal axlal plane,
where metal flow is most rapid. The influence of zones of 1mpeded
dleformation on the mechanical properties of different areas of

“heels was shown in Chapter 3 for forgings of 3U572 austenite steel.

It i1s important in practice to determine the factors exerting
the greatest influence on the size of the zones of impeded deforma-
*fon and the feaslbility of reducing the size of these zones through
the actlion of technological factors. Any conditlons that reduce the
contact frictional forces simultaneously promote a decrease in the
size of the zones of 1mpeded:deformation. The followlng factors have
Lbeen found to be instrumental in reducing friction durling hot upset-
ting: the surface state of the working tool and the contact surfaces
of the blank, the lubrication employed, and the deformation tempera-
ture and rate. '

A decrease in the surface roughness of the pressure tool marked
ly reduces the coefficlent of friction u, although there has as yet
been no quantitative evaluation of u as a function of the surface-
finish class of the tool. The importance of this factor is confirmed
ty the anisotropy of friction, 1.e., the difference in deformation
parallel to and perpendicular to the working direction. I M. Pavlov
[38] established that the coefficient of friction in the working
direction 1s approximately 20% less, even when the. teol ils subjected
to double grinding and a lubricant is used. The anisotropy of fric-
tion 1s considerably greater during upsetting with a tool having a
coarse-ground surface and no lubricarit, while the elliptical shape
of an upset cylindrical blank becomes quite pronounced as a result

/
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cf L. yreater inhibition of metal flow perpendicular to the working
direciion, Beads of metal, notches, and other defects formed on the
werking surfaces of the die blocks and plate during operation have

a strong influernce on the value of u. Use of a worklng tool with a
ciean, smooth working surface is a anecessary conditior for increased
uniformity of deformation.

The phystienchemical state of the blank surface also has a con-
clderable effect cn the value of u: the presence of oxide films and
especlally of scale increases yu.

Use of a lubricant greatly reduces the coefflcient of friction
during upsetting. Lubrication is regarded as an almost obligatory
conditicn for successful upsettirg during forging of high-alioy high-
het-steength steels.,

The change 1n coefficient of friction is not strictly related
to that in deformation temperature and 1s sometimes opposite in
direction. All the same, the experimental work and cbsevvations of
Ye.P. Unksov [31] have estab ished the following relationship (for
any metal): the coefficient of friction increases with rising de-
formation temperature (which JUnksov attributes to scale formation),
rezches a maximum in the vieinity of 600-800°C, and then begins to
decrease to its initial level (as a result of the substantial in-
erouse in plasticity).

One of the main factors responsible for the 1mpeded deformation
ir the areas adjoinlng the contact zone 1is the tendency of the metal
to shrink from contact with the cold tocl; preliminary heating of
the dile blocks and plates (to 350-400°C), which ensures less rapid
cooling of the faces, therefore promotes a decrease in contact fric-
tion.

The coefficient of frictlon decreases as the deformation rate
increases, which is due principally to a reduction in the contraction
of the metal adjoining the contact region. The coefficient of fric-
tion is therefore lower during hammer upsetting than during press
upsetting.

The development of zones of 1mpeded deformation during upset-
ting 1s directly related to the ratic of the initial blank diameter
to the blank height: the size of the inhibition zone decreases as
U/H increases. Under production conditions, this is manifested in
an increase in homogenelty of macrostructure and mechanical proper-
ties over the radius of forged wheels as thelr dlameter is 1ncreased
or thelr height 1s reduced.

The technologlcal difficulties assoclated with formation of
inkitltion zones 1n wheels affect principally austenite-steel forg-
ings, as a result of their thermomechanical characterlstics. The
high degrees of upsetting required t> convert the cast structure to
a deformed structure necessitate rapld drawing (before the final
upsettlng operation), even for wheels of relatively small size,
Preliminary drawing 1s &lso sometimes employed in cases where it
is not favorable from the standpoint of colneclderce between the
fiber direction and the direction of the maln workling stresses 1in
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the comeonent, in erder to aveld the otil] more detrinental oU'feet
of o ocentral zZone that undevpoes only sileht deformation during upr-
setting and of the precence of remnantc of the costl fructure,

in this sense, the Intermediate operations involved in upocet-
ting (ingot drawing in forging aucstenlite-steel wheels) are very
eritical operations, often determining the ultimate success of forg-
ing.

The main cenditionr for pesitive results in drawing and upset
billet is preparation of the workpiece itself during upsetting of
the inget, v .lch 1s important not so much for its immediate {nflu-
ence in werking the metal as for its role in the effectivencas of
subsequent drawing. Inadequate or nonuniform heating, a high #4/0 ra-
tio in the billeted ingot, inadequate press force, forging wlth un-
Justifiably small reductions, upseiting with dle blocks rather than
plates, improper aperture diameter in the upsetting plate, and other
factors that can to some extent distort the blllet shape are inmper-
missible. The minimum billet diameter through any cross-section
should ensure that a given reduction ratio (usually no less than 2}
and an appropriately worked structure are obtained durlng subse-
quent drawing. For example, upsetting often ingot iInto a "wine glass"
shape, as often occurs in practice, usually leads to an impermissibly
small degree of working for the metal In the constricted portion of
the billet. Production experience has estahlished that this 1s one
of the causes of the traces of cast or poorly deformed structure and
reduced mechanical properties sometimes observed in wheels. An ocver~
ly large agerture in the upsetting plate sometimes also causes poor
working of the metal in the shank (the portion of the ingot under
the shrink head). It has been established that the zone of impeded
derormation teccmes larger [35] and the entire upsetting process

takes place under less faverable conditilons as the aperture dlameter
increases.

In hammer-forging -mall wheels from light lngots, where inter-
medlate upsetiing 1s practically impossible, the wheels must be
formed either from a blank reduced with a reduction ratio of no less
than 2.0 or from a billleted ingot with a relatively hligh degree of
upsetting (no less than 4-5). The latter process 1s usually employed
only when the D/ ratlo 1s large (rc less than 6-8), 11 which case
the metal in the central zone i3 effectively worked.

The recommendatlons made above are for forged wheels without
axlal apertures. The upsetting requirement can be somewhat less
stringent for components with central bores or more favorable con-
figurations {rings), depending on the amount of metal removed trom
the central zone during broaching or borlng and the subsequent de-
formation to which the blank 1s to be subJected (rolling, ote.).
In some cases, the forglng procedure can be simplitied by omlttling:
the Intermedinte upsetting of the Ingot and reduclng, the degree of
deformation during the t'inol upsetting,

Achievement of as unfflorm a metal deformatlon as posuible
during upsetthiy of hilyh=21loy steels 1o Impertant from the stand-
polnt both ¢f el ective work!lmr of the east structure and ottt the
etffect off recpyrtalltant o precesces and Pltbher texture T whee o,
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As the nonuniformity of metal flow durlng upsetting Increases,
there 1s a rise in the probabllity that the steel will recrystallize
(in individual areas of the wheel) at critical degrees of deforma-
tion, a process accompanled by 1mpermissibly large grain growth,
This phenomenoa is often observed when commercial forgings are sec-
tioned and examined. At tre same time, the fibers formed in the cen-
ftral zone of the wheel during drawing of the ingot or upset billet
have an unfavorable arrangement with respect to the direction of the
working stresses. The greatest stresses 1n wheels under operating
conditions usually develor in the tangentlal and radial directlons.
The preferential fiber arrangement in the axlal directlon that oc-
curs in the central areas of a wheel near the contact zones when
deformation is markedly nonuniform during upsetting therefore reduces
the service liie and reliabllity of the component.

One very effective way to increase the uaniformity of metal
flow during upsetting 1s use of various technological lubricants.
Thick greases or pastes containing machine oil and graphite and
nlxtures ol molten glass with graphite yileld satisfactory results.
For convanlence of industrial use, the lubricant is applied uniformly
to previ-usly prepared cardboard or asbestos llners on the lower up-
setting plate and the upper face of the blank tc be upset. Powdered
glass or glass wool are also employed 1n upsetting austenite steels,
simultaneous serving as heat insulatlon between the metal and tool
as a result of thelr low thermal conductivity [17].

The experience of the NPL in forging 3U572 steel blanks with
and without lubricants has demonstrated the undoubted advuntages
of the former procedure. In practice, these are manifested in a
substantial increase in metal plasticity when tangentlal specimens
from forged wheels are tested. in many cases, use of lubricants
is ¢f fundamental importance in switching to stamping ol "austenite-
steel wheels 1n power-hammer dles. At the NPL, swiltching from prod-
uction of large wheels from 3nG72 steel by free forging to stamping,
which permits an Increase in complexity of component shape but en-
talls a substantlal reduction in weight, proved possible only when
an effective lubricant was employed; in addition to increasing the
unlformity of deformation, lubrication promoted a decrease in de-
formation resistance and Laotter f11ling of the die.

It should be noted that exertion of lateral pressure on the
walls of the forging tool (e.g., a die) yields a les. severe stress
pattern and an increase in the technological plasticity of the steecl,
In general, maximum limitation of the free surface of the forging
to be deformed and use of closed or gsemiclosed forgling technigues
promotes an increase in metal plasticity., Deformation 1n the pres-
ence of lateral pressure improves the macrostructure, mlcrostruc-
ture, and mechanical prcperties of the metal (provided that the
required reduction ratio is acnieved) [19].

In some cases, speclal procedures can be employed to favorably
alter the stress pattern in forging wheels from low-deformability
high-hot-strength steels. For example, ure of hot liners of soft
cast steel and palred upsetting of the blanks can be very effective,

Upsetting of blanks enclosed In plastle 1iners on both fhces
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cause: toreed radial low of the metal in the areas of Lhe blank
near the contact zones. The action mechanism of a plastic layer
between the faces of the blank and the die blocks [39] consists in
tne following: the plastic liner, filling unevennesses in the con-
tact surfaces and being displaced in the radlal direction at stress-
s below the yleld strength of the blank,; 1s deformed by triaxtal
compression. As a result of the grabbing of the contact surfaces,

a varying triaxiai stress pattern 1s set up in the faces of the
blank, promoting deformatlion of these areas. Since the faces also
cool more slowly because of the hot liners, the regions near the
contact zone are substantlally less strongly decelerated and thelr
plasticity 1s increased. The prineipal condition for forced metal
flow near t..e faces 1s that the liner material have a lower yield
strength than the blank material at the forging temperature. This
can be achleved by selecting an appropriate liner material and pro-
per heating conditions. It 1s best to heat the linears together
with the blanks and supply them to the press in the form of a stack,
In order to avoid rapid cooling. The liner thickness 1s usually
equivalent to 0.07-0.12 times the blank thickness, depending on

the D/H ratio. Smaller liner thicknesses correspond to lower values

of b/H [32].

Experience in the practical applicatlion of this method for
forging wheels from high-hot-strength austenite steal [40] has
shown its rellability and technical-economic feasi'. 1lity: use of
liners permitted a large decrease in the total reductlon ratio ne-
cessary to convert the cast structure to a deformed one and thus
made 1t possible to shorten tnz Zorging cycle in comparison with
the usual technological process oy omitting Irawing.

In paired upsetting of wheels. the zone of impeded deformation
cnecompasses the metal in onl:s the one face of each blank 1n contact
witn plate or block surface; the opposite faces of the blanks, which
are in contact with one another, lie in the zone of maximum deforma-
tior, lilke the horizontal plane of an upset monolithic blank. By
turning the wheels during upsetting (after heating) so that differ-
ent sldes are opposed, relatively uniform upsetting can be achleved
for both wheels. Mcreover, palred upsetting of wheels reduces the
press force requlred. e :

It 1s also possible to reduce the size of the zone of impeded
deformation and Increase the plasticity of the steel by using
conlecal die blocks or arbors during the first stage of upsetting.

Upsetting of blanks between two cones promotes greater homo-
genelty of the deforrition pattern and a more uniform stress dis-
tribution. When the angle of taper 1s equal to or: close. to the fric~
tion angle, 1.e., tan o = u, upsetting becomes relatively more uni.
form and the stress pattern becomes approximately linear, as oppos«d
to the volumetric pattern observed during ordinary upsetting.

Special bands are sometimes use: in upsetting low-deformabllity
steels. Essentially, this process consists in placing a band of
limited helght fabricated from a plastlc metal around the blank and
upsetting the two to the required siz». The metal in the band, which
reslists any Increase in diameter, exe:'ti n lateral pressure on the
blank at the sites of maximum tensile strosses, thus promoting a
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mere fovorable pattery. of deformation by nonuniform multilateral
compression, which hampers formation of radial cracks. The lateral

pressure 1s set up oy the different temperatures to which the D 1ank pemem e i

and band are heated, thus giving them different yleld strengths in

the heated state (lower for the blank). Use of bands markedly in-
creases the plasticity of steel. The band is generally removed with

a press after upsetting, knocking out the blank. Any metal that builds
up on the faces of the band are removed mechanically. :

12. INFLUENCE OF DEFORMATION PATTERN AND REGIME ON WELDING UP OF
SHRINKAGE DEFECTS IN INGOT AND FORMATION OF IWNTERNAL DEFECTS
IN METAL DURING FORGING

The possibility of welding ur metallurgical defects in an in-
got during production of forgings (especially large ones) from spe-
clal steels is directly related to the aforementioned stress patterns
and tho ways in which they develop in the metal during forging.

In most cases, internal defects in the ingots (shrinkage pores
in the axial zone and, sometimes, networks of fine axial cracks)
develop during crystallization. One characteristic of such defects
(discontinuities in the metal) is their contamination with liquates
and nonmetallic inclusions, whose presence hampers or even prevents
welding up of the metal during forging. The purity of the melted me-
tal 1s thus often the decisive factor in successful welding up of
internal defects in the ingot, this being particularly true of com-
plex-alloyed steels. A second condition for the metal contact re-
quired for welding 1is isolation of the defects in compact metal,
so that their surface i1s not oxidized by atmospheric alr or furnace
gasea. The arrangement of axial defects in an ingot is usually fav-
orable in this resgect: they are generally separated from the shrink-
age cavity by the "bridge" below the shrink head, i.e., by a layer
of compact metal,

Ingots also sometimes contain internal defects produced by
thermal factors rather than by shrinkage: these take the form of
transverse tears and can be welded up during forging if they do not
extend very deeply in the radial direction. Such tears, which are
most often encountered in ingots of monophasic (particularly austen-~
ite) and high-chromium marcensite steels, are produced by uneven
cooling of the ingot. A characteristic example is the cooling of
ingots during hot delivery to the forging-pressing shop (at tempera-
tures of up to 300-400°C).

Determirnation of the mechanisms by which internal discontinui-
ties in the metal are closed and then welded up during various
forging operations is of great practical interest.

Drawing 1s known to be the most effective operation in terms
of welding up of internal defects. With optimum déformation regimes
that produce no internal tensile stresses and favorable forging
temperatures, welding up of axial defects in Plastid-steel ingots
takea place at a relatively small reduction ratio. Bxperimental work
and the practical experience of the NPL indicate that severe shrink-
age defects in an ingot of 31415 perlite steel are completely welded
up at a reduction ratio of 1.5-1.7. These data are for ingots weigh-
ing up to 3-5 t; the experience of the Urals Machine Building Plant
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dviving up of internal defects in large forgiap. T
oo diamester) of 3AXM2M ateel ‘s of Inter L wlien

cute of greater welight [41]. Periscopic examination
ciiannel of a rotor revealed a large number of longi-

of the crack type arrayed in a barrel-shaped re-

inn dlameter. In all cases, subsequent drawing of the
carbon-steel rod was pressed into the channel hefore

& multistage forging oh a circle-circle pattern with

2 of 2.8 and 3 and on a circle-plate-circle pattern
4o lding up of the defects.

of detfects was 8180 investigated during drawing of
1 ingot welghing 19.5 t. A transverse section was cut
= off the blank after drawing with a reduction ratio
riace exhiblted numerous cracks ranging from 2 to 10
inlf of the previously produced blank was later draun
foreing with reduction ratios of 1.5, 2.5, 4.0,
witrasonic monitoring and macroscoplc investiga-
showed no defects in any of the forging stages.
" a large chromium-nickel-molybdenum steel ingot

)

abqag_&‘gﬁg‘ﬁ-zgi‘.ensure that it contains

Lxial ds x'b in ingots of certain readily welded austenite

HEEIN 5uch e 572, are welded up at relatively small reduction
135, For wexi AJlQ, it has been established at the NPL that shrinl
defects (fine intercrystalline cracks) in an elongated 3n572

:1 ingot welghing 2.17 t are completely welded up during effective
ifiwing with s reduction ratioc of no less than l1.5. At Lhe same time,
it was noted that certain othe. complex-alloyed austenite steels and
alloys require substantially greater reduction ratios for welding

ap of internal defects. Thus, 1t was found that defects in an ingot
of a nickel-based alloy weighing 700 kg are welded up only when the
reduction ratic is about 2.0, while an alloy with an iron-chromium-
nickel base requires a reduction of about 3.5 [42]. A reduction ratio
of no less than 2.0-2.5 18 necessary for complete sealing of axial
defects in an ingot of the dispersion-hardening austenite steel :
X18H22B27T2 weighing up to 5-6 t. The experience of the NPUL has de- i
monstrated that high-chromium complex-alloyed steels(9M802, 15X11M¢6, b
etc.) are among those whose internal defects are difficult to weld aﬂ”m““‘ﬁ;
up. Only drawing with a reduction ratio of about 2.5 eliminates traces
of unsealed shrinkage pores from blanks forged from ingots weighing

about 4 t.

oF &N 4
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The reduction figures glven above are for préas—rorging of the
blanks, which permits use of greater single reductions and applica-
tion of more prolonged deforming forces. Both factors facilitate

succesaful welding up of defects by creating a more stringent multi- i
lateral compression pattern and more complete recrystallization, B
which is especially important for high-alloy austenite steels. The B
minimum reduction ratio necessary for welding up of internal defects g
in ingots of high-alloy steels and alloys is greater for hammer- é
forging. Specifically, when the aforementioned ingots of nicke! and &
iroen-chromium-nickel alloys weighing 700 kg are hammer-drawn rather 4
than press-drawn, the minimum reduction necessary for welding u; of %

hEA et o ke

“‘m.ﬁ‘?' N A e

defects is almost doudbled, reaching 3.5 and 7.0 respectively [4z].

G
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The Influencs of the deformaticn rate
Is cbhvilously Sifferent Te» different st
Important for plastic steels and more |
ueld nigh~allny steels.

is: this factor i3 les:
ort

cetl
mportant o1 di’f’uu‘t-to-

It must ke kept In =mind thatv the aiversity »f Zactors influenc-
ing defect welding during dracing (the extent, direction, and loca-
tion of the defect in the ingot, the naturc ol the steel, the extent
ef the ligquational inhomogeneity in the steel, the geometric shape
ané final dimensions cof the dlank, the stress pattern durling forging,
*tc.) makes It impocsidle to estabilsh general norms Jor the minimum
reduction ratios that will ensure complete welding up of internal
defects during drawing. Heverthel:ss, he data given above, which
are based prineipally on the results ¢f industrial research and
practica® 2xperlence, e€natle us %0 c¢v2luate the feasiblliity of wela-
ing up shrinkage defects in ingots of different types of steel. For

c{lp{:‘a(rb

o Ca2Ch)

Fig. 11 Diagrams shcwlng seal-
Ing of axlai cefec”s during up-
setting of blarks with different
shapes.,

example, it can be more or less assurned that, given favorable press-
drawing -conditions, shrinkage defects in ingots of normal size weligh-

ing up tc #-5 ¢t wil} be completcly sealed up with the rollowing re-
duction ratilos:

a) 1.5-3.7 fer rerl<te steels and readily weldable austenite
steels (3N572, etc.);

b) 1.6-2.0 for stainess s3teels (2X13);

c) 2 2.5 for kigh-chroaium complex~alloyed steels (31802 and
15 XIIMOB) and dispersion-hardenirg austenite steels (X18H22B2T72).

Weliding up of iincernal defects in the ingot takes place under
more complex conditlions during upsetting than during drawlng, since
the shrinkage defects are usually criented in the upsetting direc-
¢lon, thus nccessitating greater force and a larger degrer of deforma-
tion to seal the discontinuities in the metal, and the contact fric-
tional fcrces and associated nonuniform deformation distribution in
the blank of a substantially greater influence. The latter factor 1s
particularly important for low-deform:bi’*ty austenite steels, in
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which the actual depree of deformation in ¢ areas near the ceontact
mone during upsetcing differs greatly Trom the averass degree of
defvrmaticn. The nonuniform deformation during upsetting causes the
2ffectiveness with which discontlnuities ir: the metal are sealed to
varv over the helght of the bluank. Defects in the vertlcal mldzone are
dcided up at a2 substantially smaller total reduction than defects in
the zones of impeded deformation. The D/H ratic, which determines the
<tress puttern during upsetting and the specific pressure exerted on
the metal, plays a large role in the effectlveness with which defects
are scaled. The higher the 0/# ratio, the more effectively are inter-
nal defects welded up at a given degree of upsetting, since the¢ mul-
tilateral volumetric compression is greater in this case.

Experiments conducted to determine the actual degrees of upset-
ting necessary to weld up internal defects, which were conducted by
modeling the process under different forming conditions [35, 431,
showed that sealing of axial defects during upsetting of tall cylin-
drical blanks (with an initial ratio D/# < 1) requires a local de-
formation of about 60-70%, while that necessary in upsetting low

blanks (p/F > 1) is 40-45%.

Welding up of defects in a cylindrical blank beglins in the verti-~
cal midzone ana then extends toward the b itt as upsetting continues.
In upsetting blanks prepared to simulate billeted ingots (with tail-
pleces to simulate shrink heads), the defects in the vertical midzone
became more extensive until the blank diameter exceeded 1ts height.
Gradual closing of the defects began at D/H > 1. No expansion of the
defect was observed in blanks with an initial ratio D/H > 1. It has
also been demonstrated expérimentally that sealing of local defects
in the portion of the ingot below the shrink head requires the great-
est degree of upsetting. Figure 11 shows the dynamics of sealing of
axlal defects during upsetting of blanks wlth different shap s [62].

In using experimental results to consider the actual feasibllity
of welding up axial defects in ingots and blanks during upsetting,
the following factors must be taken into account.

1. The experimentally determined critical degrees of deforma-
tlon during upsetting pertain to the plastic-forming stage, durlng
which the defects ure only closed; complete welding up of discontin-
ulties in the metal requires additional reductlion, whose magnitude
depends on the physlcochemical chasacteristics of the steel. The
additional reductlon is relatively small for readily welded plastic
Steels, whille that required for complete welding up of Internal de-
fects in steels of complex composition (e.g., 3802 or X18H22B2T2)
can be quite substantial.

2. In upsetting blanks of low=deformabllity steels, especlally
those of the austenite class, the actual deformation in the areags
adjoining the butt may be far lower tnan che average degree of de-
Tormation. The total deformatlon necessary to weld up defects over
the entire blank height will therefore substantlially exceed the
critlical deformations given above when the metal in both the cen-
tral portion of the blank and the areas adJolning the faces contalns
dlscentinuities (a case very common in practice).
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.xperimental work (taking intc account the corrections that
have bLeen made) and long~term industrial erxperience have shown that
the practical feasibility of welding up large shrinkage defects in
high-alloy steel Ingots during upsetting 1s very limited. Satisfac-~
tory results are usually obtalned only in forming forgings of the
wheel type with a relatively large final-dimension ratio (D/#4 = 8-10
or more). For example, experience has demonstrated that defects in
ingots cf high-hot-stira2ngth chromium-nickel alloys ure completely
welded up during upsetting when the degree of deformation is 87%
and the ratio D/H = 21. Upsetting of such ingots with a deformation
of 78% and a ratio D/H = 9 does not ensure sealing of internal de-
fects [43]. Discontinuities in forgings produced from complex-alloyed
steels with a small D/H ratlo cannot be welded up by upsetting. In
such cases (when ingots having well-developed shrinkage defects are
used for forgings without central holes), preliminary drawing of the
ingot to weld up axlal defects before upsetting is obligatory.

Welding up of defects in an ingot by upsetting alcre must be
regarded as a real possibility oniy for readlly weldable plastic
steels with a ratio D/H > -4, The minimum necessary reduction ratlo
is only slightly greater than the critical degree of deformation de-
termined experimentally (for closing defescts) and corresponds to an
upsetting ratio of about 2.0-3.0.

The 1nfluence of intermediate upsetting on the dynamics of the
process by which internal defects in an ingot are welded up during
subsequent forging operations 1s very important in the practical
sense. The fact that defects 1n the center of an ingot with a ratilo
D/H * 1 are enlarged during upsetting leads us to conclude that in-
termediate upsetting makes welding up of defects during drawing more
complli:zated than 1s the case when the ingot 1s immedliately drawn.
This has been confirmed by a number of investigations and by 1ndus-
trial practice. Specifically, experiments involving forging of a
34XHIM ingot weighing 19.5 t under different technological regimes
established that a reduction ratio of 2.0~-3.0 was sufficlent for
welding up of internal defects when cnly drawing was employed, while
complete sealinz was achieved only at a reduction ratio of about 4.0
when the 1ngot was subjected to preliminary upsetting [41]. Work
conducted at the NPL on 3U802 complex-alloyed high-chromium steel
showed there to be an even greater difference in the reduction ra-
tlos required for welding up defects in drawn and upset billlets,
More effective welding up of defects during drawing without pre-
liminary upsetting has been repeatedly observed in producing large
forgings from other special steels. This 1s due both to development
of defects in the ingot during preliminary upsetting and to the less
favorable conditions for drawing of an upset billet in comparison
with a drawn ingot.

The principal conditions and deformation regimes required to
ensure sealing of internal defects in the ingot have been des-
eribed above, The same conditions, which are based on the require-
ment that tensile stresses be absent throughout the entire blank
undergoing deformation, are also the main factors that prevent

formation of internal tears in low-plasticity steel forglngs during
drawing.
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We should also mention certain characteristices and caucve. of
the formation or defects in furged wheels with hubs fabricated by
upsetting and subsequent hammer-chasing of the barrel. Wheels up to
1200-1100 mm in diameter, which are widely employed in electrical
machine building, are usually produced in presses, with the barrel
formed by narrow separable die blocks after the blank has been upset
to a helght corresponding to that of the forged wheel at its hub.

Radlal cracks are sometimes formed in the central portion of
the lower face in forging wheels from a'stenlte and other low-plas-
ticity steels (3W405, 3an572, etc.). Formation of annular cracks at
the site of the transition from the hub to the barrel 1s also ob-
served in some cases.

Analysis of this phenomenon [35, U4] has established that the
cracks are formed under the action of the radial tensile stresses
that develop as a result of the fact that metal flow during chasing
of the barrel 1Is principally in the tangential direction. The smal-
ler the ratio of the width of the die block to that of the wheel
body, the more rapid is the metal flow 1in the tangential direction
and, consequently, the greater are the tensile stresses produced 1in
the central region of the wheel. This phenomenon 1s also facilitated
by an additional factor, the small reduction ratio, which produces
a substantlal difference in tne degrees of body deformation at the
top (facing the narrow die blocks) and at the bottom (facing the
plate).

In order to avold cracking in forging wheels with hubs from
low-plasticity steels, 1t is therefore desirable to form the body
by upsetting on a liner ring and chasing from the side opposite the
hub rather than by chaslng with narrow die blocks from the hub side,
This ferging pattern prevents development of radial tears in the cen-
tral portion of the wheel or of annular cracks where the hub meets
the tody.

When it is feasible in technologlcal and production terms to
use the forging nattern described abhove, 1.e., upsetting and chas-
ing of the body on the hub side, the danger of cracking can he sub-
stantially reduced by increasing the wldth of the die block, employ-
ing a greater reduction during each press stroke, and reducing the
relative difference 1:1 the thicknesses of the forged wheel at the
hub and body by somewhat tncreasing the thickness of the latter. In
forging thin wheels, it Is desirable that the body be chased at
relatively high forging temperatures with the blank subjJected to
uniform heating, in order to avoid development of additional ten-
slle stresses.

Cases are often encountered In industrial practice where dis-
continuitlies in the metal of special-steel wheeis, particularly
annular eracks, are detected after the wheel has cooled or undergone
heat treatment rather than during deformation or tmmedliately after
forging. This happens when the tensile stresses produced during
chasing of the body Jdo not exceed the ultimate strength of the nctal
and large resldual Internal stresses are present In the forpgior,
summing with the thermal stresce: that develop durlnge cooling or
heating off the blank and eventually belng manttested tn defeets in
the metal,
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Chapter §

ricA7 TREATMENT OF FORGINGS
13. COOLING AND PRIMARY HEAT-TREATMENT REGIMES

Steels that do not undergo phase transformatlons, particularly
those of the austenite class, are cooled 1in air after forging and
are usually not subjected to any type of preliminary heat treatment.
Most forglings produced from speclal steels of the perlite class and
high~chromium martensite steels (especially those with large cross-
sectlional areas) are cooled in the furnace under a regime that can
be combined with one of the operations involved in primary heat
treatment: relief annealing or annealing accompanied by phase re-
crystallization. Small forgings, for which accelerated cooling pres-
ents no danger of formation of flakes or thermal cracks, are ceooled
in air and then subjected to softening or recrystallizatiorn anneal-
ing or sent for macnining or final heat treatment without any pre-
liminary thermal operations, depending on the hardness of the forg-
ing, the purpose for which it 1s intended, and the subsequent pro-
vecsing that 1t 1s to undergo.

The main purpose of primary heat treatment of forgings fabri-
cated from high-hot-strength perlite steels (31415, 15X1M1¢ and P2)
is to prevent flaking. Long-term industrial experience and numerous
investigations have established that the principal factor responsible
for flaking in steel 1s hydrogen, which creates large pressures 1in
the cooled steel and reduces 1its plastic properties as a result of
hydrogen embrittlement. Forgings produced from acld open~hearth
steel, whose hydrogen content 1s lower than that in cteel: snelted
in basic open-hearth and arc furnaces by an average factor of 1.5,
are consequently less susceptible to flaking. Internal stresses in
the steel, particularly those created during phase transtormations,
are an additlonal factor that intensifies flaking.

On this basis, the maln role of heat sreatment of forgings to
prevent flaking 1s to ensure a maximum hyd ogen-diffusion rate and
a reduction in the average hydrogen content of Lhe nteel, as well
as a more uniform hydrogen distribution over the forglng cross-sec-
tion as a result of diffusion from areas with high concentrations to
those with low concentrations. The latter factor 1s especlally impor-
tant, since the hydrogen content in the most brittle liquation zonex
of the forging 1s greatly reduced. The primary heat-treatment reglii
should simultaneously reducc residual stresses (structural, thermal,
and ferging) to a minumum.

Alloy steels containing ntckel, particularly tn amounts of more
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than 2% (34XH3M, 18X2HUBA, etc.), have the greatest cusceptibility
to Claking. Such steels are distinguished by high austenlte stab-
{11ty in the perlite region and large forgings fabricated from them
therefore requlre quite prolonged heat (r-atmeat and coollng. The
basic regime involves long-term lsothermal !~ it-~3 ct 600-650°C ,
after cooling at 220-300°C. The isothermal ....u.ng tlase has been : g
set at 10-15 h for large forgings of chromium-nickel-molybdenum

steels and 20-30 h for forged turblne rotors with a dlameter of up

to 100 mm [5]. Large forgings ave cooled from the isothermal anneal=-
ing temperature to 100-300°C with the furnace. In most cases, forgings
that are to undergo subsequent refinement are not subjected to re-
crystallization annealing.

High-hot-strength perlite steels (15X1Mle, 3Mbl5, and P2), which
do not contain nickel, are substantially less susceptible to flaking
than chromium-nickel-molybdenum steels. The austenite 1n these metals
has a relatively low stability and 1s converted to perlite, i.e.,

a structure in which hydrogen diffusion occurs at high speed during
relatively short holding at temperatures in the parlite region [45].
These types of steel therefore do not require special prolonged
cooling, as do chromium-nickel-molybdenum steels, and the 1sothermal
holding time can be relatively short.

Rapid cooling before isothermal annealing 1s carried out only
in order to obtaln accelerated or more complete cooling of the cen-
tral region of the forging to the temperature at which the austenite
transition 1s most rapid. The isothermal annealing 1s the most im-
portant element of the heat-treatment regime, governing 1ts effective-
ness. In establishing holding times for forgings, it is necessary to
keep them proportional to the forging cross-section, except for es-
peclally large or especially critical forgings (e.g., forged rotors
cf P2 steel), for which the relative holding time should be somewhat
longer. PForgings of comparatively small diameter can be cooled from
the 1sothermal annealing temperature in air. It must be noted, how-
ever, that not all plants have adopted the same reglme for the ini-
tial and high fliaking treatment. As P.V. Sklyuyev qulite correctly
notes [U467], only the method used to select proper regimes can be
universal, tne actual regimes differing substantially 1n accordance
with the method used tc smelt the steel and other metallurgical fac-
tors. Drawing on experience 1s therefore the critical factor and the
proposed regime should be subjected to thorough experimental verifica-
tion under the specliflc conditions that ebtain at the plant In ques-
tion.

Chapter t describes the primary heat-treatment regimes for cer-
tain typtcal electrical-machinery forgings produced from 3ulls,
15X1M1¢ (bhasic electric steel), and POM (vacuum-poured acld open-
hearth steel) steels,

Forglnps fabricated from martensite chromium steels contalning
12~-14% chromium are usuilly subjJected to modlficatlon annealing,
which {8 combined with cooling In the furnace for large components. i
Such forgings have no tendency toward flaking. The ccoling regime }
therefore provides for no speclal procedures intended to accelerate
nydrogen diffuston or other antiflaklng measures. The maln purpose
of primary heat treatment for aimple marten:ite chromlum steels 1.
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softer "nyy bringing thelr hardness to a level that permitc machining,
and p:evention of cracking.

There 1s a transformation to the martensite region when forgings
are cooled in air or are not cooled sufficlently slowly with the fur~
nace: the steel becomes quite hard and, as a result of the structural
transformations, 1s in a highly stressed state. If the forgings are

not gulckly tempered 1n this case, there 1s a possiblllty that defects
will develop in the metal.

The tendency toward cracking In forgings of 1X13-3X13 steel dur-
Ing coollng in alr depends on a number >r factors: the final deforma-
tion temperature, the forglng cross-section and state, and the me-
tallurgical characteristic of the melt. The decisive factors are the
forging dimensions and configuration. The more massive the forging,
the larger are the internal stresses that develop in 1t and, conse-
quently, the more dangerous 1is coo'ing of such a forging in air (from
the standpoint of possible cracking). The influence of the component
configuration is exerted varough the fact that cracks always coincide
#ith the direction of least plasticity, so that forgings with marked
anisotropy of plasticity have a greater tendency toward cracking.

-~ > 0-760°C(2A13)

800 720- P0°C{3A1)
00\, 5-650° i
600 ;
500 ! 500
400 250- v !
ol ! 590°%, |
200} " " ' v
"no !
o
~5 15-20 w6 T

Fig. 12. Typical pattern for primary heat treatment of forgings 560~
600 mm in alameter fabricated from 2X13 and 3X13 steels. I) Accumula-
ticn of forgings; II) cooling with hood and dampers open;ITI) Heating
to iscthermal anncaling temperature (heating rate unrestricted); 1V)

equlilibration of metal temperature in charge; V) cooling in air. 1)
h.

Forgings ol two shapes, shaft and wheel, can be used as an ex-
ample. Fnrged chafts, which are usually proeduced by a single drawing
operation, exhibit a prciacunced lengitudinal fiber direction and,
consequently, greatly reduce transverse plastlcity. Forged wheels
are generally formed by a comblnation of twe operations (draswing
and upsetting) and, as a result of the characteristics of the up-
setting process, thelr i'iberx do not mxhitit any marked tendency
to run 1In the same direction. Given the same diameter and similar
cooling conditions, cracks shcull therefore develop principally in
fcrgings of the shatt type (Iln the longitudinal direction), as has
been consistently cor”’'rmed by industrial experience.

Forgings with dlameters cof up to 100-120 mm can be cooled in
still air. Accelerated cooilng of such relatively small forglings
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dowially does not cause crackling. Morglings cooled in alir have nibp
nardness and modiflicationnl annealing can be omitted only If they
are to be subjJected to final heat treatment in untrimmed rorm, I
this 1u not the cause, coftening annealling lu oblipatory.

Different plants have resolved the gque-tion of whether tigh-
chromium steels shou:d be annealed with or wtthout recrystalllization
in different ways. Both typec of anneallnyg are employed. Howsever, re-
cearch has shown that high-temperature annealling of such scteels in
unwise and even detrimental, cince raplid precipitatlion of the chrom-
tumocarbides that persist tn the metal structure durlng slow cooling
are preclipitated at the priain beundarles over the critliceel tempera-
ture range; the carbides do not go into solid solution during sub-
segquent prequenching heating and reduce the {mpact strength of the
steel.

Iscthermal anneallng at the =ffective zustenite-rnecomposition
temperature, which 1s about 700-760°C for 2X13 and 3X13 steels, is
best. Appropriate holding at this temperature and subseguent cooling
In air ensure that the steel has sultable hiardness and the best pos-
sib.e preliminary structure,

Large forgings ave cooled under a special regime combined with
1sothermal annealing: the hot forgings are accumulated {n a furnace
at 500-600°C and, after cooling, are subjected tc isothermal holding
at 720-760°C. The hardness obtalned after heat treatment usually
does not exceed 220-240 B, Figure 12 shows a typlcal prlmary heat-
treatment regime employed at many piants for forgings of ZX13 and
3X13 steels up to 500-600 mn in diamecer,

Forgings of 1X17H2 (3M263) steel and 12 per cent chromium steels
are not susceptible to flaking but, as a result of their structural
characteristics, require very complex and prolonged heat treatmert
and coollng in order to obtaln satisfactory hardness and to reduce
Internal stresses tu o minimum, Isothermal annealing of these steels
vields effective results when t{he heat-treatment regime includes two
cooling perlods, the first at 200-250°C and th. second at 150-200°C.
The decompositicn products obtained during the two cooling periods
nust be tempered at a temperature below Ae,, at 650-630°C. The harid-
ness obtalned for the steel in this case does not exceed 240-250 HE.

Forgings of IXI7H? steel are not sublected to recrystalllza-
tlon annealing. Post forging cooling s carriad out in the furnsasce
in combination with isothermal annealing. taklny Into account the
aforementioned structural characteristice of the steel, Spectficnlly,
poatlorging heat treatment of wheels fabricated from IX17HY rteel
(with a hub height of up to 150 mm) I3 carrtfed out under the Toilow-
iy regime: holding at 658<6907C until the metal temperature .= fully
cqulilibrated Lthroughout the entlcee charge, coellng to 200-2309C at
A rate ol 30-80 Jdeg/hr, holding at 200-030°C for 4 W, heatlng to
LHO-630%C, holding at thls temperature for 15-20 h, coollng to 160°C
at a viate of 30-40 deg/h, bolding at this tomperature for § h,. re-
heating to 6h0-685°C 0 holding at this temperature for .5 h, cooling
with the furnnce te 207 ot a rate of 310 deym/h, and further ceoling
Paoate, Avecoelerated coolinges o oatre (From the forying t.vmpsratﬁ.n-w)
P e pelat tve by cmall Corelaee sften cauces eracking of the metal,




In contrast to 1X13 and 3X13 steels, forgings fabricated from
high-alloy hligh-chromium steels (31802 and 15X11M$#B) have a tendency
toward hydrogen embrittlement and formation of flake-type defects 1in
thelir central regions, which 1s apparently due to the far higher
stabllity of the supercooled austenite,

On the basis of a study cf the kinetics of the 1sothermal de-
componsition ol austenite, the most effective primary heat-treatment
regime for hot forgings of 3INB02 steel is assumed to include an ini-
tlal cooling from the accumulation temperature of 600-700°C to 250-
4oo°C, subsequent isothermal annealing at 690-710°C, a second cooling
to 180-200°C, isothermal holding, and slow cooling with the furnace
to 100~-200°C. The presence of two cooling periods and i{sothermal
annealing at 690-710°C ensures gradual and quite complete decomposi-
tion of the austenite and tempering of the decomposition products
with relatively small structural stresses.

The individual elements of the heat-treatment regime (primarily
the isothermal holding time) are selected on the basis of the metal-
lurgical and geometric characteristics of the forging. For example,
satisfactory results have been obtalned in primary heat treatment of
wheels with a hub height of more than 300 mm forged from basic elec-
tric steel without vacuum castling under the following regime: an ini-
tial cooling from 700 to 370°C with the furnace and then to 250° in
air, holding at the latter temperature for 9 h, heatling to 710-730°C,
i1sothermal annealing (after heating) for 20 h, a second cooling to
190-200°C, helding at this temperature for 9 h, isothermal annealing
at 710°C for 20 h, and slow ccoling with the furnace to 110°C.

It 1s interesting to note that flakins was detected in wheels
of this type forged from ingots produced by electrlic-slag remelting
and heat-treated after forging under a regime involving & single
coollng at 250-300°C and subsequent annealing at 700-710°C for 15 h.
When the hydrogen content and other metallurgical characteristics of
the 1ingots are favorabie, there 1s obviously less reason to expect
flaking in the forgings and the primary heat-treatment regime can be
less prolonged. All procedures intended to reduce the hydrogen con-
tent of complex-allioyed high-chromium steels {use of vacuum-melted
ferrochromium, vacuum casting, etc.) ar obviously very 1lmportant
factors in this sense, affecting both forging quality and the dura-
tion of the initial heat-tireatment process in the forging-pressing
shop.

The orimary heat-treatment rogimes for forpgings of complex-
alloyed high-chromium steels do not provide for phase recrystailiza-
tion. Experience has demonstrated that recrystallization at 880-900°C
causes an abrupt decrease in the impact astrength of the steel. Ac-
cording to the data of the Central Sclentific Research and Plananing-
Design Boller and Turbine Institute, this phenomenon 1s caused by
precipltation of chromium carbides, which are of low sclubility at
the quenching temperature, and thelr accumulatlion in coagulated form
along the grain boundariea.
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14. FINAL HEAT TREATMENT
Forgings of High-~Hot=-Strength Perlite Steels

Selectlon of heat-treatment regimes for high-~-hot-strenglh per-
lite steels 1s complicated by addition of an extra requirement above
those for ordinary alloy structural steels intended to operate at
normal temperatures: the metal must have optimum hot strength under
given working conditions, The most favorabie combination of mechani-
cal properties for ordlnary steels is achleved by quenching and tem-
pering. Modification of high-hect-strength steels does not always
yleld optimum properties and it is often necessary to seek other,
mcre effective heat-treatment regimes.

Recent investigations [47, 48] have established that steels
with a bainite structure have the highest hot strength, so that
normalization and high tempering is regarded as a more suitable type
of heat treatment than improvement for Lhe very common chromium-
molybdenum-vanadium perlite steels. One factor that makes normaliza-
tion more suitable for large forgings than quenching 1s the smaller
thermal and structural stresses produced during heat treatment, which
promotes development of fewer metallurgical defects.

In order to obtain the requisite mechanical properties in
large forgings, particularly impact strength, normalization is
sometimes supplemented by special rapid cooling of the metal in air.
This technique ls employed, for example, in heat-treating forgec
rotors of P2 steel, which are normalized in special chambers with
forced uir circulation. A more complex processing 2ycle, involving
double normalization and tempering, is sometimes used; it provides
greater plasticity and homogenreity of the metal in large forgings
and a lower notch sensitivity in long-term strength tests than does
single normalization [47].

In view of the other advantages of normalization and temper-
ing (simplification of the heat-treatment process, the possibility
o' more general use of heat-treatment furnaces, and improvement of
working conditions in the heat-treacment shop), this technique is
best in all cases where the technical requirements imposed on the
forgings permit it, Of the high-hot-strength perlite steels men-
tioned in Chapter 1, most chromium-molybdenum-vanadium steels of
the 15X1Mle and P2 types are subjected to single or double normal-
tzatlon. Modification 1is employed only when the forgings must have
elevated mechanical properties. e.g., In heat-treating wheels of
P2 steel to obtaln ce,2z 2 75 kg /mm? or in treating large components
of 15X1M1¢ steei. Forglings of 3Mh15 steel are usually subjected to
modification. Final heat treatment in the form of a single modifica-
tlon (without subsequent tempering) is completely impermissible,
even when there 1s no danger that large internal stresses will de-
velop, slinee this procedure greatly reduces the hot strength of the
steel.,

The prenormalization or prequenching heatling temperature for
the aforcmentioned high-hot-strength perlite steels has been sct

at 100-120°C above 4ej3. Heatinp to a temperature that substantlially
exceeds the upper critical polnt is dictated by the fact that these
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steel. contain vanadium (and tungsten as well for 3auUls stecl),
which forms carbldes with a high dissoclatlon temperature, and by
the need for maximum solution of these elements in the austenlite and
enlargement of the grains in order to maintain the hot strength of
the metal. Investligations conducted at the Central Sclentific Re-
search Institute of Technology and Machine Bullding have shown that,
for example, 15XiM1¢ cannot be normalized at 930-960°C (as was
previcusly done), since this results in low hct strength despite
the very high plesticity it ylelds [49]. Raising the normalization
temperature to 1030-1050°C somewhat reduces metal plastlcity but
substantially increases hot strength.

Normalization at higher temperatures has also been found to
llave a favorable effect on research on experimental forgings of P2
steel [48]. The originally stipulated normalization temperature of
920°C was ralsed to 980°C, which gave the metal a higher hot ctrength.

The tempering temperature, which should ensure complet. decomposi-
tion of the nonequllibrium structures and relief of the internal
stresses, plays a very important role in determining the hot strength
and structural stability of steels. It 1s of fundumental importance
to establish a tempering temperature that is as far ahove the work-
ing temperature of the forging 1n questlon as possibie., The struc-
tural changes in the metal under the actlon of operating cocnditions
will be minimal 1n thls case. However, the maximum tempering tempera-
ture 1s 1limited by two factors: the locatlion of the point 4e; and
the requirements imposed on the strength of the metal. The attempt
tc obtaln as high a tempering temperature as possible therefore in-
evitably involves treating the component to the minimum permissible
strength and, consequently, with a high degree of process accuracy.

The characteristics of esch specific component must be taken
into account in selecting the ortlimum tempering temperature. When a
component has abrupt changes of shape, for example, a high tempering
temperature is desirable to reduce the notch sensitivity of the
steel by increasing its plasticity to as great an extent as possible.

Ti.e influence of tempering time on the strength of steel at
normal and elevated temperatures and on 1ts hot strength is similar
to the influence of tempering temperature. Both elements of the tem-
pering regime shouid therefore be established experimentally 1in
strict correlation with one another.

The Central Scientiflc Research Institute of Tech:iology and
Machine Bullding [TsNIITmash](uHMWTmaw) investigated the influence.
cf tempering temperatures in the range 700-760°C and holding times
of from 2 to 12 h on the hot strength of plpe blanks fabricated {rom
15X1M1¢ steel [49]. The optimum combination of hot strength and
nlasticity was obtained after normalizantion from 1030-1050°C ard
tempering at 700-720°C for 5 h, However, thlu regime ls recommended
only for 15X1Mle steel contalining no more than 0,13% carbon. When

the carbon content of the melt {2 greater than 0.13%, the tempering
temperature should e raised to 740-750°C.

Ancording to the data of the Leningrad Metal Plant TLMP](IM3),
the optimum heat-treatment regime for large forged flanges of
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15X1Mi¢ steel 1s normalization from 1000°C and tempering at 720°C

for 8=10 I or quenching from 1000°C in oll and tempering at 740-750
for 10 h. Both regimes yleld satisfactory results with respect to
mechanical propertles at normal temperatures and hot strength. Large
forgings subjected fo normalization and temperature and having

Jg.2 ® 30-32 kgf/mm? exhibit the following approximate character-
istica: a yield strength at 565°C of 6 kgf/mm?, a long-term strength
of 7-8 kgf/mm?, and a very high long-term tensile piasticity. Quench-
ing and tempering raise 0p,2 to 37=50 kgf/mm? and yleld a higher long-
term strength. Modificaticn 1is usually employed for large forged
flanges, T-joints, pipes, and other components with large cross-
sections.

Type P2 steel 18 used principally for large forged steam-turbine
blades. The heat treatment of the forgings consists of .ouble nor-
malization from 970-990°C and 935-945°C and tempering at 680-710°C
for 20~-30 h (after heating), followed by slow cooling with the fur-
nace. The first normalization produces more complete carbide solu-
tion and structural homogenization. The second normalization prom-
otes a decrease in grailn size and in the rotch sensitivity of the
steel. As was pointed out above, double normalization increases
metal plasticlty and 1ts homogeneity over the forging cross-section.

The cooling rate during the second normalization has a strong
efrect on the ultimate results obtained in heat-treating large forg-
ings of P2 steel. The 1nitial experiments involving cooling of forged
rotors in still air showed this regime to be unsuitable, since 1t
reduced the impact strength of the metal: about 80% of the rotors
had an impact strength below the norm stipulated by techiical speci-
fications (>4.5 kgfem/cm?), Introduction of forced cooling of rorg-
ings by fan-supplied air from a special apparatus at the Urals
Machine Building Plant provided the requisite impact strength and
increased the homogeneity of mechanical properties throughout the
entire forging volume. In this case, the strength and plasticlty of
the rotors usually were characterized by the following values: 00,62 =
= 50-65 kgf/mm?, § = 17-21%, and y = 55-65% [50]. Heat treatment of
P2 steel to a yileld strength of more than 75 kgf/mm? (a process
employed for certain types of centrifugal compressor wheels) in-
volves quenching from 940-960°C in oil and tempering at 650-670°C.

The princlpal type or heat treatment employed for large forg-
ings of 3IMY15 steel 1s quenching from 1000-1030°C in o1l and subse-
quent tempering at 660-700°C. Narrower ranges are dictated for the
tempering temperature and time by the strength requirements imposed.
on the forgings by technical specifications. Specifically, turbine
wheels with a hub helght of 300 mm treated to g4,2 > 62 kgf/mm*
are tempered at 680~ 700°C The actual yleld strength reaches moder-
ate values (65-70 kgf/mm?), while the Indtces &, ¢, and a,_ are 15-

) n
18%, 50-60%, and 6-10 kgf+m/cm? respectively.

In order to obtaln more complete solutlion of the vanadium car-
bide, {t 1o vocommended that ns heat-treatment cycle be rupplemented
by ;rel mlnazv normalization from 104%0-1100C, which promotoo an in-
crease 'n the plastlelty and tmpact strength of the atecl, Large

sne=plece roturs dre sublectéd to such treatment. Forgings of rela-

tively vmall cross-vectlon can also he treated by normalization and
tempering, cince the steel haa ;o1 hardenability,
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The post tempering cocilng regime for forglngs of high-hot-
strength perllte steels depends on tne size, configuration, and
purpose of the ¢ nponents. Small forgings are cooled in air., Large
forgings, especially those of complex shape,are cooled slowly with
the furnace to 200~-300°C, in order to avoid the internacl stresses
that develop in such forgings when they are rapldly cooled from the b
tempering temperature in air.

The final heat-treatment cycle 1s sometimes supplemented by
tempering at a temperature 30-50°C below that of the post quenching
temperature, in order to relieve residual stresses. This operation
1s employed for massive forgings in those relatively rare instances
where they are heat-treated in untrimmed form (without preliminary
machining{ or when the component contains elements with very thin
cross-sections and complex changes in shape. In such cases, even
the relatively small residual stresses produced in the forging by
removal of 2 large amount of metal during machining (especially when
the distribution of the material removed is nonuniform) can cause an
unfavorable stress distribution and impermissible deformation of the
component. When necessary, tempering for stress relief 1s carried
out as an intermediate stage of machining (leaving the minimum to-
lerance necessary to bring the component to its final dimensions).

Forgings of Chromium Stainless and high-hot-Strength Martensite
Steels

Heat treatment of forgings fabricated from chromlum martensite
steels usually consist in quenching and tempering. Small forgilngs
are quenched 1n air, while large forgings are generally quenched in
611, in order to obtaln a more complete martensite transformation.
Double quenching and subsequent tempering is sometimes employed to
raise the impact strength of the steel. For more effective working
of the metal in the forging, it 1s usually trimmed before the final
heav treatment, leaving cnly the minimum allowances necessary to
compensate for possible deformation of the component. Heat treat-
ment of untrimmed forglings often causes cra~king in areas where su-
perficial defects are concentrated, especially during quenching 1in
Oilo - )

The quenching temperature 1s selected s¢ as to yleld the most
complete carblde solutlon, so that it substantially exceeds Acs,
ranging from 10C9 to 1100°C for most high-chromium steels. The minl-
mum temperature is for 1iX13 and 3X13 steelis, wnile the maximum is
for steels alloyed with strong carbide-fcrming elements, such as
vanadium and niobium. Quenching from lower temperatures reduces the
effectiveness of heet treatmen:, especlally for complex-alloyed
steels. For example, the TsNIITmash has noted that railsing the
quenching temperature for wheels of X12B2M® (3U756) zteel from
1040 to 1060~1070°C increases all their mechanical properties,
including their strength. The favorable effect of high-temperature
quenching on the mechanical propertles of modified high-chromium
- stoels (both short-term and long-term) has also been confirmed by
other experimental data [A7]. Extremely high quenching temperatures
are not recommended, however, since there is a danpger of intensive
grain growth and an increase in the amount of structurally free fer-
rite, phencmena that reduce the plasticity and lmpact strength of
the s.vel. Selection of the optimum quenching temperature for forg-
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ings fabricated from a given type of sieel requires careful analysis
of the locatlon of the §~ferrite reglon in the phase dlagram (taking
into account possible deviations in the cortents of individual ele-
ments within the 1imits prescribed by the chemical composition of
the type of steel in question) and experimental determination of the
critical temperature at which rapld grain growth beglns.
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Fig. 13. Mechanical properties of different steels at 20°C as a
funetion of tempering temperature t. a) 1X13 steel; b) 1X17H2 steel
([NKMP 1(HKM3) data); c) 3nB02 steel [1]; d) X12B2M® steel (TsNIITmash
data). A) kgfem/cm?; B) kgf/mm?, '

Laboratory experiments have establlshed that the phase trans-
formations that take place in steels of the tvpe under considera-
tion durlng prequenching heating go to completion auring the first
hour [51], so that a longer heating time s not reguired. However,
in view of the possibility of deviations from 3 preclse temperature
regime under Industrial conditions, the holding time at the quenching
temperature should be 2-3 h after-hcating 1s complete for large forg-
ings and 6 h for forgings 800-1000 mm in diameter.

During tempering of a steel, the martensite decomposes to form
1atermediate structures and cartlides are simultaneously precipitated
from solid »clution. The Joint action of these two factors affects
the mechanical properties of the steel at normal temperatures and its
hot strength. : '

The first eriterion to be considercd in seclecting the tempering
regime {s the combination of utrength and plasticelty that the steel
must have, The proper combinatlion is achleved by choosing an appro-




priazte tempering temperature and time. Flgure 13 shows the varia-
tion in the mechanical properties of certaln high-chromium steels

as a function of tempering temperature. In bringing critical forg-
ings into production, the optimum tempering temperature should be
verified experimentally in combination with a definite holding time,
using actual components,

The tempering time for forgings of moderate size (up to 300-
400 mm in diameter) usually ranges from 2 to 6-8 h and, like the
tempering temperature, directly affects the mechanical properties
of the component. For examgle, an increase in tempering time from
2 to 10 h (at 725°C) for 18X11M®E steel reduces 1ts yleld strength
from 68-78 to 60-67 kgf/mm? and increases 1ts relative elongation
from 12-17 %o 16-21% and its impact strength from 10-13 to 13-15
kgfem/em? [47]. In setting up and putting into practice a heat-treat-
ment regime, 1t is therefore very important to correctly determine
the instant at which the tempering temperature l1ls equilibrated through-
out the entire forging c¢ross-section, so that the actual holding time
corresponds to the time provided by the regime.

The general pattern in the varlation in the mechanical proper-
ties of high-chromium martensite steels as a function of tempering
regime is the same at elevated temperatures (up to 500-600°C) as at
normal temperatures. The relationship between tempering temperature
and long-term strength 1s essentlally analogous to the relationship
between tempering temperature and strength during short-term tests
[47]. However, research has established [52] that the optimum combina-
tion of hot-strength properties in high-chromium steels 1is ylelded
by a combination of quenching (which 1s best double) and high tem-
pering, which ylelds moderate strength characteristics. Tempering to
very hign strengths 1s impermissible from the standpoint of high-
temperature deformability. In particular, the technical specifica-

. tlons for 15X11MeB steel, which the Leningrad Metals Plant employs
for steam-turbine housing components, stipulate a maximum yleld
strength (68 kgf/mm?).

The tempering temperature should na“urally be higher than the
working temperature of the component in question, in order to avoid
softening of the metal. The tempering-temperature range 600-750°C
is therefore of practical interest for high-chromium high-hot-strength
steels. In addition to development of definite mechanical properties,
etfective relief of internal stresses takes place at this temperature,
which is of no small importance for large fcrgings. As for steels
ured principally as corrosion-resistant materials, there 1s usually
a tendency 1n this case to select as low a tempering temperature as
possible, thus achieving maximum corrosionr reslstance [4)., A low
tempering temperature is sometimes selezted in order to obtain high
ateel strength, even though 1t results in reduced plasticlity and im=-
pact strength. The large internal stresses that develop in large
forgings during quenching and the relatively high tempering tempera-
tures required to relieve them are not always taken into account in
this case., As a result, cracks and local discontinuities can develop
in large forgings of complex shape under the action of internal\
siresses. One such case occurred in tempering forged wheels ~{ 2X13
steel about %00 mm high to a hardness HR > 280 (the tempering tempera-
ture was 530°C). Deep tears appeared in the metal as a result ¢l the
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substantiual Internal stresses and thelr redistribution durlny, finish
machining.

Post tempering cooling of chromium martensite steels takes Into
account the characteristics of the forging: the size, shape, and pur-
pose of the components and the characteristics of the type of creel
in question. Types 1X13, 2X13, and 3X13 steel are subject to teuper
brittleness. A substantlal decrease in impact strength occurs at
tempering temperatur:s of about 500-550°C, When these steels are
tempered at higher temperatures, accelerated cooling of the forgings
(at least in alr) is desirable. Depending on the individual charac-
teristics of the melt, slow cooling of' the forgings with the furnace
causes impact strength tc decrease by 5-20% in comparison with the
levels obtalned after accelerated cooling.

However, the absolute value of an 1s sufficiently hligh in most

cases, even after slow cooling with the fu nace, 3o that large forg-
ings of complex shape should be cooled slcwly 1n order to avold large
residual stresses and the resultant possibllity of component deforma-
tion during finish machining. As an exanple, we can cite the case of
forged shafts 80-150 mm in diamcrer and about 2 m long fabricated
from 2x13 steel and treated to vo,, > 45 kgf/mm?. !n many cases,
shafus cooled 1ir alr after tempering “exhibit impermicsible deforma-
tion after final machining. Slow cooling wjth the furnace reduces thre
impact strength from 8-12 to 7-10 kgf+.m/cm? but prevents distorction
of the shafts. A similar pattern has been shown to exist for compres-
sor wheels fabricated from 2Xx13 steel. The presence of a thin body,
which tends to warp during machining as a result of redictribution

of the residual stresses, makes 1t necessary to cocol the forgings
slowly with the furnace, despite the fact that this scmewhat reduces
their impact strength, Small forgings or more massive forgings of
rigid design are cooled in air after temperir.:.

Complex-alloyed steels based on 11-14% chromium and 1X17H2 steel
exhibit no marked tendency toward temper brittleness. They are there-
fore cnoled in alr or slowly with the furnace after tompering, depend-
ing on the size of the component.

Table 7 shows typical heat-treatment regimes for certaln large
forgings produced from high-chromium martensite steels and used In
electrical machine building.

The prequenching heating regime for large forgings- provides for
stacking in the furnace at a temperature not exceeding 300-400°C and
a slow rise in temperature to 700-800°C, since these steels have low
thermal conductivity. As a result of the larger thermal stresses pro-
duced, accelertted heating can cause cracking in the central zone
of the forgings. Holding at 700-800°C i1c desirable to equilibrate
the temperature over the forging cross-section. Heating from 700-8¢0°C
to the quenching temperature is carried out rapidly, since the thermal
conductivity of the steel 1s markedly lncreased and this factor no
longer has any effect., It i3 deairable that the heating time in the
“high-temperature region be az ahort as possible, In order to avold
extreme grain srowth.
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The time for which the blank is held in oil during quenching
should ensure that 1its central region 1s covled to the temperature
necessary for complete decomposition of the austenite, e.g., 150~
170°C for 3802 steel.

Pretempering heating of large forgings is conducted at slow 3
speeds, not exceeding 60-70 deg/h for components with a cross=-section
of 500-700 mm and 30-40 deg/h for components with a cross-section of
more than 800 mm. The furnace temperature during charging generally
does not exceed U400~500°C. Such heating regimes are dictated by the
attempt to reduce internal stresses to a minimum, since large stress-
es can cause cracking and warping of the components. For the same
reason, post tempering cooling with the furnace is carrled out at
rates not exceeding 30-40 deg/h (depending on the blank cross-sec-
tion). We must again emphasize the pattern found for the influence
of cooling rate (from the tempering temperature) on the residual
stresses in forgings [53], which decrease with the rate at which the
forgings are cooled through the temperature region In which the elas-
tic-plastic state exists, 1.e., from about 750 to 400°C. The influence
of the cooling rate at lower temperatures is slight in most casces and
is of no serious practical significance. I{ 1s therefore generally
inexpedient to cool forgings with the furnace to very low tempera-
tures, e.g., 100-150°C, as 1s done at some plants. Even very large
forgings can be cooled in air from 250-300°C.

TABLE 7

Heat-Treatment Regimes for Certain Forgings Produced from High-Chrom-
ium Martensite Steels
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°C; 6) holding time, h; 7) medium; 8) tempeiing; 9) post tempering
cooling; 10) shaft with body diameter of 150 mm and length of 2500 mm;
11) wheel with cross-section of 120 mm at hubj 12) rotor with bevel
diameter of 750 mm; 13) wheel 200 mm high; 14) wheel with hub helght
of 100 mm; 15) wheel with hub height of 340 mm; 16) rotor with bevel
diameter of 700 mm; 17) plipes, T-joints, and other components with
cross-sections cf up to 400 mm; 18) but no greater than; 19) aid; 20)
0il; 21) with furnace to 300°C; 22) in air; 23) with furnace to 250°C.

Forgings of Austenitas Steels

The heat-treatment regime for forgings of austenite steels
usually consists in two principal operations: austenitization
(quenching)and stabilization tempering.

The purpose of the first operation 1s to dissolve the harden-
Ing phases (carbi. s, intermetallic compounds. etc.) in the y-solid
solution and saturate i1t with alloylrg elements. The optimum harden-
Ing-phase solution temperature depends on the individual character-
istles of the alloy, but a general patt-rn observed 1n the process
that ocaurs wi..» an austenite steel is heated 1s that solution and
coagulation of submicroscoric particles begins as the temperature
1s raised, while solution of the large coagulated particles occurs
at a very high temperature (1000-1200°C). There is a simultzneous
increase in the size of the austenite gralns during high-temperature
heating, so that the austenitization temperature should be selected’
in such fashion as to ensure the requisite hardening-phase solution
and yet not cause extremely severe austenite-grain growth. These
phenomena are progressive with time and both the austenitization
temperature and the holding time therefore play a material role;
the holding time at a given temperature should ensure completion of
all the reactions associated with solution of the alloying elements
In the y=-solid sclution and hould the austenlte-grain enlargement
within suitable limits.

After appropriate holding at the auuienitizai!on temperature,
the forgings are ccoled in a quenching medium at a rote adequate
ty fix the saturated solid solution produced during heating. The
quenchling medium for most austenite steels is water. An austenltized

steel has a somewhat lower hardness than that ylelded by hot mechan-
lcal working.

The optimum guenching temperaturce {for many austenite steels 1is
1100-1200°C. The importance of effective prequenching heating of the
forgings must be empnasized. This operaticn is intended mainly to
produce monopnasic high-alloy austenite, The higher the temperature
to whlch the steel {s heated, the more rapid is soluticn of the
hardening phases and, concequently, the more completely are they
driven into olld solution, Since rapld austenite-grain growth be-
rins only after the carbides nhave dissolved, it is possible to ohe

Ctalan cufficiently complete solution of the phases with only a moder-

ate Inercase tn grain size by selecting the apprepriate heating-
temperature regime and adhering strictliy to 1t in practice,

- 84 o

s gy e S e e et < e B




The ~uenching temperature has a strong effect on the mechanical
properties of the steel at normal and elevated temperatures, as well
as on its hot strength and corrosion resistance. It has been estab-~
lished [47] that quenching from temperatures thac ensure complete
solution of carbides and other precipitated phases not only substan-
tially increases the plasticity and impact strength of steel at 20°C
but also raises its high-temperature strength. However, an overly

‘high quenching temperature 1s impermissible because of the rapid

grain growth and the tendency of some steels in which the y- and
a=-forming elements lie along the boundaries of the austenite region
toward precipitation of a ferrite.

The holding time at the optimum temperature established for
each specific type of steel should ensure that all the various
phases are driven into solid solution and yet not be overly long,
in order to avoid impermissibly severe grain growth. Prorer selec-
tion of the heating regimes for forgings of different shapes and
configurations, especially those with large cross-sections, 1is thus
very important. The heating regime should be such that the forging
temperature at the instant when grain growth begins is virtually
the same throughout its entire cross-section, which makes it pos-
sible to employ the minimum holdirg time at high temperatures re-
quired for solution of the hardening phases and still obtain rela-
tively small and uniform grain enlargement. g

An imperfect understanding of the nature of the internal pheno-
mena that occur in an austenite steel during prequenching heating
and the role of the minimum permissible temperature sometimes gives

rise to attempts to somewhat reduce the quenching temperature by

prolonging the holding time. It must be kept in mind that prolonged
holding at a comparatively low temperature leads only to solution

of the small hardening-phase particles and coagulation of the l2rge
ones [54], having no effect in promoting solution of the large coagu-
lated particles; it is therefore impossible to compensate for a re-
duction in quenching temperature by prolonging the heating time.

Cooling of the forgings after holding at the guenching tempera-
ture should be rapid, in order to fix the supersaturated solid solu-
tion, and 1is usually carried out in water, which ensures that no
carbides are precipitated over the range 900-450°C..

The principal elements of quenching regimes for austenite steels
are the heating temperature, holding time, and oooling medium, which
are established experimentally for each specific type of steel.

There are different reasons for including tempering in the
overall heat-treatment cycle for austenite-steel forgings intended
for use as high-hot-strength and ccrrosion-resistant materials.

In the first case, tempering (aging) is dictated mainly by the rela-
tively high working temperatures and the need to ensure that the
metal has » stable structure and propert'es under working condi-
tions. Duiiiig heating and prolonged operation of components at
550-600°C or above, the alloyed y-solid solution produced by quench-
ing tends to go into a more nearly equilibrium state: carbides and

" other hardening phases are precipitatecd from the colid solution,

which 1s sometimes accompanied bty various volumetric changes. More-
over, the stress and temperature distributiors over the cross-sec-

-85 -




tion of a component are nonuniform under machine operating conditions,
so that the structura. changes that take place are also nonuniform, =
which reduces component reliability by creating substantial hetero- i |
geneity of properties. y

Tempering a quenched high-hot-strength steel at a temperature
that exceeds the component working temperature by 100-200°C leads to

precipitation of the maximum amcunt of finely dispersed hardening-
r phase inclusions from the austenite and stabilization of component
size and metal structure and properties at lower temperatures. The
r mechanical properties and hot strength of a quenched steel are in-
creased by aging. The fact that some types of complex-alloyed dis-

persion~hardening steels, such as 3U612, acquire high hot strength
1s specifically based on this phencomenon.,

austenite steels are the tempering temperature and time. These
elements of the heating regime are selected on the basis of experi-
mental data, in such fashlon as to ensure the requisite dispersion
of secondary-phase inclusions and produce the proper quantitative
composition, these factors belng directly related to the hardening
effect and hot strength of austenite steels.

ﬁ The principal factors affecting the results of tempering of

The impcrtarce of tempering time must be specially emphacized.
Prolongation of tempering is equivalent to an increase in tempering
temperature, l.e., the two elements of the regime are interrelated,
so that the tempering time should be strictly stipulated when the
optimum tempering temperature has been established.

After tempering, relatively large forgings are cooled with the
furnace to 200-400°C and then in air. Slow cooling of forgings with
the furnace 13 undesirable in principle, silnce it car lsad to addi-
tional solid-solution decay. However, this operation 1s unavoidable
for certain forgings, such as turbine wheels, since tempering also
redures the internal stresses in the component to a minimum.

Large austenite-steel forgings whose decisive characteristlc
is corrosion resistance rather than hot strength are also tempered
after austenitization, but these operations have only one purpose:
to relieve internal stresses. The operating temperature for such
components 1s usually low and stabilization tempering is therefore
not required. On the other hand, it is very desirable to restrict
the heat treatment of the forgings to quenching (2ustenitization)
alone in order tc obtain high resistonce to intercrystalline cor-
rosion, slnce steels in this state have the greatest chemical stab-
111ty. However, large components require tempering to relieve internal
stresscs, which are imoermissibly large after austenitization. Forg-
ings with =“imple shapes and relatively small cross-sections are sub- ;
Jected only to quenching. . : j

As was pointed out above, the heat-treatment regimes for ausa-
tenite steels that best conform to component operating conditions
are selected experimentally. Table B shows guenching and tempering
regimes for certalin common austcnite steelas employed as high-hot-
strength cr corrosion-resistant matertals in large forged wheels
) and other components for stationary gas turbines.

RN
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TABLE 8

Heat-Treatment Regimes for Forgings of Certain
High-hot-Strength Austenite Steels

i

!

1 2 ) P oo
Mapua cvaan T'a"a".'.'i.’:;"'.” ! Cp&:;uo::t::;‘nuul
< ‘ Stemnepatyps.! € Qautean.
°c HOCTh, &
X1SHOT | | 800—830
- ' ] .
_ XI8H22B2T2 . 1050 -1080 | ®Bomyx = | TN-750 | 15~20
| T
3405 Hoo~1130 BB 180770 | 10
A1572 V11501180 ' 750—770 18
u BE 7B oo 7| 80
H 7 i
L 726 11301170 | #Boaayx i 750770 2%
[ X o
Loae12 \ | 850—870 6
| MBI  1o8c—1100 7 Bou L 00720 | 3680 |

1) Type cf steel; 2) quenching temperature, °C; 3) quenching medium;
4) tempering (aging) regime; 5) temperature, °C; 6) time, h; 7) water;
8) air; 9) water or air. .

The holding time at the quenching temperature depends on the
size of the forging and is usually 2-4 h(after the component cross-
section has been completely heated). Tempering is not obligatory for
small and medium “~rgings of X18H9T and X18H12M2T steels but it is
necessary fov large forgings, in order to relieve residual stresses.
In these cases, the tempering time is set in accordance with the
size and shape of the component,

The tempering temperature for forgings of X18H9T steel is se-
lected to yleld the highest resistance to intercrystalline corro-
sion. Reducing the tempering temperature to 750-770°C increases the
susceptibility of the steel to such corrosicn ard is therefore im-

permisaible.

.~ The high-hot-strength steels 3612 and InbicX are subtlected to
double aging at 850-870 and 700-720°C, which is most effective from
the standpoint of precipitation of dispersed hardening-phare particles.
The duration of the second aging depends on the titanium content of
the melt in question: it is reduced as the titanium content inrcreases
{2). Double tempering is generally also employed for 31395 steel.

The preaustenitization or pretempering hea.ing rate and the
post-tempering codling regime depend on the specific type of steel
and on the individual characteristics of the forg!ng (size-and con-
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figuration). Despite the absence of phase transitions, heating to
900-1000°C is carried out at a relatively low rate, because of the
low thermal conductivity of austenite steels and the large tempera-
ture gradient over the forging cross-section. Further heating at
higher temperatures 1s rapid, while the nolding time at the austene
itization temperature is minimal. Such heating protects the forged
metal f'rom extremely severe grain growth.

The working regimes for heat treatment of gas-turbine wheels
with a hub height of about 300 mm fabricated from the high-hot-
strength austenite steels 3N572 and IN612 (heat treatment after
trimming} are given below as examples.

Wheels of 3N572 steel

Quenching

i. Loading into furnace heated to temperature not above 600°C.
2. Holding at charging temperature for 2-3 h..

. Beating to 1000-1050°C at rate of no more than 60 deg/h.

. Holding at 1000-1050°C for 2 h.

. Heating at maximum rate permitted by furnace to 1150-1180°C.
. Holding at 1150-1180°C for 1.5 h.

. Cocling in water to 200°C.

~N O\ W

Tempering

1. Loading into furnace heated to temperature not above 500°C.

2. Holding at charging temperature for 2 h.

3. Heating to 750-770°C at rate of no more than 80 deg/h.

k, Holding at 750-770°C for 15 h.

5. Cooling with furnace to U400°C at rate of no more than 40 deg/h.
6. Further cooling 1in air.

Wheels of 3M612 steel

Quenching

1. Loading into furnace at temperature not above 600°C.

. Holding at charging temperature for 3«4 h,

. Heating to 980-1000°C at rate of no more than 50 deg/h.

. Holding at 980-1000°C for 2 h. .

. Heating at maximum rate permitted by furnace to 1090°C
(¢10°C). .

&, Holding at 1080-1100°C for 1.5 h.

7. Cooling in water to 200°C.

Tempering

1. Loading Into rurnace at temperatur=~ not above 500°C.

2. Holding at charging temperature for 2 h.

2, Heating to 850°C at rate of no more than 80 deg/h.

4, Holillng at 850°C (after temperature equillbration) for 10 h.
f. Coolling with furnace to 700°C,

6

. Holding at 700°C for 35-650 h (depending on titantum content
of melt)., ‘ :
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7. Cooling with furnace to 300°C at rate of no more than 30 deg/h.
g, Further cooling in air.
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Chapter 6

INVESTIGATION AND EXPERIENCE IN PRODUCTION OF FORGINGS FROM PERLITE
SPECIAL STEELS

15. GAS~-TURBINE WHEELS OF 31415 STEEL

Among the special features of gas-turbine wheels (Fig. 14)
are the lack of a central aperture and a large ratio cf hub height
to wheel dlameter. This wheel shape is regarded as comlex and tech-
nologically unsultable in metallurglcal terms, since zffective meas-
ures for mechanical working of the central zones of the rorging,
which are formed from the axial regions of the ingot, are very limit-
ed.

The wheels are subjected to etching of their faces and ultrasonic
quality control. Macrodefects and internal flaws in the metal are im-
permisaible. The metal throughout the entire volume of the wheel
should have high mechanical progerties ir. the tangential direction,
satlsfylng the following noris: Gy, > 62 k' uu® 6, > 76 sliux®, 8§ > 11%; ¢ > 35%;
a, > 4,0 x a'cus.

Wwhen the wheel contains no central aperture, these requirements
necessitate complete welding up of shrinkage defects 1in the ingot
and creation of deformation condlitions that promote radial metal
flow in the areas of the forging adjoining the faces.

Solution of these problems tor 34415 steel presented no diffi-
culties: use of an ingot weighing 1.5 t and then of one weighing
2.5 t fer two forgings and intermediate upsetting of the billlet
ensured welding up of axial defects In the ingot and provided the
requisite working of the central reglons of the wheel without any
special forging techniques.

Figure 15 shows a forged wheel with its trimmed dimensions,
while Fig. 16 shows the technological forging pattern for an ingot
welghing 2.5 t (60% yleld). All the forging operations were carried
out in a press exerting a force of 2000 t over the temperature range
1180-800°C, wltn four passes. A flat upper die block and a cutaway
lower vlock were used for drawing, while movable die blocks were
used for chasing the wheel body. The final forging operatlons, 1.e.,
upsetting of the blank from 780 to 350 mm and chasing of both faces
on a platen and liner ring, were conducted in a single pass,
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Fig. 16. Technoiogical forging
pattern for producing wheel from
ingot weighing 2.5 t. I-VI)
Forging sequence.
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Pig. 17. Mechanical properties of experimental wheels heat-treated
to different strengths. The solid line represents data at the peri-
phery of the hub (standard ring for mechanical tests), while the
dashed line represents data for the center of the hub. 1) kgL em/cm?;
2) kgf/mm*; 3) wheel number. :
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Mechanical Properties of Wheels Forged from Ingots from Different

Melts (3Ml15 Steel)
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1) Chemical composition of melt, %; 2) Wheel No.; 3) mechanical
properties at 20°C; 4) kgf/mm?; 5) kgfem/cm?®; 6) hardness HB; 7)
at 550°C, kgf/mm?.

It was very indicative that the values of §, ¥, and a, were not

below those stipulated by the technical specifications even in the
?entral gortion of the wheel when 0,,2 was less than 90 kgf/mm?
Fig. 17).

After heat treatment and mechanical testing, the wheels are
subjected to ultrasonic qualiity control with an Y3A-7n apparatus
operating at a frequency of 2.5 MHz, The entire wheel volume was
monitored from one face side of the hub and body. The slze of the
defects was determined by comparing the amplitude of the signal
reflected from +*he defect with that of the signal from a control
aperture in a standard specimen.

Statistical analysis of the results obtained in ultrasonic
quality control of 70 wheels ylelded the following data: eight
wheels exhibited from one to filve small scattered defects of the
nonmetallic-inclusion type up to 3 mm in diameter, principally 1n
the horizontal axial plane. One wheel contained two defective zones
with areas of 50 and 8 cm? and a aumber of 1solated detfects in the
vicinity of the hub, at a depth of 100-207 mm. No internal defectc
in the metal were detected in any of the other forgings. Of the 60
wheels, only the one with defective zones was considered unsuitable
and rejected. This wheel was subsequently sectioned and examined:
the defective zones were found to be aggregates of nonmetalllce
inclusions.

After final treatment, the wheé(; were etched with 15 per cent
ammonium sulfate and 10 per cent nitric acid and the hub surface and
the face surraces of the rim and body were subjected tc macroscopic
examination. All 59 of the wheels checked were acceptable: no defects

that disrupted the continuity or homogeneity of the metal were detect-
ed in the etched surfaces.

Impact-test specimens cut from 2-3 wheels fabricated from the
steel of each melt were used to check the microstructure of the me-
tal, which was found to censlst of sorbite with a weak martensite

orientation in all cases. The metal had adequate structural homo-
geneity.

The fact that the etching and ultrasonic menitering revealed
neither external defects nor internal discontinuities in the metal
in any of the wheels confirms the reliability of the cechnological
process, particularly the weight and shape of' the ingots employed
and the procedures used in forging the wheels. Since most of the
rorgingsAwere fabricated from elongated ingots, our experiernce
confirms that use of such ingots for very complex wheels of 3WU415

steel intended for critical applications yields fully satisfactory
results, :
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The variation in strength and plactlicity in the interlior of the
forgings was checked by sectioning and mechanical testing of differ-
ent portions of one wheel., We also sectioned a second wheel forged
from the same steel melt by a modified version of the technological
process (without intermediate upsettinrg of the ingot). This second 3
wheel was investigated in order to study the influence of the re- i u
duction ratio on the welding up of shrinksage defects in the ingot o
and the mechanical properties of the metal in different areas of
the forging.
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Fig. 18. Graphs representing variation in mechanical properties of
wheels forged with (solid lines) and without (dashed lines) inter-
mediate upsetting. a) In tangential direction; b) in radial direc-

tion; c) in axial direction. 1) kgfem/cm?®; 2) kgf/mm?,

In order to make a reliable compnrisdn. both wheels were lorged :
from elongated ingots of steel from the same melt (containing 0.20% - i
¢, 0.28% Si, 0.47% Mn, 3,008 Cr, 0.23% Ni, n.52% Mo, 0.65% V, 0.33% W, :
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0.019% S, and 0.013% P). The steel was smelted and cast in accord-
ance with plant specifications. The ingots were delivered hot to
the press shop and loaded into the furnace for preforging heating
with a surface temperature of 580-650°C.

The heating regimes fcr the ingots and intermedicate blanks, the
deformation regimes, and the forging-temperature regimes corresponded
to the technological norms established for commercial wheels. The
forging proceduré for the second wheel differed from the normal pat-
tern in omitting intermediate upsetting and subsequent drawing of

the upset ingot. As a result, the technological cycle was reduced to
two passes.

The initial heat treatment, cooling, trimming, and final heat
treatment of the experimental forgings were carried out in accord-
ance with the instructions in effect in the shops and therefore en-
sured identical conditions for the operations governing the mechani-
cal properties of the experimental and production wheels.

Macroscopic examination and ultrasonic defectoscopy revealed
no defects in either experimental forging.

Radial sections were cut from the wheels and their surface
was carefully examined after grinding and etching. None of them
exhiblted any macroscoplic defects of a metallurgical character,

The results of the mechanical tests performed on the sections
are presented in Fig. 18, in the form of graphs representing the
variation in mechanical properties over the height and radius of
the wheels in the tangential, radial, and axial directions.

The strength characteristics o, 2 and % in the tangential

direction (Fig. 18a) remained almost constant over the entire wheel
volume, exhibiting only a slight tendency to increase from one face
of the wheel to the other. The difference in o,,2 and g, was due to

a slight nonuniformity of tempering and did not exceed 5-6 kgf/mm?,
with the ahsolute values g,z = 70-75 kgf/mm? and o, = 78-84 kgf/mm?.

Comparison of the strength of the face and internal zones of the
wheels indicated that the metal had high temperability. There was
no material difference in the strengths of the wheels forged under
different technological regimes (with and without intermediate up-
setting of the ingot).

The relative elongation & had uniform values in all portlions
of both wheels and did not fall below 13%. The relative necking V¥
had its highest value in the vicinity of the horizontal axial plane,
where it reached 60-68%, 1.e., a level even highe: than in the peri-
pheral portions of the wheel body. This was due to the higher reduc-
tion actually obtained in this zone. The values of ¥ were somewhat
reduced in the face portions of the wheels, especlally at the center
of the hub, but did not fall below 4CS, which must be regagded as
quite satisfactory when conjoined with gy, = 73-76 kgf/mm”. Over
most of the wheel volume, the relative reduction in area was 50-60%
in the vicinity of the hub and 60-65% in the body.
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Fig. 19. Rat ~ of mechan'csal properties of experimental wheels in
radial and tangential directions. a) Wheel with intermediate upset-
ting; b) wheel without intermediate upsetting.
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The forging variant had some effect on the relative necking,
causing a slight decrease in this index in the wheel forged with-
out intermediate upsetting. For example, ¥ = 42-51% in the face
zones of the central pertion of the hub in the wheel forged wlth
intermediate upsetting and ¢ = 40-47% in the corresponding zones
of that forged without '~termediate u%setting;;the figures for the
interior regions of the huc were 60-68 and 50-60% respectively.

The impact strengih a, of the wheels forged in both varlants

were roughly the same and were sufficiently high. The lowest value
occurred in one face of the central portion of the hub, where a, *

= 4.5 kgf+ m/cm?; the values for the other portions of the wheels
vere higher, reaching 8-12 kgfem/cm?.

The overall pattern of the variation in mechanical properties
in the radial direction (Fig. 18b) was similar in character to that
in the tangential properties, the only difference being that the
relative necking hLad more consistent values over the wheel height.
The properties cf the two wheels can be regarded as equivalent: the
somewhat lower yield strength and ultimate strength obtained for the
wheel forged without intermediate upsetting were compensated for by
its increased plasticity and impact strength.

Flgure 19 show: the ratic of the principal mechanical properties
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Co,2s ¥, and a, in the radial and tangential directions. The ratio
Op2 r.]
“a;f:* remained almost constant over the height of hoth wheels, at
" a,
about 100%; the ratios-$f%7-md~f2f—were minimal in the vertical mid-
e mane
section of the forgings but amounted to 85-97% in the wheel with in-
termediate upsetting (Fig. 19a) and 105-107% in the wheel without
intermediate upsetting (Fig. 19b).

The graph representing the variation in the mechanical proper-
ties of the forgings in the axial direction was very indicative.
There was a distinct tendency toward an abrupt decrease 1n plasticity
from the faces toward the horizontal axial plane, especially at the
center of the hub. For example, the decrease in ¢ over this region
was characterized by the following data: ¢ = 42-63% in the vicinity
of the faces and ¢y = 16% in the vertical midsection. The impact
strength a, equaled 6-8 and 1-2 kgf+m/em? respectively. The change

in strength characteristics was relatively small,

The decrease in metal plasticity in the vicinity of the hori-
zontal axial plane can be attributed to the physical characteristics
of the deformation undergcne by this zone during upsetting, since it
is the boundary between two opposing metal flows, where deformation
of nonmetallic inclusions takes place most rapldly. The thin nonmetal-
lic films form~d here have no muaterial influence on the mechanical
properties of the forging 1n the tangential direction, but they are
the principal factor responsible for the sharp decrease in metal
plasticity in the axial direction.

The actual degree of upsetting decrzased from a maximum in the
vicirnity of the horizontal axial plane toward the faces of the wheels.
At the same time, the fibers deviated more and more from the radial
direction. There was accordingly a decrease in the total surface of
the metallurgical defects in the fracture planes for the axial speci-

men, which promoted an inerease in metal plasticity in the axial
direction.

It is natural to presume that the maximum decrease in plasticity
in the axial directlion in the vertical midsection of a wheel should
occur in those areas most highly saturated with liquates and other
defects of a metallurgical character, i.e., in the central zone.
Except for isolated devliations, this pattern was actually confirmed
experimentally., In Fig. 18c, for example, the values of the most
sensitive plasticity characteristic, ¢, increase continuously from
the center of the hub to its periphery.

~ The forging variant had little effect on tne mechani!cal proper-
ties of the wheels in the axial direction and the overall pattern
of the variation in the principal plasticity characteristics in dif-
ferent zones of the forgings was virtually the same for both variants,

The ratio of the mechanical properties'or the wheels In the
axial and tangential directions (Fig. 20) exhibited markedly reduced
values in the vicinity of the horlzontal axial plane at the center
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Fig. 20. Ratio of mechanical properties of experimental wheels in
axial and tangential directlons at center (a and b) and periphery
(c anda d) of hub. a, c¢) Wheels with intermediate upsetting; b, d)
wheels without intermediate upsetting. :
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of the hub, where -%zt was about 25% and i?ﬁﬁ-A715-+22%. The ratio
) mang

Jecno, increased to 45-50% in the peripheral region of the hub, while

)
s 00
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there was a slight rise in r—
moxy

Qu
The ratios J«o .. e reached and, in some cases, even ex-
¥ mams L ]

ceeded 1008 in the face regions of the wheels. These relationships
for plasticity and viscosity In different zZones can be attributed to
opposite variations in ¢ and a, In the axial and tangential direc-

tions over the wheel height: maximum values of ¢ and a, were obtained

for the vicinlity of the horizontal axial plane when tangential speci-
mens woere tested, while minimum values were obtained when axial speci-
nens were tested, :
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Our experimental results confirmed the high quallity of boch forg-
ings. In none of the zones did the mechanical properties of the metal
in the tangential and radial directions fall below the norms stipulated

‘ by technical specifications and the properties in the axial direction
were fully satisfactory.

Our investigations established that 1t 1s possible in prineciple
to simplify the technical procedure for forging wheels of this type
by omitting intermediate upsetting of the ingot and subsequent draw-
ing of the upset billet. :

The NPL, working in conjunction with the Central Scientific
Research Institute of Technology and Machine Building [TsNIITmash])
(UHAMT ), has developed and introduced a method for sectional
stamping of wheels for the FT700-5 luw-pressure gas turbine from
3n4l5 steel in a press exerting a force of 3000 ¢t.

The characteristics of this new process [55] made it techno~
logically feasible to reduce the weight of the forgings from 750 to

450 kg, 1.e., by 40%, and permitted a substantial reduction in the
labor consumed in machining of the wheels.

Figure 2] shows 2 forged wheel fabricated by sectifonel stamping.
The decrease in forging weight 1s achlieved by an increase in forging
precision, a decreass ‘n tolerances and aliowances, and a better dis-
tribution of sample rings for mechanical testing.

The wheels were stamped ir a two-sectional die. The dimensions
of the sections were chosen in such fashion that the pressure (14~

15 kgf/mm?) was distributed more or less evenly in stamping with the
central and outer punches.

The original forging procedure with the sectional dle consisted
of the followingz basic operations:

1) heating an ingot weighing 2.0 or 2.17 t to the forging temp-~
erature; : ‘

2) ferging o' a journal and billeting of the ingot (the elongated
ingots weighing 2.17°t were not billeted);

3) heating of ‘he billet;

4) intermediate upsetting;

§) drawing of the upset billet to a diameter of 330 mm;

6) cutting of three blanks 680 mm long;

7) heating of the blanks;

8) upsetting of the blanks to a height of 260 mm on a lat platen;

F - 9) stamping of wheels in three strokes of press traverse.
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Fig. 21. Forged wheel (weighing 460
kg) fabricated by sectional stamping.

TABLE 10

Mechanical Froperties of Wheels Produced from
anL15 Steel by Sectional Stamping
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1) Wheel No.; 2) kgf/mm?; 3) kgr°m/cm’ )
hardness, HB: 5) at 550°C, kgf/mm?

All the forging operations, with the exception of the final
pass, were carried out in a press exerting a force of 7000 t; up- : i
setting of the blanks and sectional stamping were carrled out in : .
a 3000 t press. As experimentation showed, this sequence of opera- :
tions was the most favorable from the standpoint of effectiveness
of metal working in two mutually perpendicular directions throughout
the entire wheel.

Two plates were mounted on the movable press bed for the [inal
pass; tne Llank waa placed on one and the sectlonal-stamping die
was fa tened to the other, Upsatting was carrled out with the tra-
verse platen, to which the sectionsl punch was then attached with
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Flz. 22. Graphs representing change in mechanical properties of
wheels produced by sectional stamping with (solid 1lines) and with-

out (dash lines) intermediate upsetting of ingot. 1) kgfem/cm?; 2)
kgf/mm?,

TABLE 11

Mechani~al Properties of Wheels Forged by Sec-
tional Stamping
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1) variant of tecknclogical process; 2) kgf/mm?; 3) kgfem/cm*; 4)
1;3 specimen; 5) 2nd specimen; 6) hardness HB; 7) at 550°C, kgf/mm?;

8Y with intermediate upsetting of ingot; 9) without intermediate
upsetting of' ingot.
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A 3000 t press proved adequate for stamping wheels by the pro-
cedure described above, provided that the final deformation tempera-
ture was no less than 1000-31020°C. The total duration of the opera-
tions involved in the final pass, taking into account the time con-
sumed ir transferring the blank from the furnace tc the press (3-4
min), the upsetting and stamping procedures, shifting the bed, and
all auxiliary operations (2-3 min) is about 5-7 min. Under these
conditions, the initlal metal-deformation temperature should be no
less than 1130-1150°C and the blank should be heated to about 1180°C
in the furnace. Vhen the initial heating 1is lower and the final
temperature of the blank to be stamped drops to 900-950°C, the forg-
ings are understamped and require additional heating to bring thelr
dimensions to those stipulsted,.

The cooling and heat-itreatment regimes t'or the stamped forgings,
the mechanical tests, and the quality-control procedures correspond
te those usually employed for wheels of the type in question. It has
been establl-hed that the mechanical properties and the ultrasonical-
ly determined microstructure and macrostructure of the metal in such
stamped wheels are not inferior to those in wheels produced by free
forging. Table 10 presents the results of mechanical tests on a ser=-
les of wheels stamped from steel of a single melt (containing 0.28%
C, 0.26% 81, 0.45% Mn, 2.85% Cr, 0.35% Ni, 0.U46% Mo, 0.46% W, 0.77%
VvV, 0,019% S, and 0.020% P) and heat- treated to different hardnesses.
All the blanks were fabricated from elongated 1ingots weighing 2.17 t.
Macroscopic examination and ultrasonic defectoscopy showed all the
walls to be accoptable. The microstructure of the metal in the wheels
consisted of sorbite with areas of ferrlte and very fine carbides
located along the grain bcundaries and within the grains, i.e., was
that normal for 3Mll5 steel.

We studied the feasibllity of simplifying the technologlcal
forging (stamping) process for these wheels by omitting intermediate
upsetting of tue ingot. The probability of obtalnling satisfactory
metal quality in wheels forged by the simplified technology was
quite real, since the ingot not subjected to intermediate upsetting
were pressed with a reduction ratic of no less than 1.6.

Two wheels were fabricated from the melt whose chemical composi-
tion was given above, using sectional stamping with and without in-
termedlate upsetting of the ingots. Both wheels were heat-treated
and checked by the established procedures, vlelding satisfactory
results for all types of tests (Table 11).

In order to make a nore thorough examination of the metal,
both wheels were cut into rings, mechanical testing of tangential speci-
mens then giving a complete representation of the mechanical proper-
ties throughout the entire wheel volume. The test results are shown
in Fig., 22, in the form of graphs representing the vaiiation in
mechanical properties over the height of the wheels in different
cross-sections of the hub &and body (Fiz. 22). It can be concluded
from an analysis of these curves that the wheels have high mechani-
cal properties even 1n the reglons near the axis, where, for example,
the minimum relative necking exceeded 50% and the minimum impact
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strengtn was more than 6 kgfem/em?, with a yleld strength or more
than 73 kgf/mm’. The forging variant employed (with or withcout in-
termediate upsetting of the Ilngot) had no materlal effect on the
quality of the metal 1In the wheels.

16. FORGED COLLARS, T-PIPES, PIPES, AND OTHER COMPONENTS PRODUCED
FROM 15xIM1¢ STEEL

The forgings shown in Filg. 23 are employed in fabricating
components for steam turbines (300,000 kW) operating at temperatures
of up to 565°C and pressures of up to 240 atm (abs). The very criti-
cal applications of these forgings requires use of reliable tzchno-
logical processes in their fabrication, ensuring high metal quality
in different reglons of the components. Blank quality is checked by

mechanlcal testing, metallographic analysis, and ultrasonic defecto-
scopy.

The presence of central holes in flunges to some extent permit
removal of the lowest-quality axial zone of the ingot by broaching
and simultaneous examination of the internal surface for defects in
the metal. T-plpes, pipes, and similar components with no central
holes are metallurgically more complex, the critical portions of
the forgings being formed from the inner layers of the ingots. The
technological aspect of forging prcduction associated with smelting
of hilgh-quality steel, use of the best ingots for the purpose, and
effective mechanical working of the metal during forging are deci-
sive for production of final components that satisfy the require-
ments imposed on metal purity, density, and homogeneity. As for
methods for checking the quality of the metal, including that deep
Wwithin the forgings, the design characteristics of the components
make them relatively simple and very reliable: the presence of
inclined apertures reaching the central portion of the forging and
the feasibllity of using special hollow drills to remove cores per=-

mits thorough metallographic analysis anq mechanical testing of
different portions of the forging.

8 ensti o 4wz ¢ g "

i

(380)

1
'-d

(430}
20102 10
A
!
$665¢10
{635)

O 5
42 - 390415

[
i (30) e (30 IM0%iS

g 220 |

d s e v’ el
108 (o) 230 (90)

Fig. 23. Forgings of 15X1M1¢ steel. a) Collar (we!ghing U85 kg);
b) T-pipe (welghing 600 kg); c) lower portion of valve housing
(weighing 900 kz); d) 11d of steam chest (welghing 660 kg).
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The steel for the forgings 1s smelted in a 3=ton or 10-ton
electric furnace; the smelting conditions conform to those for the
high-quality class. The ingot welght does not exceed 2.7 t. The
ingots are delivered hot to the press shop.

Elongated ingots welghling 2.7 t are used for forged collars
(four forgings each), with a yield of 72% (Fig. 23a). The forging
process conslsts of drawing the ingot tuv a diameter of 325 mm, cut-
ting off blanks 740 mm long, and upsetting the collar in a liner
ring. The blank is heated to 1050-1080°C before upsetting. All the
forging operations are carried out in a 7-ton hammer,

It can be seen from analysis of the deformation pattarn that
the smallest reduction ratio occurs in a sect un of the forgin~
350 mm in diameter, whose mechanical working Is limited to drawing
with a reduction ratlo of 2.0-2.5 and slight upsetting in the cavity
of the liner ring (with a reduction ratio not exceeding 1l.2-1.3).
The vresults of exhaustive quality control, including mechanizal
testing of tangential specimens after heat treatment, indicates that
the metal In this area is satisfactory in quality. Specifically, with
Oz > 32,56 Kl /mutandq, >> 55 xI"/uu* , the plasticity and impact strengih of
collars from a large production batch had the following values:
&= 21,5-27%, ¢ 66—78", a, 14-30 xI-m'a* |, Macroscopic examination
and ultrasonic defectoscopy revealed no defects that could be at-
tributed to an inadequate reduction ratio.

The more massive portion of the forging (555 mm in diameter),
produced by upsetting with a deformation of about 70%, is distin-
guished by good working of the metal 1n two mutually perpendicular
directions. Additional mechanical tests performed on tangential
specimens cut from this portion of the collar yilelded results close
to those obtained for the section 350 mm in diameter. Sectioning
showed the mechanical properties of the collar to be highly uni-
form in the tangential and radial directions.

The forged T-pipes (Fig. 23b) are fabricated from ingots
welghing 2 t in a press exerting a force of 2000 t. After billeting
and preliminary upsetting, the ingot is drawn into a blank 465 mm
in diameter, 1ts terminal portions being pressed to a dlameter of
300 mm. The shrink head and bottom of the ingot are removed and the
blank is cut Into two equal parts, each of which corresponds in
size and shape to the forging shown in Fig.23b. All these operations
are carried out in three passes.

A power-hammer dle must be used for final forming of the lower
valve housing (Fig. 23¢). Two blanks 950 mm long are cut from an
ingot weighing 3 t after preliminary upsetting and drawing to a
diameter of 400 mm; the blanks are then upset to the required size
in the dle. Since the lower portion of a blank 410 mm in diameter
undergoes almost no deformation in the die, the temperature to which
it 1s heated before the last half should not exceed 1050°C. The die
1s satisfactorily filled despite this relatively low heating, which
{s facilitated by the very favorable prufile of the die cavity. The
forging 1s fabricated In four passes in a 2000-t press.
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The forged steam-chest 1id shown in Flg. 23d has a shape that
i{s difficult to produce, since the fact that a rod 240 mm in diameter
bears two flanges U435 mm in diameter separcted by a distance of 370 mm
creates substantial difficulties in direct fabrication from the ingot.
Production of such forgings in a 7-ton hammer from a blank forged in
a 2000-t press has been found to be best under the conditlons that
obtain at the NPL. Blanks 435 mm in diameter and 670 mm long (3
pleces) are produced from an ingot weighing 3 t, with obligatory
preliminary upsetting and drawing to the requisite size. This prov-
ides the necessary reduction ratio at the flanges, which are almost
undeformed in the hammer. The end of the forging, which is 200 mm in
diameter, and the area between the flanges are hammer-drawn with the
blank heated to 1050°C. Press~forging with a simplified 1id conflgura-
tion (with no annular recess between the flanges) leads both to a
large increase in forging welght and in the labor consumed in machin-
ing and to rejection of a substantial number of components on the
basis of macroscopic examination of the etched surface of the inter-
flange area. The defects detected consist principally of aggregates
of small liquation and nonmetallic inclusions. This phenomenon re-
sults from the large amount of metal removed during trimming and
finish machining and the nearness of the surface to the axial zone
of the ingot. Actually, simple calculation shows that about 85% of

the metal is removed, corresponding to the highest-quality outer
zone of the ingot.

2430

/
380

0260

Fig. 24. Trimming of T-pipe
shown in Fig. 23b (the fine
lines represent the outline
of the finished component).

Experience has establiished that defects are absent after forging
without an annular recess only if the steel melt 1s especlally pure.

Forgings produced from 15X1Ml1¢ steel are cooled with the furnace
to 400°C, subjected to isothermal annealing at 650°C for 30 h, and
then slowly cooled with the furnace to 300°C.

Despite the relatively large cross-section and unfavorable
cshape of the forgings under consideration (absence of central holes),
formaticn of flakes in such forgings has not been observed at the
NPL. It must be emphasigzed that 15X1Mle asteel presents no speclal
danger in this respect, even when there are certa.n deviatlons from
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the predetermined technological regime, as when supercooling before
isothermal annealing 1s omitted or the final temperature to which
the forgings are cooled with the furnace is raised. Trhese charac-
teristics of forging condition are even more indicative, since the
NPL fabricates the components from steel smelted in a basic electric
furnace without vacuum casting.

The forgings are heat-treated after rough machining (trimming
with an allowance of 10-12 mm over the finlished dimensions and the
minimum necessary tolerances). Figure 24 shows an exampie of trim-
ming of the T-pipe deplcted in Fig. 23b. The principal allowance in
the blank before heat treatment is the metal in the undrilled oblicue
openings, which is subsequently used for additional mechanical test-
Ing and metallographic analysis.

Forged components with complex configurations (valve-housing
elements, T-plpes, pipes) having oblique openings and irregularly
shaped cavitles are subjected to ultrasonic monitoring from their
flat and cylindrical surfaces before heat treatment, in order to
show up metallurgical defects. This quality-control procedure, which
presents no substantial difficulties, makes it possible tc examine
the entire forging volume but is still only preliminary, since spur-
lous 1impulses are often produced as a result of the structural heter-
ogenelty of the un-heat-treated metal. All accessible areas of the
component should therefore also undergo ultrasonic monitoring after
heat treatment,

As was pointed out in Chapter 5, the type of heat treatment
employed for blanks of 15X1M1¢ steel is determined by tneir dimen-
sions and the requirements imposed on the mechanical properties of
the metal. Both modiflcation and normalization followed by temper-
ing are quite suitable from the standpoint of hot strength. Forgings
of the type under consideration should satisfy the following mech-
anlical-property norms: Oy > 30K wm?, o, > 52 Kl/ma* 0 3 20%; ¢ 2> 50%;
g, > 5 sl -micw*. These properties are provided by normalization and
temperature, so that the heat-treatment regime for most components
generally consists of normalization from 1000-1020°C and tempering
at 73C°C. Extremely critical ard massive housing~component forgings
of the T-pipe, pipe, and other types undergo double normalization
and tempering or normalization from 1020-1040°C,quenching from 990-
1010°C, and tempering at 750°C for 8«12 h. Post tempering cooling is
carried out in air.

Table 12 presents typical results obtained in mechanical tests
performed on heat-treated forgings of 15X1M1¢ steel. The mechanical
properties given in this table are for standard sample rings or bars,
as provided by the forging plans (Fig. 23). It can be seen from Table
12 that the fluctuations 1in oy,, produced by varying the tempering
temperature cause no substantial decrease in the plasticity indices
6 and Y, whose absolute values remain rather high, For example,
steam-chest 11ds forged from steel of the same melt and heat-~treated
to yleld strengths of 44.5 and 58.0 kgf/mm? have values of 24 and 75%
for 8§ and ¢ in the first case and 19 and 70% in the second case; the
decrease in impaci strength 1s larger (from 19.6-23.5 to 5.8-7.6
kpfem/cm?),
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TABLE 12
Mechanical Properties of Forgings Produced from 15X1M1l¢ Steel

1 2 3 ! Tos \ ", A L) 5 »I‘v,n}n "
Numnuechyfl cocran, S
T MeOUANHE NOKONRN " Hunpanaene obpasiua 6 9
) , ] IR
A2 T "a | e ()ﬁ]).l“ll'ﬂ
|® 0.15C; 0,26 5i; 0,49 Mn; 8.5 800 [26,0 4660 ) 15,1 14.0
e € UaT . 390 ) 655601 24,5 ) 750 30,0 24.7
L . Jy & v Ay r .\ v Wy &l ) " X
[ ®aanen (pre. 23, o) ‘l) 525C2{ (}‘9“{’51(‘», 0,25 V 36.5 | 650 | 270 | 780 | o 30,3
. ' e h T L6 1 5RO 26,0 | 700 18,0 15,4
[ S (S S L e
‘9 0.19C: 0,21 Si: 0.50 Mn 12 MO 620 | 260 | 690 | 177 19,0
Tpoiinnk (pic. 23, 6) 1,35 Cr; 0,95 Mo; 0,28 V, TaurentHanbHOe 25'5 '.‘::'” ?'2 i,"“ 2 16.2
0615 8 0.016 P S1In 670 2061 720 16,6 17.0
R Bolerol 2300 7300 )26 128
N R [ S AP
to f i . 5 -
: szl il 195 exo | 140 L 168
Huxnag uacte xopof- 0.13C; 0,31 Si, 0.54 Mi; 8§20 | 640 | w5 [ 750 181 0.2
KH Knanana (pue. 23, 6) | 1.25Cr; 1,04 Mo; 0,28 V, A0 620 ] 2701 78,0 17,3 10,8
. 0,013 §; 0,023 P ; 48,0 | 64,0 | 23,0 | 73.0 17,2 18.0
i1 - V
44,5 | 62,0 | 20,0 | 75,0 19,6 23,5
Kpsuka naponod wo- | | B E00b R OB 1 enoe | 310 | 890 | 190 | 720 | 70 | 98
P(ﬂ“u (PHC- ' l) 0'0“ s’ 3 018 p' ’ ' 56.0 72,0 | 20,0 72,0 7.6 5.6
‘ * ' 58,6 | 74.0 | 190 { 70,0 5.8 7.6

1) Type of forging, 2) chemical composition, %; 3) specimen direc-
tion; 4) kgf/mm?; 5) kgf+m/cm?; 6) 1lst specimen; 7) 2nd specimen;
8) collar (Fig. 23a), 9) T-pipe (Fig. 23b); 10) lower portion of
valve housing (Fig. 23¢); 11) steam-chest 1id (Fig. 23d); 12) tan-
gential; 13) longitudinal.

Despite the combination of satisfactory plasticity and elevated
strength, heat treatment of forgings to a given yleld strength with
a minimum reserve is considered expedient. This 1s because all the
structural reserves of the steel are concentrated in its plasticity
and the operational reliability of the component is thus increased.

The heat-treated forgings are etched and sutjected to ultrasonic
monitoring. These quality-control operations reveal macroscopic de-
fects at the component surface and internal flaws in the metal.

In the experience of the NPL, forgings produced from 15X1Mle
steel generally have had no defects. Their occurrence in individual
forgings, in the form of small inclusions or films at the etched
surface or impermissible internal flaws, has been random and has
always been associated with a higher degree of contamination in
the specific cteel melt.
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TABLE 13

Mechanlcal Propertles 1in Different Zones of
Forged T-Pipes (Fig. 23 b) Produced from 15X1M1¢

Steel
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1) Forging No.; 2) sampling site; 3) direction of specimen in forging;
4) kegf/mm*; 5) kef-m/em?; 6) 1lst specimen; 7) 2nd specimen; 8) ring
provided by forging plan; 9) terminal portion of drilled core near
axial zone of forging; 10) tangentlal; 11) at angle of 45° to hori-
zontal plane.

The quality of the metal in T-pipes, pipes, and other components
with apertures is also checked with drilled cores 60-80 mm in diameter,
which characterize the state of the interior regions of the forging.
The core surface 1s ground, etched, and checked for macroscopic de-
fects. Specimens for mechanical testing are then cut from different
zones of the core in different directions.

The results of additional testing of the metal on a production
scale confirmed the high quality of the forgings. Macroscopic defects,
in the form of small liguation precipitates, were detected at the
surface of the core only in rare lnstances. The mechanical properties
of the metal within the forging exhibited stable plasticity charas-
teristics. For example, moving from the peripheral zon¢ to the inter-
157 n the forged T-pipes cauced a slight decrease in strength, while
the values of 6, ¥, and an remained high and almost constant (Table 13).

Qur experlence in forging production indlcaites that 15X1IM1® steel
has good technologleal properties and that it can be used for critical

components while satisfying a hroad range of mechanical-pr-perty re-
aul pement s,
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17. FORGED ROTORS OF P2 AND P2M STEELS

One-plece forged steam-turbine rotors are among the most critical
forgings for power-generation equipment, being subject to stringent
requirements for chemical and physical homogeneity, mechanical proper-
ties, residual stresses, and other forging=-quality faczors that govern
thelr operational rellability, These requirements dictate the produc-
tion technology for forged rotors, which essentially consists in
smelting and casting steel that is as pure as possible, conducting
forgings under conditions that promote effective w2lding up of
shrinkege defects in the 1ingot and mechanical working of the metal
in the requisite direction, and heat treatment under a regime that
ensures absence of flakes, high mechanical properties, and minimum
residual stresses, The technological problems involved in satisfying
these requirements are compli:ated by the fact that most rotors are
fabricated from large ingots, while the cross-section of the blank

often makes 1t necessary to employ special deformation and heat-
treatment procedures.

The metal 1s checked for external defects and internal flaws
by macroscoplc examination and ultrasonic defectoscopy; the mechani-
cal properties and their homogeneity over the forging volume are
determined by individual mechanical tests on metal from different
portions of the rotor. Residual-stress measurements and thermal tests
are made to see that there are no substantlial interiial stresses and
that the forgings and ingot are relatively coaxial.

Flgure 25 shows typlcal forged rotors of P2 and P2M steels.
Forgings of this type are produced at the Urals Machine Building
Plant, which has amassed a great deal of experience in this area.
Rotors are also being forged at the Izhorsk Plant.

Let us consider the principal conditions for forging fabrica-
tion and the norms for rotor-metal quality stipulated by technicail
specifications.

The forzed rotors are fabricated from acidpen-hearth steel
and use of stenl melted in electric furnaces with basic soles 1is
permitted only when appropriate measures are taken.The steel i{s de-
oxidized without using aluminum.

Tre axis of the forging should more or less coinclde witn that
of the ingot. The heat treatment consists of double normalization
(the second normalizaticn heing from a temperature of nc less than
940°C, after trimming of the blank) and tempering at 670°C, followed
by slow cooling. The axlal channel of the rotor is generally dirilled
before heat treatment, but the latter can theoreticaily be carried
out before the channel 1s drilled, especially when the rotor is of
relatively small size.

Longitudinal specimens from the ends of the rotor and tangen-
tizl specimens from one or both faces of the barre) (depending on
its length) are subjected to mecianical testing. Table 14 zhows the
norms fcr the imechanical properties of rotors fabricated Trom PJIM
steel. The variation in the hardneas of specimens takern from differ-
ent areas of the blank should be no more than U0 Hp,
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Fig. 25. Typical forged rotors of P2 and pP2M
steels. 1, 2) Sections for macroscople exam-
ination. A) No less than; B) top of ingot.

TABLE 14

Norms for Mechanical Properties of Rotors Fab-
ricated from P2M Steel

: . e Gl e R
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1) Specimen direction; 2) kgf/mm?; 3) op, kgf/mm?; U4) 2., kgfem/cm?;
5) angle for cold bending around form 40 mm in diameter, deg; 6)
no less than; 7) lorgitudinal; 8} tanzential,
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.2 principal requirement imposed on the macrostructure cf the
blank is that there be no cracks cr flakes. Large nonmetallic in-
clusions or aggregates of small nonmetalli. inclusions in the final
component are impermissible. The rotor metal is checked for defects
by examination of the fracture surfaces of the mechanical-test speci- g
mens, etching of the neck surfaces, barrel faces, and a section cut
from the topside of the ingot, use of Baumann impressions, periscopic
examinatlon, and ultrasonic defectoscopy.

The Baumann impressions made from the neck surfaces and barrel
faces should rate three points on the four-pcint Urals Heavy Machine
Building Plant [UZTMJ(Y¥3TM) scale. The fracture surfaces of the mech-
anical-test specimens are considered satisfactory when they have a -
fibrous or fine-grained structure and exhibit no discontinuitles,
pores, or nonmetallic inclusions.

Periscopic examination with a magnification of up to 1.5 should
reveal no cracks, flakes, fissures, shrinkage pcres, large nonmetal-
lic inclusions (more than 3 mm), or aggregates of small nonmetallic
inclusions (more than 10 inclusions less than 1.5 mm in diameter over
an area of 60 em?) in the surface of the axial channel. Scattered
nonmetallic inciusions ranging frem 1.5 to 3 mm in diameter and oc-
curring in groups of less than 10 (over the same area) cr small non-
metaltlic inclusions ranging from 1 to 1.5 mm in dlameter and not
numbering more than 25 over the entire rotor-channei surface are per-
missible. The total number of inclusiors of all siz~s should not ex-
ceed 75. When the inclusions in the axial-channel surface are larger
in size or greater in number, the c¢hannel 1ls subjected to lecal
trimming or boring to a diameter dictated by the rotor design.

The forged rotor is checked for cracks, flakes, shrinkage
pores, and other gross defects by ultrasonic defectoscopy over all
1ts cylindrical surfaces. Only isolated nonmetalllc inclusions are
permitted, their number and size not exceeding the following norms:
the totai number of defects 2-4 mm in size should be less than 30,
including nc more than 10 located no less than 50 mm apart in the
rotor barrel and the remainder separated by distances of no less
than 50, 30, and 15 mm at both ends of the rotor, depending on

thelir specific locaticn., Defects less than 2 mm in dimeter are not
counted.

The residual stregses, which are determineid vy cutting rings
frem one face of the barrel, should nct exceed & kgf/mm?.

The rotor blanis are sublected to thermal testing in order to
determine the deformation that occurs under temperature conditions
similar to those that obtain during turbine operaticn. The bent
blank is retempsred and subjected to a second thermal test,

The stringent ncrms described above for permissible defects
in the rotor blanks require that special attention be paild to the
metallurglical aspect of forging production., The experience of the
Urals Machine Building Plant has shown that even zmelting steel Ly
the duplex process in an acid open-hearth furnace with a screcneu
charze, roacted ore, and ferro alloys and employment of other meas-
ures of a sim'lar nature cannot enaure reltfable metal quality., A
large increase in rotor quallity and almoat complete ellmination of
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rejJects or metallurgical dedfecr. nas been achleved by use of vacuum

casting, which is now rormarded .o o necessary prerequisite for obtain-
ing high-quallty rotors that sarl.fy tane norme stipulated by technical
specifications. The only drawbnor o' vacuum casting of steel for rotor

forging 1s the increase In carbon lizuation, but this factor has no
marked effect on the strength of specimens taken fromthe upper and
lower ends of the blank when the forging 1s sultable lald out with
respect to the ingot length.

Ingots for forged rotors are usually 12-sided, have a rauio
H/D = 1.5, and exhibit a bilateral taper of less than 11.4%, It has
been established that this ingot shape yields minimum development of
shrinkage phenomena in the ingot and a more compact structure in the
central zone of the forged rotor. The ingots are supplied hot to the
press shop, with a surface temperature of 600-700°C. Special atten-
tion must be pald to uniform preforging heating of the ingot.

As an example, we will describe the technology used to forge
rotors with a barrel diameter cf 1140 mm from 1ngots welghing 51 t
(Fig. 25).

The forging pattern provides for fabricating the smaller end of
the rotor from the lowerportion of the ingot, in connection with the
carbon distribution over the ingot height. The usual difference be-
tween the carbon content of the upper and lower portions of the ingot
1s markedly inecreased by vacuum casting and reaches 0.04-0.05% {n :onhie
cases. Proper utilization of the ingots, taking into account the cross-
sectional dimensions of the terminal portlons of the rotcr, therefore
promotes higher mechanical characteristics and greater unifcimity of
forging strength, since the lower carbon content in the small end is
compensuated ior by the better thermal working of the me*al. The shut-
ting pin 1s fabricated with 50 mm of metal from the ingov body gripped.
The edges and facets are vressed to a diameter of 1400 mm, using the
full width of the die blceck and reductions of up to 120 mm per pass.
After intermediate upsetting of the ingot, 1y is drawn to a dlameter
of 1450 mm through a 1400-mm square. Composite die blocks are used
for the round-drawing operations: the upper block 1s flat and the
lower cut-away. A spherical upsettinrg platen is employed for the in-
termediate upsettin . A total of six passes are made. The forging-
temperature range is 1220-800°C, except for the two final passes,
for which the presence of deformed zones 1in the blanks makes the maxi-
mum heating temperature 1050°C ¢- :=ss. All the forging operations are
carried out in pressec exertin? ~ Jooce of 10,000 or 12,000 t.

We must emphaslize the Yorge iai'luence of the deformation pattern,
die-block profile, and forging temperature on rotor quallty. Exper!-
mentation has established that effective welding up of defocts tn the
ingot occurs when the stress pattern o favorable, oven wnen highly
developed shrinkage pores and discontinultlies o *t - crack type are
present in the motal. Experlmental work on welding up of lefects In
large forged rotors has been very indicative in thiz reapect [U1):
repeated dravwing of defective rotors under favorable temperature and - -
deformation conditione led to complete scal!ing of defects with a reduc-
tion ratio of 2.0-3.0 (4.0 when intermediste upsetting was employed).

The required reductlion patin and the eff'ectiveness with which
defects are welded up depend: largely on the deformation pattern.
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Drawling of the upser billet to a clrcle through a square, which in-
creases the deformation 1n the central zone of the forglng and reduces
the size of the liquate inclusions [5], and use of relative feeds 1,/D
of no less than 0.5 and as large a reduction ratio as possible must

be regarded as obligatury. It 15 also desirable to employ cut-away

die blocks rather than composite blocks 1n drawing the bLlank into a
round shape, since the entlre volume of metal to be deformed 1s sub-
Jected to multilateral nonuniform compression in this case,

The aforementlioned elements of the mechanical forging regime
create the most favorable corditions for deformation of the internal
regions of the ingots, which promotes welding up of pores ard other
axial defects, since the center of the blank 1s subjected to compres-
silve rather than tensile stresses. The larger the metallurgical de-
feets In the ingots, the more important is use of an optimum deforme-
tion regime, whose influence has been verified by comparing different
procedures for forging rotors from alloy structural and speclal steels.
Tnis factor was specifically found to be significant in evaluating
the quality of rotors forged from ingots weighing 71.5 t [35].

Among other features of rotor~forging technology, we should note
that substantial disolacement of the neck axls with respect to the
barrel axis (exceeding 15-20 mm) 1s impermissible. This 1is dictated
by tlie high-temperature operating conditions and by the thermal test
procedure, whose results depend on the asymmetry of the metallurgl-~
cal ctructure of the forging. Minimum neck-axls displacement promotes
uriform heating of the ingot and intermediate blank and makes it easier
to ovtain identical per-pass reducticns during drawing.

The initlal heat treatment and cooling of the forgings 1s carried
sut under a special regime (Flg. 26). Normalizatlicn at §70-990°C is
incorporated into the treatment procedure as part of the general cy-
cle of double normalization and temperins and is not an cbligatory

" component of the inltial heat treatment. In practice, it can be car-

ried ou after trimming and before the second ({final) normalization,
In terms of production, however, 1t 1s best combined with the initial
heat treatment. The other elements of the proceduvre (supercooling to
280-320°C, isothermal annealing at 720-730°C, and slow cooling with
the furnace to 300°C) constitute a complex of operations that ensure

that the forgings will not flake and that the residual siresces will
be minimal.

The temperiture at which the forgings are lcaded into the heat-
treatmer:t furnace 1s specified Ly the technulogical instructions and
thould n:: be less thin 400°C. The working temperature of the furnace
is held at 500-650°C. The manner in which the roturs are arranged on
the furnace bottonm provides for uniform multilateral heating of the
metal: the forgings are plac:d on footing plates no less than 250 mm
high at a distance of no less than 500 mm {rom the front and back
walls of the furnace and 300 mm from the lateral walls.

After the initial heat treutment, hardness measurements, and
marking out, two transverse se2tions corresponding tc the top and
bottom of the ingot are cut {rem the forgings for macroscoplc exam-
inatlon, which shows the presence of flakes, noametallie Incluslons,
liquates, pores, and other metallurgical defects. Samples are then
taken from the sections for chemical analysis, determining the car-
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Fig. 26. Graph representing initial heat treatment and cooling of
forged rotors of P2 (P2M) steel. I Accumulation of forgings; II)
equilibration of charge temperature. 1) h.

bon and molybdenum contents of both ends of the rotor. When the macro-
scoplc examination yields - itisfactory results, the forgings go for
machining (trimming). The a.lowance over the final dimensions left
during trimming is generally 30 mm in the barrel diameter and 40 mm

in the neck diameter.

Trimming is carried out 1n two stages. The blank is first machined

with an allowance of 7 mm per slde over the trimmed dimenslons indic-
ated in the blank plan. Superficial defects show up during this stage
of machining, and, when they are present, the blank is again laid out
80 that they can be removed during subsequent trimming Ly siightly
shifting the axis.

Before the fins (disks) are cut, the cylindrical surfaces of the
blank are ground for ultrasonic defectoscopy. The principal reasons
for ultrasonic examination of the rotor before the final heat trc-t-
ment are the inpossibility of thorough checking of a barrel in which
fins have been cut and the need for preventive examination of metal
quality in order to avold further processing of blanks that are al-
ready unsuitable. Checking the rotor during the intermediate stage
0" heat treatment does not cause any noticeable distortion of the re-
sults through spurious impulses, since the first normalizatlion-sub-
stantially reduces the structural heterogeneity present in metal
heat-treated without recrystallization. When doubtful results are ob-
talned, the ultrason!c defectoscopy can be repeated from all acces-
sible surfaces after the final heat treatment. '

Analysts of the results obtained in production monitoring of a
large number of rotors showed that switching to vacuum casting almost
eliminated rejects for defects detected ultrasonically: no nonmetalllc
inclusions or other metallurgical defecis were detected in most of the
forgings and only & few contalned isolated incluslions or small groups
of inclusions, whose characteristics were within the limits permitted
by the technical specifications.

In order to i{llustrate the numbce and size of the defects some-
times detected in forged rotors, we will discuss a specific instance

from the Izhorsk Plant. A forged roior weighing 31.%5 t and having a
barrel diameter of 1140 mm (Fig. 25) was found to contain the follow-
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Ing delects of the nonmetallic-~inclusion type: clight aggregates of
defects 2 mm in size (by comparison with a standard), two defects

4 mm in diameter and an aggregate of defects less than 2 mm in dia-
meter in the barrel region and 5 defects 2-3 mm in diameter in the
neck, in the area corresponding to the lower side of the ingot. The
location of the defects and the distance between them satisfied the
norms set by the technical specifications. The results of ultrasonic
defectoscopy showed the forging to be acceptable. Th~ characteristirs
of the defects detected ultrasonically in other rotors will obviously
differ, but, as experience has shown, forged rotors produced by the
process described ubove will elther contain no defects more than 2 mm
in diameter or contain a number of such defects comparable to that

in the case described above.

Blanks shown to be acceptable by ultrasonic defectoscopy are
machined before the final heat treatment: annular grooves {(slots)
are cut in the rotor barrel, the allowances are removed from the
necks, the ends are cut 1n accordance with the trimming plan, and
holes are drilled and broached in tha shart for the suspension. An
axial channel 1is also drilled in large rotor blanks before heat
treatment, thus providing mcre effective cooling of the rotor during
normalization and to some extent reduclirg the danger that quenching
cracks will be formed.

The final heat treatment of the rotors consists of normaliza-
tion and tempering. According to the data of A.I. Chizhik [48], this
type of heat treatment has certain advantages over modification for
forged rotors. Quenching and tempering provides a higher impact
strength in the central zone of the forging and a greater high-temp-
erature deformatlon capacity,but these favorable characteristics are
manifested only when the blank ls heat-treated to high strength. At
the values of o0y,.2 and Oy commonly employed for rotors of the class

under consideration (Table 14), modification has almost none of these
advantages. At the same time, there is a material danger that micro-
cracks will be formed and small metallurgical defects will develop as
a result of the high thermal and structural stresses produced during
quenching. Ultrasonlc defectoscopy has specifically shown that there
i3 a noticeable increase in the number and size of the defects in
quench-tempered rotors.
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Fig. 27. Final neat treatment of vrotor blanks produced from PZM steel,
I, 17) Equilibration of metal temperature in charge. 1) h.
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Nermalization iu¢ thus the most raverabie heat-treatment opera- I
tion from the standpolnt of gosclvle development of metallurglcal
defects. The required impact strength ls achieved by rapid coollng
of the blanks, using forced alr circulation.

Figure 27 1s a graph representing the final heat treatment of
rotor blanks (provided that the first normalization is carried out
Auring the initial heat-treatment cycle).

The blanks are heated in a vertical heat-treatment furnace. It
must be noted that proper positioning and correct support of the rotors
in the universal suspension devices 1s of great importance. An abso- i
lutely vertical position in the furnace is important both with res- §
pect to optimum heating conditions and to prevent bending of the ro-
tors, which should be minimal. All other conditions belng equal, the :
noncoaxiality of the heat-treated rotor and initial ingot decreases i
with the deformation of the blanks, which atfects the ultimate results
obtained in thermal tests. Deformation that requires the rotor to be
straightened, 1.e., is outside the actual machining tolerances, 1is
especially undesirable. Such straightening means that additional la-
bor 1s consumed and the technological cycle is more complex, hut it
can also lead to bending at elevated working temperatures. It has been
found that straightened heat-treated rotors exhiblt impermissible bend-
ing during thermal tests in many cases, even though they have been tem-
pered for stress relief.

Rotor warping during heat treatment 1s also affected by a number
of other factors, which are associated principally with nonuniform
heating and cooling of the blanks u.ring normalization. in order to
obtain more uniform heating., the blunk is periodically turned by 180°,
which increases the uniformity with which the thermal factor acts on
the rotor metal. ’

As has already been pointed out, the rotors are normalized wlth
forced air circulation. A special chamber in the form of a cylindri-
cal shaft 1s used for this purpose, with fans supplylng alir through
nozzles at a pressure of about 150-200 mm H,0. The nozzles are ar-
ranged in such fashion that the air stream 1s tangential to the sus-
pended rotor.

Uniform cooling in the chamber is as lmportant for homogeneity
of mechanical propertles and minimum rotor deformation as is uniform
heating before normallzation. The rotor suspended in the cooling
chamber (in an absolutely vertical posltion) is therefore periodically
rotated by 180° and the alrflow over the chamber height is adjusted in
accordance with the rotor croass=section tn cach given area of the
chamber,

After cooling to 100-150°C, the rotor goes to a vertical furnace
for tempering, durlng which it is also periodically rotated Ly 180°
fevery 10 h after tempering begins). The relatively low final temp-
erature to which the blank 1s cooled with the furnace is intended to
provide maximum rellet of Internal stresses. In practice, the residual
atresses are relatively small whern the blank is cooled with the fur-
nace to a higher tomperature (060-300°C¢) and they have no effect on
the stabi ity of rotor (roperties; aowever, they have a4 marked influ-
ence on o deormatton o ghen the equ! Hbetum of the rectdual-=streass avatem
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breaks dcwn, 1.e., when the stresses are redistributed, as during
finish machining.

By way of 1llustration, let us consider the actual final heat-
treatment regime (normalization and tempering) for a rotor blank
with a barrel diameter of 1140 mm (Fig. 25). After being placed in
the universal suspension device, checked for vertical positioning in
several planes, and loaded into a vertical heat-treatment furnace at
250°C, the rotor is subjected to prenormalization heating under the
following regime: holding at the charging temperature for 4 h, heat-
ing to 520°C at a rate of 30 deg/h, rotation by 180°, holding at
520°C for 4 h, heatling to 700°C at a rate of 35 deg/h, holding at
700-720°C until the temperature has been fully equilibrated over the
rotor cross-section (11 h 35 min), rotation by 180°, heating to 950°C
at a rate of 45 deg/h, equilibration of the temperature over the ro-
tor cross-section %1“ h) with rotation by 180° after 10 h, and holding
at 950°C for 9 h 40 min.

The rotor is normalized in a chamber with forced cooling, rotat-
ing it by 180° 1, 2, and 5 h after cooling begins. The final tempera-
ture to which the rotor is cooled is 100-140°C. The total cooling time
is 10 h 30 min. Contact-thermocouple measurements showed the following
temperature distribution at five points over the rotor height at the

end of the cooling period (from top to bottom}: 140, 130, 140, 100
and 125°,

The rotor is loaded into a vertical furnace for tempering im-
mediately after cooling, with a furnace temperature of 230-240°C.
The tempering regime includes holding at 230-250°C for 5 h, heating
to 705-71C°C at a rate of 25-30 deg/h equilibration cf the rotcr
temperature at 705-710°C for 12 h, hoiding at 705-710°C for 28h with
rotation of the rotor by 180° after 10 h, and cooling to 200°C at a
rate of 106-20 deg/h. After cooling with the furnace, the vertically
positicned rotor is subjlected to additional cooling in air to a temp-
erature of about 15 1°C.

The actual total duration of the final heat treatment is 176 h
30 min, inciuding 65 k 40 min for normalization, 10 h 30 min for
cooling in the special chamber, and 100 h 20 min for tempering.

The heat-treated blanks are subjected to hardness and warping
measurements and mechanical tests.

The hardness 1s measured at two points on both ends of the
rotor. The absolute values are not stipulated by the technical specl-
ficatlions and the measurements serve only to check the homogeneity
of the metal: the difference in hardness at different points should
not exceed 40 HB, The bending of the rotor due to warping is checked
with a benchplate laid on roller supports. The outside diameter of the
barrel is taken as the measurement base. The maximum bending 1s deter-
mined and 1ts location fixed by turning the rotor on the roller sup-
ports., A marker gauge 1s empioyed to determine the actual surplus
over the established based measurement through all diameters of the
Llank. The maximum bend in the rotor should not exceed 75% of the
finish tolerance. The blank is straightensd if greater deformation
has taken place. '
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Long experience at the Urals Machine Building Plant has shown
that the curvature of most rotor blanks lies within the maximum per-
missible deformation. Thus, the results of statistical analyses made
over 5 years established that U4.5% of the blanks produced were
straightened after final heat treatment. In addition to factors as-~
sociated with nonuniform heating and cooling of the blanks during
heat treatment, lacreased rotor deformation was also produced by
lack of an axial channel in the blank and heat treatment of rotors
of different weights in the same charge.

When necessary, the rotors are straightened in a forging press
while hot. The prestralghtening heating regime includes loading into
the furnace at a temperature of no more than 300°C, heating to 650-
660°C at a rate of no more than 60 deg/h, and holding at 650-660°C
for nu less than 20 h. The rotor 1is placed 1n speclal cutaway dle
blocks and light pressure 1s applled to straighten it at the point
inrdicated by the marker gauge. After straightening has been completed
and checking of the rotor curvature ylelds satisfactory results,
stress~relief tempering 1s carried out in a vertical furnace, keeping
the heat-treatment cycle contlinuous. The rotor 1s loaded into the
charging furnace at a temperature of 500-600° C, heated to 670-680°C
at a rate of no more than 40-50 deg/h, held at 670-680°C for 15 h
after the temperature has been equilibrated, cooled to 200°C at a
rate ot 20-30 degz/h, and then ceoled in air while suspended.

Experience has shown, howeve:, that post straightening temper-
ing does not always provide stable satisfactory results in subsequent
thermal tests. More reliable results are obtained when Lise final heat-
treatment 2ycle (normalization and tempering) 1is repeated after
straightening. ‘

Rotor blanks in which the curvature after heat treatment does
not exceed permissible levels are subjected to mechanical tests.
Table 15 shows the actual results obtalned in tests on four rotors
forged at the Izhorsk Plant, which are typlical of large forged ro-
tors of P2M steel, as well as the actual carbon content 1n areas or
the rotor cnrresponding to the top and bottom of the ingot.

The blanks have the requisite mechanical properties, with high
reserve plasticlity and impact strength., The mcchanical properties
were quite uniform and there was no material scattering of values
within each rotor.

It can be seen from a comparison of the actual carbon content
in different areas of the rotors with the corresponding mechanical
properties of the metal that the decrease In carbon content over the
Ingot helpght had no marked influence on strength: the variation in

0o.¢ d1d not exceed U-5 kgf/mm?* in longitudinal and tangential speci-
mens.,

In producing forged rotors from P2 and P2M steels, the yleld
ctrength sometimes falls to reach the maximum permlissible value in
tangential spectmens, This is undesirable, but a substantlal excess
over the establlished value of 0o : 1o alse lmpermissible, since it
reduces lone=term tenaslle plasticity and Inereases the sensitivity
of the metal to atress coneectratian, In such cases, the rotor blanks
are subrlected to addittonal temperlng. [t 1o tor precisely thls rea-
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TABLE 15§
Results of Mechanical Tests on Four Rotors of P2M Steel (Fig. 25a)
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1) Forging No.; 2) chemical composition (molten sample), %; 3) actual
carbon content (%) at end of rotor corresponding to; 4) upper por-
tion of ingot; 5) 1st analysis; 6) 2nd analysis; 7) lower portion of
ingot; 8) mechanical properties; 9) longitudinal specimens from both
ends of rotor; 10) kgf/mm?; 11) kgf+m/cm?; 12) tangential specimens

from barrel.

son that the technical specifications stipulate the maximum yield

strength.,

Before accelerated postnormalization cooling was introduced,
about 80% of the rotor blanks exhibited reduced impact strength [50].
After switching tc normalization with forced cooling, the number of
ingots with low impact strength was greatly reduced and their occur-
rence was fortuitous. There was a marked increase in absolute impact
strength, which indicates that the structural transtormations that
take place during normalization, which are directly related to the
rate at which the rotors are cooled, have the dominant influence on

impact strength.

The high values of the plasticity indices & and § were stable
for all the rotors, Statistical analysis of 96 rotors of P2 steel
established that the relative elongation for longitudinal and tan-
gentlal specimens was generally 16-20%, while the transverse necking

was 55-65% [50].
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Sectioning and testing of a rotor forged from an ingot weighlng
47.5 t at the Urals Machine Bullding Plant showed that the mechani-
cal properties of the central zone, except for indlvidual deviations
(principally in impact strength), were sufficiently high: o, 4931 wlsw?,
a0, T2 -Th RFwmE, b o 1T 20V de SB2%: g, 29 7.0 KT oaen® (48,

The reliabllity of mechanical tests on rotors 1s specifically
governed by the homogeneity of the mechanical properties of differ-
ent areas of the blank. Hardness measurements on all sides and pro-
per selection of specimens from the rings cut from the rotor barrel
are therefore important elements of the test procedure: the speci-
mens shouid be from diametrically opposed sites, which to some extent
ensures that any impermissible discrepancy in properties will show up.

In addition to cutting rings from the rotor barrel for mechani-
cal testing, the residual stresses are also determined (by measuring
the ring diameter before and after cutting). Additional tempering 1s
carried out when the residual stresses exceed the established norm
for the rotor in question. However, such cases are very rare in prac-
tice.

The results obtained 1n checking rotor macrostructure by mak.ng ;
sulfur impressions and etching the surfaces (with ammonium persulfate !
and 10% nitric acid) are generally satisfactory and it is not diffi- j
cult Co satisfy the requirements imposed by the technical specifica- |
tions. Periscopic examination of the axial channel 1s a more complex f
problem and the results obtalned sometimes nececssitate rebroaching 3
znd careful analysis of the defects observed.

Despite the great lmprovement in steel quality resulting from
vacuum casting, periscopic examination still often shows discontinui-
ties and visible nonmetallic inclusions whose aggregate characteris-
tics exceed the norms established by the technical specifications
when the surface of the axial channel is examined (within the limi:us
of' the originally stipulated diameter). Trimming to remove locallzed
defects and local or overall broaching of the channel are permissitle
in such cases., Technical specifications limit the increase in the nomi-
nal channel diameter to 10%, but broaching to a larger diameter can
be carried out for some blanks 1f the design characteristics of the
rotor permit and the consumer agrees. In practice, this technique 1is
usually employed to remove impermissible axial defects and to bring
the aggregates of residual nonmetalllic inclusions within the stipu-
lated norms. As an illustration, let us consider the resulte obtained
in checking the axial channels of two rotors forged at the Izhorsk
Plant. '

First rotor. The original axlal-channcl diameter provided by
the rotor plans was 90 mm. Periscopic examination of the channel
surface revealed large aggregates of point and elongated liquates,
up to 4 mm in slze. After additional broaching of the channel to
100 mm in the portion of the rotor corresponding to the upper part
of the ingot {over & length of 3-3.5 m), a chain of inclusions 5-6 mm
long was detected. Further broaching to 106 mm did not reduce the
defeets. Individual inelustcns extending over 0.65-1.0 mm rewained
in the channel asurface only after broachings to a diameter of 117 mm,
Perlacopic examination showed the rotor to be acceptable.
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Second rotor. Examination of the axial channel, which was 90 mm
in diameter, revealed 8 small cracks 12-40 mm long and groups ot
small fissures. The channel was successively broached to diameters
of 97, 105 and 112 mm. No defects were detected in the channel sur-
face at a diameter of 112 mm,

These examples emphasize the importance of keeping the devia-
tion of the forging axis from the initilal-ingot axis tn a mininmum in
order to obtain satisfactory periscopic results, since the defects
detected are principally of shrinkage and iiquation origin and are

directly related to the location of the channel in the central zone
of the 1ingot.

The final quality-control operation for rotor blanks 1s thermal
testing. This procedure sl'ows the deformation (bending) undergone by
the rotor under conditions similar to its operating-temperature re-
gime. In essence, the thermal test consists in slowly heuting the
rotor to about 400-500°C {depending on its characteristics) as it
rotates in a lathe, holding 1t at this temperature. and then slowly
ccoling it. When hending that exceeds the permissitle level occurs
(as deterinined by gauges during all stages of th¢ !{ast), the rotor
is agaln tempered and tested. The final operations are neczessary and
effective only 1if the bending initially detected is due to partial re-
lief or redistribution of residual stresses, as indlcated by persist-
ence of the curvature after the rotor has cooled. If the curvature
observed at elevated temperatures dlsappears when *he rotor is cooled,
this 1s a sign of an asymmetrlc macrostructure tha: causes nonuniform
distribution of thermal stresses over the rotor circumference. No
heat treatment can correct such a defect. Unsatisfactory results in
the final thermal tests, which are very rare, are due to disregard
of the baslc technological rules for obtaining maximum coaxiality
between the rotor and initial ingot.
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