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" OPTIMIZATION OF STRENGTH AND TOUGHNESS IN A HIGH CARBON STEEL
Rameshchandra J. Kar
Materials and Molecular Research Division, Lawrehce Berkeley Laboratory

and Department of Materials Science and Engineering,
University of California, Berkeley, California 94720

ABSTRACT

In this investigation, ball-bearing grade E52100 steel and two of
its Si modifications (1 wt%Z and 2 wt%Si) are examined for improved
mécﬁanical properties. Hardness, tensile and toughness testing have been
done. Optical and scanning electron microscopy havevbeenbuséd to cor-
relate microstructure with observed.mechanical properties. It is found
that use of high austenitization temperétures and)or Si modification
" give large.amounts of retained austenite. Isothérmal transformations
SUbéequent to single or two-cycle austenifization give mixed micro-
structures of lower bainite, martensite and retained austenite. These
‘.offer the potential of achieving high»strength—gdughness'éombinations
whi¢h'cquld méke thié‘high carbon steel attractive for alternate

applications.
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T. INTRODUCTION

Commercial grade E 52100 has‘mede'its mark in the ball bearing
industry. This high carben steei'(l% Cj is characterized by a high
hardness in the temﬁered martensitie condition. The age-old norm
exists - the'higher the carben content, the higher the.strength, but
uﬁfortunatelf, high carbon steels are extremely'brittle}\

Commercial usege of 52100 involvee iﬁcomplete austenitization at
reletively iow temperatures, resulting in incomplete diseoletion of
alle§.cafbides, p-edomiﬁantly Fe-~-Cr complexes.1 'it:is well~knowﬁvthat

T \ ,
undissolyed carbides give poor foughness, parﬁicularly'if these are

. : . . 2 . .
incoherent and do not deform with the matrix. The martensite formed

. . . _ 3 , ' . .
on subsequent quenching is heavily twinned. Twinned martensite is

knewn.to contribute to the strength of tﬁe_alloy,a..but it genefally
reeuies in,boor toughness.sl Moreover, high carben'eteels are plagued
with the se&efe problem of micfocracking.l Microcracks appear af the'.
tips of impinging mafteneitie plates and are a cOnseddence of accommoda-
tioe of tranefefmafioe strains.6 All these factors impart poor
toughness. |

In the spirit of a continuing ﬁrogram of éiloy design for imeroved
fracture t0ughnese,7 the preéent {nveStigatiqn is undertaken to deveiop
optimum strength toughness-coﬁbinafions.in this high carbon étoei, by
use .of tecﬁniques.that have met with a_reasoﬁable measure of success

in steels of lower carbon content.
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At the onset, it would be»negessary to characterize the mechanical
propérties of 52100 in the quenched and tempered conditionm, fqllowing
a typical auétenitization,scheduie used in.industry. This is because
no systematic evaluation of this has been done, and the results obtained
could sefve as a basis of comparison for subsequent heat treatﬁents.

Use of higher austenitization temperatures would dissolve alloy
carbides but with greater carbon in'solution, the microcracking
" tendency (which is a function of the carbon content) increases. Two
cycle austenitization treatments have been suggested8 to overcome this
problem; It would be interesting to categorize the mechanical pfoper;ies
of quenched and tempered specimens using this technique.

However, the realm of isothé;mal transformations to lower bainite
appears the most attractive treatmeﬁt. Isothermal transformations offer
the potentialvof achieving high strength-toughness combinations, since
lower bainite has a morphology very similar to tempéred mértensite.

Thus investigations of lower bainite and duplux structures of lower
bainite and martensite must be carried out, since these have exhibited
.good properties in other alloy steels«g_lz'

Additioﬁ of silicon and/or austenitization at high temperatures

. . 13,14
result in retention of large amounts of retained austenite.” ™’

It
would be of interest to determine whether this austenite can be made to
. ' ' 15 .. . . . .
undergo a 'TRTIP' phenomenon, which could be used in conjunction with
isothermal treatments to develop high strength-toughness combinations.

Thus this project aims at investigating different heat treatments

in 52100 and its silicon variants, to impart reasonable toughness at



high strength and hardness levels that would make this high carbon

steel attractive for alternate applications.



II. EXPERIMENTAL PROCEDURE

A. Material Preparation

The steels used in this investigation consist of three alloys -
52100 and two Si modifications viz. 52100 + 1 wt%Si and 52100 + 2 wt%Si.
A part of the 52100 used was éuppliéd by SKF Industries iﬁ the form
of two 20_1b.ringots. The remainder of the 52100 and its Si variants
were melted in a 100 kilowatt vacuum induction furnace and cast into
20 ib. iﬁgots. The ingots were next flat férged at 1100°C to 0.56 in
and 0.25 in plateg. Affer saﬁd blasting to remove oxide séale, the
material was homogenized at 1200°C in vacuum for 48 hours and then
furnaée cooled. Chemical analysis were subsequentiy carried out on
homogenized -samples. The general cbmpositions of the alléy are listed

in Table 1.

B. Heat Treatment

Heat treatments were carried out on oversize round tensile, flat
tensile, Charpy and three point bend test blanks, using a vertical tube
furnace under_argon atmosphere (Fig. 1). Quenching was carried out in
' ,agitut¢d warm oil, or bot oil (150°C) as per the schedule used. Tso-
_therﬁal tranéformations Qere carried out in a large salt pot placed
direétly below the austenization fﬁrnace.' ?he different heat treatments

used are listed in Table TIL.
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C. Mechanical Testing

1. Hardness Testing

Rockwell 'C' hardness tests were made on broken Charpy,bafs and
benﬂ teét specimens, whigh were suitably prepared by metallographic‘
polishing techniques prior to hardness testing. The hardnes§ value
réported corresponds to an.average of six or more measurements.

Vickers migrohardness_values of some specimens were determined
using a Leitz Wetzlar microhardness tester. An applied load of lOOb g-
was used to make indentations on the speéimen; HarﬁngSs was calculated
from measurements of thevindentatioﬁ diégonals.!_Six Or more measure-

ments were made in each case.

2. Tensile Testing.v

Measurements of teﬁsile properties were‘made using the 1 in. gage
1ength,'0.25.in. diameter rouﬂd'épecimen shown in Fig. 2. Oversize
ISpecimens were heat treated and then final ground to dimension under
flood cééling. Tests wefe éarried'out at rooﬁ'temperature using
a 300 Kip MTS at a loading rate of 0.04 in/min. ‘A minimum of three
tests were performed for each heat treatment. Most of the quenched
;hd tempered spéciméns exﬁerienced failure in the linear elastic region
and hencé elongations have not been reported,

Tensile Eests were n]so.carrivd oult on flatvtcnsilq specinmens
(Fig. 3)»5t room temperature usiﬁg an Instron testing machine using a

cross head speed of 0.05 c¢m/min.



3. Charpy Impact Testing

Oversize Charpy blanks were heat treated and then ground to final
size and the V-notch inserted. Specimen dimensions and other details
are given in Fig. 4. 1In all cases three specimens were tested for

each heat treatment.

4, Fracture Toughness Testing.
‘vFracfurevtOughnesé tests were cérried out on heat treated bend
test blanks wh}ch were ground to dimensions and a 0.008 in slot inserted
(Fig. 5). Room temperature tests were carried out using a three-point
bend test rig»on the 300 Kip MTS, which is illﬁstrated in Fig. 6.
The crack length was monitored using a crack opening displacement

(COD) gage. Details of the calculations are given in the Appendix.

D. Dilatometry

Dilatometry was carried out on standard size dilatometric specimens
using thé Theta dilatometer (Fig. 7). The Ms, AS and Af temperatures
of the alloy steels weré established by dilatometr& and ére given in
Table TI. |

. .

The TTT diagrams of the three alloys were established by dilatometry

by isothermal holding at different- temperatures.

E. X-Ray Analysis

Measurements of retained austenite present at room temperature were
carried out using the Picker X-ray diffractometer. Specimens were cut
from broken Charpy and bend test bars. These were then polished and

etched in a solution of 100 ml. H202 + 4 ml. HF to obtain a shiny



surface. The sbecimens were scanﬁed.using Cu Ka radiation and the (111)Y
(311, (220)Y, (222) reflections were measured.

Calculations of per)cent retéined austenite were made by the tech-
nique suggested by'Miller,lé with appropriate cofrections being made

for specimen composition.

F. Magnetic Tests

The saturation induction of specimens was measured before and during
tensile testing. A schematic drawing of the permeameter is given in
: i B . . 17 .
‘Fig. 8. Details of the calculations are given elsewhere. Using this .
technique, it was possible to calculate the percentage of retained.
austenite present before testing, and the per cent that transformed to

martensite during testing.

G. Optical Metallography

Optical metallogfaphy was carried out on specimens cut from Charpy
and bend testvpieces; These were mounted in Koldmount, suitably
polished on silicon éarbide papers:down to 600 grit, poliéﬁed onaluy
diamond abrasive wheel and then given a final polish with a 0.05 gamma
micropolish in a Syntron. Specimens‘were étched using 2% nital.or a
solution of 5 gm. picric acid iﬁ a 100 cc solution of ethanol saturated

with dodecylbenzene sulfonate.

H. Fractography

Examination of the fracture surfaces of Charpy bars and bend test

specimens were done using an AMR scanning electron microscope at an



operating voltage of 20 kv. Fracture surfaces were protected with
répiicating tape during specimen preparation, which was subsequently

dissolved in acetone.



III. RESULTS AND DISCUSSION

1. "Preliminariesf‘ Commercial heat'treatménts of 52100 involve
austenitizationvat 840-900°C for 30—35‘ﬁins, followed by a warm éil.
quench and Subseéuent tempering. 'This'resﬁlts in ﬁﬁdissolved carbides
(Fig. 9a) which have been evaluated as complex Fe~Cr carﬁides.l It has

18,19 that undissolved carbides are known to

been well established
give poor fracture toughness and impact values, since these can act as .
crack nuclei. Hence it is evident that as a primary step towards
improving toughness, higher austenitization temperatures than the
schedule used in industry would be necéssary. However high carboﬁ
steels are associated with the severe problem of microcracking,
which is a function of the size of the martensite packets formed on

. 21 ‘ . . . .
quenching. In order to decrease this tendency. towards mlcrocracqug,
grain refinement techniques would be needed to be used in conjunction
with high austenitization temperatures.

Silicon addition to low C steels such as 4340 has shown to. increase .
: . 22 '

resistance to softening during tempering = and to extend the temperature
range in which € carbide precipitates. It is also known to retard

ors y ' 23 .
the 500°F embrittlement of tempered martensite. It has also been

- . o i 24 , L

known to cause retention of thermally-stabilized ' retained austenite.
Hence it was decided to investigate whether alloy modification of
52100 by Si addition in combination with different heat treatments could
improve the mechanical properties.. Table II explains the differentvheat

treatments that have been used.
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In particular, the primary objective was to improve the toughness
of 52100 or its Si variants at strength and hardness levels utilized in
the bearing industry.

2. Investigation of Quenched and Tempered Properties: Except for

hardnéss measuremnts, practically no data is available on quenched and
tempered‘treatments for 52100 steel. Hence as a starting point,
austenitization treatﬁenté were carried out following a‘typiéal

schedule used in industry (Scheduie A). A schematic of the heat

treatment is given in Fig. 10, and details in Table II. Various
mechanical properties were measured and these are tabﬁlated in Table IIla.
These are used as é basis for comparison of the different heat treat-
ments which are discussed later.

As seen in Table IIIa,_in the quenched and tempered‘condition,
52100'15 exﬁfemely brittle, as indicated by the Chérpy impact and
frécture toughness test data. Tempering at 250°C for one hour gives
a‘yield stress (corresponding to a 0.2% strain offset) of 227.8 ksi
(1570.9 MPa),'and ultimate tensile strength of 290 ksi (2000.5 MPa) ,

1/2

at avﬁardness level of RC 58 and a K. value of 21.23 ksi-in

Ic
(23.3 Mpa-ml/?

). The microstfuﬁture of as—quenched 52100 (Fig! 9a)
shows presence of undissolved éarbides, which élegrly explains the
low toughness at high strength levels,_sincé these can act'as.crack
nﬁclei.lS X-ray measurements show that ih'the quenched and tempered
~condition (A-T250)’ 52100 has less than_S% retained austenite.

High carbon stecls are gencerally associated with the problem of

microcracking. This is considered to be a manifestation of the
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formation of plate martensite.zs’26

Marder and Benscoter26 identify
the impingement of martensite plates within the bulk of a transforming
specimen as a direct cause of micfocraéking. Figure 9b is a typical
exémple of microcracks found in specimens héat treated as per schedule A.
The moderate amount of microcracking.is consistent with the results of
others,l since dissolved carbon content exerts a strong influence on
the microcracking sensitivity of high carbon alloys.27

In order to standardize treatmeﬁts, aﬁd to study the éfféct of Si
~additions at low austenitization temperatures, one of the Si variants
of 52100 viz. 52100 + 2 Si was subjected to the same schedule A, and
. properties méasured‘in the quenched and tempered condition (Table IIla).
Oﬁe.of the interesting features is that addition of Si gives rise to
a large amount of thertpally—stabilized24 retained austenite. Mgasure—
ments of saturation induction dﬁring tensile teSting,sth that thé
rétéined.austenite undergoes a "stress—induced"28 transformation to
ﬁartensite before generai yield has taken place. Addition of Si has
severely refarded fhe tempering response (Fig.ll),'sovthat at a tempering
temperature of ZSOdC,‘521OO + 2Si exhibits relatively lower Charpy |
impact and bend test values, at'highér hardqess 1é§els when compared
with uﬁmﬁdified 52100; Resiétaﬁce to Softéning duriﬁg tempering with
addition of Si has also been observed in steels having a lower carbon
content. |

Scanniné fractography showé‘that as quenched 52100 + 2Si exhibits
brittle transgranular fracture (Fig. 12). The.fracture is primarily
quasi-cleavage, having probébly initiated at undissolved carbide

particles.
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Thus the above preliminary work done on quenched and_tempered
specimené shows that higher austenitization temperatures wquld be
necessary to dissolve alloy carbide particles. However coupled with'
high éustenitization temperatures the prior austenite grain size |
inéreases and a direct quench to room temperature gives rise to severe
quench cracking. This is becéuse severe microcracking occurs which
results from the accommodation of strain at the tips of impinging
plates.21 The strain energy due to the volume change accompanying
formation of martensite increases as the transformed volume and is
proportional to the (length)ZX thickness of the plate. In' addition,
thé severity of the quench generates sufficient thermal stresses to
aggravate quench cracking.

In order to dissolve the carbides, an optimum austenitization
temperature of 1150°C was‘chosen. At this‘femperature all thé complex
Fe-Cr carbidQS'are in solution. Austenitization at 1150°C was coupled
with an interrupted quench in hot oil at 150°C (a teﬁperature intermediate
between Ms and Mf) and holding at this temperature fo;-S mins. before
cooling to room temperature. This was followed by a second austenitiza-
tion treatment at 900;C in order to refine the priof aﬁstenite gfain
size. With a finer grain size, the greater is the cnergy absorbed
during fracturce and the more difficult is the process of crack
propagation.29 This also implies a larger grain_boundary area and hence
there.is smaller coverage of grain boundaries by embrittling constituents.
Microcracking in quenched and tempered specimens would be controlled

. 29
because of the finer plates formed on quenching.
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For the second cycle austenitization, an optimum time of 20 minutes
was chosen, during which no carbon came out of solution, and the prior
auétenite gréin size was fairly §mall; Figure 13 is a schematic of the
~ two-cycle austenitization'schedulé for quenched and tembered,treatments
(termed Schedule B). Using this heat treatment the mechanical properties
of quenched and tempefed 52100, 52100+1Si, 52100+2§i have been measured
.aﬁd are given in Table IIIb. | |

Grange29 has suggested that grain refinement by thermal cyqling
could improve-thé mechanical propefties of 52100. Ho&ever,’as the
results indicate,bno significant improvement was obtained in the
quenched and témpefed condition. ‘This is‘because.of two oppésing
factors: | |

1. At low austenitization temperatures, undissolved carbides
exist, which can act as crack nucleation sites.

2. At high austenitizatioﬁ temperatures, the microdraéking
tendency, which is a function of carbon content, increases. Althoﬁgh
a two cycle austenitization treatment greatly reduces the amount of
microcrackiné,>thé problem still persists because transformation

strains at the tips of relatively smaller twinned martensitic plates

still do éxist. \
‘As is seenlin Fig. 14, there is a definite increase in the stress

level at which speciﬁens fracture.(before.général yield) in a.tensile

btest. This is'probably‘due to absence of undiésglved.élldy carbides

and because gicrécracking has been reduced. 1In a comparison of fracture

toughness (Fig. 15), two-cycle austenitized specimens show a slight

improvement due to similar reasons.
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.Figurés l6a, b, and c show the fracture surfaces of as-quenched
52100,'52100+1Si, and.52100+2;i, respectively. :(Treatment B-AQ). - As
quenched 52100 shows intergrahular fracture, with decohesion occurring
along prior auétenite graiq bouﬁdaries; while 52100+1Si and 52100+2Si
fail by QUasi—cleavage. The occurrence of intergranular fracfufe in
as-quenched 52100 is attributéd to segregation of tramb eleménts such
as P, Sb to grain.boundaries during auspenitization, since quasi-

cleavage is the normal mode of fracture in 52100;31

‘It has been
Suggested30 that there is a temperature below which there is a sufficient
thermodynamic driving force for segregation of the'émbrittling speéies
to occur; énd, that this teﬁperatuie is essentialiy independent of
grain size. The occurrence of a mixed mode (intergranular + quasi-
cleavage) in'quenched and'tempéred 52100 (Fig. 17a) 1in contrast to
quasi-cleavage in the Si variants (Figs.‘lzb & ¢) is attributed fo a
similar reason.

Another interesting feature is that two-cycle austenitization
1eéds to a 1arge amount of retained austenite being entrapped at room
temperaﬁure. Méasurements of séturation inducfion:during>tensile testing
indicéte that the austenite ﬁndergoes a "streSs—indgced" transformation
to martensite. However, since queﬁched and tempered test specimens
‘break during tensile testing before general yield has taken place,
no atteﬁpt is made to éxplain the effecf of.the fstress—induced“
transformatién qf austenite to martensite om the yield point of the

alloy being tested.
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Thus a.two—cycle austenitization treatment on quenched and tempered
52100 and its Si variants gives strength and hardnegs levels similar
to those obtained at lower austenitization temperatures, with a slight
improvement in toughness. It is possible that the retained‘austenite
could be interbosed‘between plates, and this is known to retard
miérocrack growth.2 Howe?er the morphology caﬁnot»be estéblishéd
Qsing optical microscopy and hencé no defihite conclusions can be made.
Classification‘bf tﬁe quénched énd tempered treatments has Been
done in order to serve as a source of comparison for isothérmal tréat—

ments which are discussed next.

3. Investigation of Isothermal Treatments: If metastable

austenite in a low alloy steel is held at a temperature above MS, it
“decomposes isothermally into a product of deformed ferrite and carbide
c .32 '
called bainite,”™ which closely resembles the structure of tempered
martensite. The bainite transformation exhibits feature common to
o 33 .
both diffusion controlled and martensitic transformations. It is
this property that has made a large number of research workers follow
the "bainitic route" to develop strength and toughness combinations

in alloy steels.lo’ll’12

In most alloy steels there are two distinct
forms of bainite-upper and lower bainite. In upper bainite, which
‘occurs at higher temperatures, carbide in the form of cementite
precipitates between ferrite laths. Interlath carbides are known to
34 | N
cause embrittlement and hence for strength-toughness combinations,

deéomposition of austenite to upper bainite is generally avoided. The

structure of lower bainite consists of laths or plates of dislocated
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ferrite with internal carbides and it is this>morphology which offers
scopebfor toughness at high strength levels.

A. Choice of Isothermal Temperatures

11,12

" Thomas et al. have suggested that lower bainitic structufes
may have properties superior to martensities, when. the lower bainite
is formed in high carbon sfeels by isothermal holding just above the
Ms temperature. On the other hand, Holloman et al.35 have reported
bainitic structures to have inferior toughness when compared with
tempered marfensite, when isothermal holding is done above 370°C. These
conflicting observatiéns indicate that the femperature of isothermal
holding is an important parametef, if optimum strength-toughness
combinations are to be achieved.

Dilatometric investigations ShOW'thét 52100 has . a Ms temperature
of 250°C (Table I), while addition of 1 th and 2 wt%Si tends to
depreés the Ms temperature to 244°C apd 238°C, respectively. The Ms
temperatures have been determined subséquent to.austenitizéfion at
900°C. ' The choice of 255°C as being one of the temperatures for
isothermal holding appears natural since it is.juSt a little higher
‘than the MS temperatures Qf the alloys. The second temperature selected
was 50°C higher viz. 305°C. Stickels1 has reported fdrmation of filﬁs
vof'proéutectoid carbide along grain boundaries, on isothermal holding
at temperatures above 425°C. These would be deleterious to toughness,
and heﬁce an upper limit of 305°C was chosen, so that the austenite
decémposition product would primarily be4lower bainite. Details of

the isothermal transformations carried out are given in Table IT.
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- B. TIsothermal Transformations Subsequent to Austenitization at 900°C

Figure 18 is aAschematic diagram éf_Schedule C - isothermal holding
for one hour after austenitizatiqn at 900°C for 1 hour. Isothermal
treatments were carried out on 52100 and 52100+ZSi‘at two different
temperatures viz. 255°C and 305°C. Various properties evaluated are
listed in Table IV. Figures 19, 204and 21 are the TIT diagrams.of the
alloys which have been determined by dilatometry.

(i) 52100 - isothermal at 255°C: On isothermal holding at 255°C

fof‘1 hour after austenitization at 900°C (c~-1255), 52100 exhibits
a yield strength of 210.8 ksi (1453.7 MPa) and ultimate tensile strength
of 312f4 ksi (2154.3 MPa), at a hardness level of Rc 50. It has a
Charpy impact value of 7.7 ft-1bs (10.43 joules) and piane stfaiﬁ

fracture toughness of 25.5 ksi—inl/ 1/2

2 (28.05‘MPa—m ). . X-ray measurements
do not reveal appreciable amounts of fetained austenite (less than 5%).
Figure 22a shows the microstructure, which is a duplex structure

of lower bainite and twinned martensite, as determined from.the TTT
diagram (Fig. 19). This duplex structure which:is‘primarily lower
bainite, exhibits slightly higher toughness than the twinned martensite
found in quenched and tempered 52100, when compared at similar strength
levels. ﬁigh toughhess Qalues in duplex structures‘have also been
observed by others.

| Examination of.thé fracture surface (Fig. 22b) shows a mixed mode
of fracture - paftly intergranular and partly quasi-cleavage. Fracture

probably initiates at undissolved carbide particles which can act as

stress raisers and crack nucleators, especially if the carbides are
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. . . .2 ' .
non-coherent and do not deform with the matrix. Segregation of
‘impurities to prior austenite grain boundaries could be the reason

for the appearance of partial intergranular fracture.

(i1) 52100 - Isothermal at 305°C: On raising.thertemperature of
isothermal holding to 305°Cv(Heat treatment C-1305), a slighﬁ decrease
in yield and ultimate tensile strength, with an attendant increase in
impact and fracturé toughneés is observed (Table IV). The usual
strength tpughness behavior is similar to that reported by Huang
et al.lz ie. with an increase in temperature of isothermal holding,
the strength decreases wifh a correspdnding_increase in toughﬁess.
Referring to the TTT diagram (Fig. 19), it appears that the micro-
structure (Fig; 22c¢) 1is éompletely lower bainitic since X-ray measure-
‘menté did not  reveal appreciablé amounts of retained austenite.

Figure 22d shows that fracture occuré primarily by quasi-cleavage.

Some secondary cracks are also seen, which are due to local decohesion

occurring when undissolved alloy carbides do not deform with the matrix.

(iii) 5210042Si - Isothermal at 255°C: Addition of 2 wt%Si to
52100 causes a 1afge increase in the amouﬁt of retaiﬁed austenite present
at room temperature. (Heat Treatment C-I1255). As indicated in Table IV
521004281 exhibits similﬁr 1evels'of yield and ultimate pensile sgrength
(within limits of experimental scatter). However, with addition of Si,
there is a large increase in pléne strain fracture'ﬁoughness.from

1/2 1/2 1/ 1/2

25.5 ksi-in (28.05 MPa~m ') to 35.88 ksi-in’ 2 (39.42 MPa-m

).

Measurements of saturation induction indicate that a part of the

retained austenite is undergoing a "strain-induced" transformation to
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martensite during tensile_testing. Austenite is a ductile phase which
can.effectively blunt propagating cracks. It has been sugéestedls'
that .austenite of the right stability can trapsform to marténsite
resulting in energy absorption ahead of a moving crack. This explains
" the increase in toughness observed.

From the TIT diqgram (Fig. 21) it is seen that the microstructure
(Fig. 23a) consists of a duplex structure of lower bainite and twinned
martensite, with sdme amount of retained austenite. .This expiains the
high hardness since twinhiné increéées the Streﬁgth Qf.metéls and in
steels, it is additive to‘the strengthening from the carbéh in'solution.2

Scanﬁing fractogyaphy (Fig.‘23b)'showé that 52100+2$i subjectedv.
té heat treatment Cf1255 displays quasi—cleaQage. Similar fracture

surfaces have also been reported elsewhere.Bl’36

(iv) 52100+231 - Isothérmal at 30550: Isothermal holding at 3055C
for 1 hour (heat treatment C-I1305), gives a lowef bainitic structure in
52100+2S8i (Fig. 23c¢), with an appreciable amoﬁnt'of‘retained austenite
also being bresént; An increase in temperature of'isothérmal holding
has céused a decrease.in tensile properties (Tﬁble iV),'while the
impact toughness haslregistered a sharp increase (thé Kic reméinsvalmoét
‘the same - a fact which indicates that higher impact resistance nced
not necessarily quarantee higher KIc values) .

Examination of the fracture surface (Fig. 23d) sbows n mixed‘m0de
of failure - quasi-cleavage + dimpled rupture. L6w37 has attributed
this fracture morphology to a void-coalescence mechanism. The.miked

mode of fracture indicates that when a cleavage crack is arrested,
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some deformation and ductile fracture occurs until a new crack is

. ... .38 . . . \ .

initiated, which explains the relatively high impact toughness value.
Energy absorption by the ductile phase (austenite) ahead of the crack
front as it transforms to martensite under applied strain, also remains
a possibility.

Thus isothermal treatments at temperatures close to MS after low
temperature austenitization indicate that lower bainite, when present
in a duplex structure offers the potential of higher toughness than
quenched and tempered treatments, when compared at similar strength

' 12,39

levels. Similar results have also been reported by others.

C. Isothermal Treatments Subsequent to Two Cycle Austenitization

Low temperature austenitization of 52100 has the inherent
disadvantage of undissolved alloy carbides being present in the micro-
structure. Two-cycle austenitization treatments offer the possibility
of dissolving the carbides, which are known to be deleterious to
toughness. At the same time, since carbon in solution is an important

. 39 .
parameter governing the strength of the steel, higher strength levels
are feasible. A small grain size at the end of the second cycle

\ R ., . .
austensitization allows greater energy absorption during fracture and

e .40 .

a more difficult process of crack propagation. When coupled with
isothermal transformations at temperatures close to MS, high strength-
toughness combinations could be envisaged, sinceé similar treatments
at lower austenitization temperatures have shown encouraging results.
The details of the heat treatment are given in Table 1, while Tig. 24

is a schematic of the schedule (termed D).



The mechanical properties using different isothermal temperatures

on the alloy systems are given in Table V..

(1) 52100 - Isothermal at 255°C: Two-cycle austenitization coupled

witﬁ iéothermal holding at 255°C for 1 hour (heat treatment D-1255)
causes a sharp increase in the yield and ultimate tensile‘strengths
‘éf 52100 from 210.8 ksi (1453.7 MPa) and 312.4 ksi (2154.3 MPa) (in
treatment C-I1255) to 246 ksi (1696.4 MPa) and 531 ksi (2282;6 M?a)
respectively. At the same time the plane strain fracturevtoughness has

1/ 1/ 1/2

increased from 25.5 ksi-in 2 (28.05 MPa-m 2) to 46.22 ksi-in

(50.78‘mPa—m1/2).

‘Figuré 25a shows the’microstructure which consists essentially of
lower bainite coupled with twinned marﬁensite and retained austenite.
(This was verified by subsequent microhardness measurements of the

different microconstituents. )
The increase in yield strength can be explained as being due to
the greater amount of -carbon in solution. The effect of a fine prior
austenite grain size is well knowri.41 The Conéomitant increase iﬁ
fracture toughness is attributed to.the following factors:
1. Absence of undissolved alloy carbides, which can cause crécking,
particularly if they are non-coherent and caﬁnot‘deform with the matrix.
2', The large amount of retained austenite present at room
température. Saturation induction measurements indicate that a‘ﬁart
" of the retained austenite transforms to martensite under strain (iable VD).

This effect partly accounts for the higher impact and fracture toughness

values observed.
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3. The fine prior austenite grain size restricts the size of the
laths or plates of dislocated ferrite in bainite and the twinned
. e 40
martensitic plates, thus making crack propagation more difficult.
Examination of the fracture surface (Fig. 25b), shows characteristic

quasi-cleavage, with no traces of intergranular fracture detected in

treatment C-I255.

(ii) 52100 - Isothermal at 305°C: " Two-cycle austenitization,
followed by isothermal holding at 305°C for 1 hour (heat treatment
D-I1305), causes a slight drop in yield and ultimate tensile strengths,

1/ 1/2

with an increase in fracture tdughness to 62.1 ksi-in 2 (68.23 MPa-m

)
in comparison with the previous heat treatment. This type of strength
toughness behavior with increasing isothermal transformation temperature
has also been reported by others.12
The microstructure is shown in Fig. 25cbwhile Fig. 25d is a scanning
fractograph. Fr;cture has occurred primarily by‘quasifcleavage.
Measurements of saturation induction during tensile‘teéting
(Table VI) indicate that a part of the retained ausfehite is gndergoing

a strain induced transformation to martensite.

(iii) 52100+1Si - Isothermal at 255°C: Addition of 1% Si has

altered the kinctics of the bainite transformation so that isothermal
holding at_255°C for 1 hour (D-1255) gives a microstructure of lower
bainitu Qith some amount of retained austenite. This explains the
deerease in strength and havdness, since tQinned martensite which céntri—
bbutes to the strength of the alloy2 is absent. A high toughness value

is observed characteristic of -a lower bainitic structure.
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Figures 26a and 26b are photographs of the microstructure and

fracture surface respectively.

(iv) 52100+1Si - Isothermal at 305°C? An increase in temperature
of isothermal holding to 305°C (D-1305) causes a:sligﬁt incréase_in
the amount of retained austenite present at room témperature. Saturation
induction measurements indicate that a part of the austenite undergoes
a "strain-induced" transformation to martensite which partly accounts
for the high KIc vaiue obseryed - 67.5 ksi—‘inll2 (74.16 MPaemllz).
The microstfucturevis illustrated in figf 26c. Examination of the
'fraéture su?face (Fig; 26d) Sho&s that fhe fracture mode is quasi—

. cleavage.

(v) 52100+2Si - Isothermal at 255°C: One of the interesting features
is that the addition.of~a further amount df Si seems to have altered
fhe kinetics of the bainite reaction, so that'isothermal holding of
52100+2S1 at 255°C fox 1 hoﬁr (D-1255) ﬁroduces a mixed microstructure
_.of lower bainite and martensite,’with an appreciable amount of rétained
austenite, asvascertained by X-ray'measurements. This is illustrated )
in Fig. 27a. The superior mechanicél properties exhibited by'fhis

11,12 that

treatment corroborate the findings of Hehemann33 and others
iéothermn] holding jusf above the MS temperatufo produces a combinatlion
- of strength and tbughness superior to quénched and tempéred treatmoents.
The fracture surface 1s illustrated.in fig. 27b. Quasi-cleavage

“is the modg of fast fracture,

(vi) 521004251 = laothermal at 305°C: Two-cycle austenitization

coupled with isothermal holding at 305°C for 1 hour results in an
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increase in fracture toughness in 52100+2Si, when compared to D-1255
with the yield and ultimate tensile strergth remaining at the same
levels. The microstructure consisté of a duplex structure of lower
bainite and martensite (probably twinned), énd some retained austenite.
This is.illustrated.in Fig. 27c. With about 25% of the matrix being
austenific, it is understandable thaﬁ the fracture toughness should be
fairly high, since austenite is a ductile phase and it can effectively
blunt any cracks that occur in the microstructuré.

Examination of.the fracture surfacé (Fig. 27d) shows quasi—cleayage,

typical of high carbon steels.

D. Summafyvof Results for Isothermal Treatments

Figure 28 is a comparative plot of hardness measurements for the
Vérious>isothefmal treatments that have been carried out on 52100,
52100+1S1, and 52100+25i. Presence of a mixed microstructure gives
higher hardness levels, with a slight reduction in hardness as the
témperature of‘isothermal holding is raised. Heat treatments D-I1255
and D-I305 in 52100+ISi exhibit lower hardness when compared with the
same treatments in the ofher two alloys. This is because addition of
1 wt%Si has altered transformation kinetics, so that isothermal holding
for 1 hour does not produce a duplex structufe in this alloy. The
exact reason for this phenomenon cannot be established due to lack
of available information.

Mixed micfostruétures produced by two-cycle austenitization
isothermal holding exbibit higher yield and ultimatec téﬁsile strengths
than dovlower,bainitic structures as.is illustratéd in Fig. 29. It
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would not be out of bbunds to speculate that this is due to the
maftensite, (one of the microconstituents ofvthe mixed structures)
- being heavily twinned.

With higher temperafures of isothermal holding, there is an
increase in fracture toughness, as is illustrated in Fig. 30. ' This
is consistent with the reports of others.ll’12

Figure 31 illustrates the variation iﬁ retained austenite at
different stages of.tensile testingi It appears that a part of the
retained austenitevis undergoing a strain-induced" fransformationAto
mafﬁensite as the measurements of saturation induction indicate.
| The various fracture toughness-strength combinations that have been
obtained are plotted in Fig. 32. When compared with the fracture
toughness -strength combination that is possible in quenched and tempered:
SQIQO,‘it is evident that superior combinations have been obtained

through the use of isothermal treatments.
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IV. CONCLUSIONS

Based on experimental observatioqs and reéults; the folloﬁing'con—
clusions are made:

1. In the quenched énd tempered condition, after low temperature
austenitization, 52100 ié‘extremely britﬁle, because of the presence of
undissolved alloy carbides and microcracks in a twinned martensitic
microstructure.

2. Austenitization temperatures greater than 1100°C are”necessary
to dissolve alloy carbideé. However a direct quenéh to room temperature
produces severe cracking. |

3. A two—-cycle austénitization treatment which consists of austen-
itization at a high temperature, aﬁ'interrupted quench and reaustenitiza-
" tion to a lower temperature to refine the prior austenite grain size,
does not give any significant improvement in the meqhanical properties
of 52100 of its Si modifications, in the quehcﬁed and tempered condition.

4. Additions of Si and/or two-cycle austenitizétion treatments,
severely retard the temperihg response at low tempering temperatures.

5. Additions of Si and/br tﬁo—cycle austenitization treatments
cause large amounts of retqined austenite to be present at room
temperatufe.

6. 1Isothermal transformations at temperatures close to MS after
low temperature austenitization, produce be&ter fracture toughnéss, in
comparison with quenched and tempered treatments (at similar strength

levels).
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7. Additions of differing amounts of Si alter the kinetics of the

bainite transformation to different extents.
8. Isothermal transformation subsequent to two-cycle austenitiza-

tion are found Eo give strength-toughness combinations superior to quenched
and'tempered treatments. |

9. The'mixgd microstructures of lower bainite and martensite
produced by_isbthermal transformations subsequént to thFcycle
. austenitization exhibit high strength because a greater amount of carbpn
is in solution and because twinned martensite is prpbably one of the
microconspituténts.

10; Measurements of satﬁration induction confirm\thét a part of the
retaiqed aﬁsteqite undergoes a "strain-induced" transformation to marten-
site."This,vcoupied with abseﬁce of undissolved carbides and blunting
effect of tﬁe duétile_phase”(austenite) éould explain the improved
toughness;

ll.> On raising the temperature of isothermal'holding; the usual
strength foughness behavior is observed viz. tﬁe fracture toughness
increases with an attendant decrease-in yield and ultimate tensile

1
strengths.
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APPENDIX

Fracture Toughness Testing

The bend test spécimens that were used for fracture toughness
testing by three poin; beﬁding were designed according to ASTM
specifications.42 However it Qas not possible to fatigue pr¢~crack the .
specimens (p—0) andAhence the specimens were tested with a machined
crack having'a roof radius of 0.004 in. Aithough these tests, were not
valid, as per ASTM specificatiﬁns, these serve as an effective means
of comparing the toughnesses for different heat treatments, since for
high strength, low ductility alioys, Charpy Impact tests (static)vare
noé sensitive enough to respond to small changes in toughness.

The apparent fracture toughness Kapp was calculated as:

_ 3/2 ,
Kapp —,[PQS/BW 1 £(a/w) “
whére
fF(a/m) = 12.9a/m? - 4.6(aw)3? + 21.8(a/w)°7?
| - 37.6¢am 1% +38.7(a0)° ')
Where P = load.
B = thickness of specimen
S = span length
"W = depth of specimen

a = crack length
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v 4 _
As has been suggested by Heald et al., 3 the plane strain fracture

toughness KIc was calculated from the apparent fracture toughness as:

) 1.145 kM2 % 0145 172
Kio = 8 07 x 0.19 fnsec | -appllz ~ 2'
A : \ o (1x0.19) _'

where K

apparent fracture toughness
app = 3PP ghnes

u ultimate tensile strength
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Table I. Alloy Compositions.

C Si Cr Mn Fe Mg Ag Ag

W7 Wt Wt Wt¥% Wt °C °C °C

1.0 0.19 1.35 0.32 Bal. 250 740 772
£E-52100 + 1Si

C Si- Cr Mn Fe Mg Ag Ag

Wt Wt% Wt% Wt% Wt °C S °C °C

1.0 1.19 1.35 0.32 Bal. 244 762 791
F-52100 + 2Si

C si Cr Mn Fe Mg As Af

Wt% Wt% Wt7 w2 Wt7 °C °C °C

1.0 2.19 1.35 0.32 Bal. 235 790 '823
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Table II. Heat Treatment Details.
Symbol Treatment
1. A—AQ Austenitization at 900°C lhr - warm oil
quench (55°C) ’
2. A-T150 1 + Temper 150°C lhr.
3. A-T200 1 + Temper 200°C 1lhr.
4. A-T250 1 + Temper 250°C 1lhr.
5. B-AQ Austenitization at 1150°C lhr - Interrupted
Quench (Hot 0il 150°C) 5 mins -+ R.T.
-+ Austenitization at 900°C 20 mins
- 01l Quench.
6. B-T150 5. + Temper 150°C 1hr .
7. B-T200 5. + Temper 200°C lhr
8. B-T250 5. + Temper 250°C 1lhr _
9. (C-1I255 Austenitization at 900°C lhr =+. Isothermal
(or C-Isoth 255°C) holding ‘at 255°C lhr - Quench to R.T.
10. C-I305 : Austenitization at 900°C lhr » Isothermal
(or C-Isoth 305!C holding at 305°C lhr - Quench to R.T.
11. D-I255 ‘ Austenitization at 1150°C lhr -+ Interrupted
(or D-Isoth 255°C) Quench (Hot 0il 150°C) S5mins - R.T.
: ' + Austenitization at 900°C 20 mins - Isothermal
holding at 255°C lhr + Quench to R.T.
12. D-I305

(or D-Isoth 305°C)

Austenitization at 1150°C lhr - Interrupted
Quench (Hot 0il 150°C) 5 mins = R.T.

-+ Austenitization at 900°C 20 mins - Isothermal

holding at 305°C lhr - Quench to R.T.




Tabhle IIT(a).

Schedule A-Quenched and Tempbred

TENSILE PROPERTIES

FRACTURE_PROPERTIES

Alloy . Treatment
Ultimate . - .
Ch: are LRet: > S8
0.2 Pet Tensile Fracture urpy qpp\ant /Rotﬁlvod Hardness
V-Notch Fracture Austenite
Proof Stress Strength Stress I !
mpact Toughness
(ksi) (MPa) (ksi) (MPa) (ksi) (MPa) Energy (ksi- 1/2
(ft-1bs) (Joules) in}/z) (MPac—-m
52100: 1. A-AQ Broke before general 160.1 1104.0 5.0 6.78 19.47 21.39 5.0 64.
vield :
2. A-T150 - do - I7A.8>1205.4 5.4 7.32 28.38 31.18 5.0 63.
3. A-T200 - do - 229.9 1585.3 6.0 8.14 37.29 40.97 5.0 59.
. * *
4. A-T250 227.8 1570.9 290.1.2000.5 "290.1 2000.5 6:2 8.41 42.57 46.77 - 58
52100+ o
2si: 1. A-AQ Quench Cracked - - 1.25 1.70 17.94 19.71 17.5 - 64
2. A-T150 Broke before general 118.2 815.1 1.88 2.55 23.10 25.38 13.7 62.
vield ) .
3. A-T200 - do - 143.5 989.6 2.75 3.73 31.80 34.94 10.7 60.
4, A-T250 - do - 190.8 1315.7 4.25 5.76 36.44 40.03 5.3 59.
. . . , | Y A L 1/2
Has a corresponding plane strain f{racture (23.3 MPa-in )

toughness K[P = 21.23 ksi-in




Table ITI(b). Schedule B-Quenched and Tempered
ALLOY ‘ TREATMENT TENSTLE PROPERTIES FRACTURE PROPERTIFES %RETAINED HARDNESS
' Fracture Stress C?a}PXLV;Nfich Fractﬁsga;gszhﬂess AUSTENITE Rc
(ks 1) (MPa) (Ft-TE:; ‘?soﬁ{os) (ksirinl/z) (MPn—inl/z)

52100 1. B-AQ 202.1 - 1393.7 5.0 6.78 21.70 . 23.84 36 63.5
. 2. B-T150 - 220.0 1517.1 5.5 7.45 28.20 30.98 33.5 63
3. B-T200 256.0 \ 1765.4 5.6 7.59 _ 38.60‘ 42.41 . 26.2 61

4. B-T250 275.3 ~1898.5 5.8 7.86 44:%7 49.08 16.0 60
52100+151 ‘1. B-AQ 150.0 1034.4 5.0 6.78 ° 14.08 15.47 © 410 63
2. B-TI150 167.7 1156.4 5.6 7.59 22.33 24.53 ‘ 40.2° 62

3. B-TZOO 192.5 1327.5 5.7 7.73 28.08 30.85 40.1 60.5
4. B-T250 227.9 1571.6 5.9 7.99 A].Oé_ 45.14 - AQ.O . 60
521004281 1. B-AQ 105.2 725.5 5.0 6.78 17.15 ’ 18.84 4312 63
2; B-T150 138.3 . 953.7 © 5.6 7.59 - 22.25 » ) 24,44 43.0 61
3. B-T200 ~178.7 1232.3 5.8 7.86 ‘ 2&.36‘ 26276 42.2 60

o~

. B-T250 223.6 1541.9 5.9 7.99 38.29 42.07 40.5 59.9

C\

.

_Lg_



Table IV. Schedule C-Iscothermal Treatments

,..
"
)

Treatment Tensile Properties ' Fractute Properties ZRetained Hardness
) ) . Aus i
5 [ Fracture Charpy V-notch Plane Strain ustenite RC‘
N.2 FP-¢ Ultimate . . . (Unstressed)
. P . Stress Impact Toughness Fracture Toughness Kp.
Proof Stress Tensile . 1/2 172
tksi)  vPa) © Strength (ksi) (MPa) (ft=1bs)  (Joules) (ksi-in ) (MPa-in )

(ksi) (MPa)

1. C-1255 210.8 1353.7 312.4 2[5&..3 312.4 2154.3 7.7 10.43 25.33 28.05 ’ 5.0 50

2. C-13053 229.0 1579.2 279.2 1925.4 220 1517.1 9.5 12.88 71.82 78.91 5.0 48

1. C-1255 2'10.0 155801 29\0.0 1999.8 290.0 1999.8 5.5 - 7.46 35.88 ' 39.42 18.30 56

2. C—I305 IR5.0 1275.8 230.0 1586.1 230.0 1586.1 11.0 14.91 34.27 37.65 16.0 - 46
‘ ' ’

_8{_



Tablie V. Schedulce D-Isothermal Treatments

ZRetained Hardness

Alloy Treatment Tensile Properties .
. . _ o . Austenite "R
0.2 Pet Ultimate .= Fracture ICthEyTY n?Lrh Frac PIJ;L Sﬁr?%ﬁ K (Unstresséd) ¢
Proof Stress Tensile Stross mpac oughness ractur?/zoug ness {72
(xsi) (MPa) Strength (ksi) (MPa) (ft-1bs) (Joules) (ksi-in )  (MPa-in )
- (Ksi (MPa) ) ’
52100 1. D-1255 246.0 -1696.4 331.0 2282.6 331.0 2282.6 8.7 11.83 46,22 50.78 . 22.3 56
2. D-T305 205.0 1413.7 257.0 1772.3 223.0 1537.8 8.9 12.01 62.1 68.23 24.9 52
52100 , ' : : ’ :
+1S8i 1. D-1255 132.5 1258.5 232.1 1600.6 232.1 1600.6 6.6 8.95 46.8 51.42 22.0 47
2. D-1305 177.4 1223.3 237.7 1639.2 237.7 1639.2 8.8 11.92 67.5 74.16 25.2 45
52100 : o
+28i 1. D-1255 203.5 1403.4 254.4 1754.3 254.4 1754.3 6.0 8.13 35.1 38.56 22.3 T 54
2. D-1305 205.4 1416.5 259.1 1786.7 259.1 178h.7 8.2 11.11 ‘61.2 67.24 26.6 . - 49

iy
]

o

H
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Table VI. %Retained Austenite Measurements for Isothermal Treatments
Stages of Tensile Testing.

Alloy Treatment Per Cent Retained Austenite
Unstressed At Yield At 2%
' (0.2 Pet _ Strain
Proof Stress)

52100 1. D-1255 22.3 22.2 20.7
2. D-1305 24.9 24.8 23.4

52100

+151 1. D-1255 22.0 21.9 20.4
2. D-1305 25.2 25.1 23.6

52100

+2Si 1. C-1255 18.3 18.1 16.6
2. C-1305 16.0 15.8 14.3
3. D-1255 22.3 22.2 20.7
4. D-1305 26.6 26.5




Table VII. Calculations of K

Ic

values from K
app

data.

Alloy

Treatment

Ultimate Tensile

"Apparent Fracture Toughness

Plane Strain Fracture

43
(ref. Heald, et al’”)

Strength Kip Toughness Ky.*
(ksi) (MPa) (ksi-inl/2) “PP (Mpa-inl/2) (ksi-inl/§> (MPa-inl/2)
52100 1. A-T250 290.1 2000.5 42.57 46.77 21.23 23.31
) 2. C-1255 312.4 2154.3 53.25 58.50 25.53. 28.05
3. C-I305 279.2 1925.4 88.46 97.18 71.82 78.91
4. D-1I255 331.0 2282.6 72 .47 79.61 46,22 50.78
5. D-1305 257.0 1772.3 77.98 85{67 62.1 6£8.23
52100 | : -
© +1S1i 1. D-1I255 232.1 1600.6 63.11 69.34 46.8 51.42
2. D—I30§ 237.7 1639.2 80.1 88.0 67.5 74,16
52100 , |
+2S1i 1. C-I255 290.0 1999.8 59.55 65.42 35.88 39.42
2. C-I305 230.0 1586.1 52.21 57.36 34.27 37.65
3. D-1255 254.4 1754.3 55.5 60.97 35.1 . 38.56
4, D-1305 259.1 1786.7 77.7 85.36 61.2 67.24
%calculations based on v N
' : . 1.145 K___*7/2 . 1/2
Kp. = {8067 x 0.19 1n sec [ app - T x0.1451}
¢ v . ou/ﬂ><0.l9

...'[f]...



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

. 10.

11.

12.

14.
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FIGURE CAPTIONS

Heat treatment furnaces.
Round tensile specimen.
Flat tensile specimen.
Chérpy V-notch specimen.
Three point bend-test specimen.
MTS rig usea for three—point bending. Inset shows set-up details;
Theta ailatometer and associated‘controls.
Schemakic of_thg'magnetic séturation apparatus.
a) Microstructure of‘SZlOO,which has been austenitiéed at 900°C,l
0il quenched and tempered at 250°C. ﬁicrostructure shows a
large amount of undissolved carbides.
b) Microcracks in quenched and temperéd 52100 as seen at (a),
(), (), (d), and (e).
Schematic of Schedule A - quenched and tempered heat treatment
.used in industry. |
Hardness v/s tempering temperature for 52100, 52100+1Si,.
52100+2$i; subsequent to éingle cyéle austenitization (A) and
two cycle austenitization (B).
Scanning fractograph of as-quenched 521004251 which shows brittle
trnnsgranulnf fracture.
Schematic of Schedule B - two cycle austenitization coupled.

with quenching and tewpering.

. Fracture stress v/s tempering temperature for quenched and

tempered heat treatments.



Fig. 15.
Fig. 16.
Fig. 17.
Fig. 18.
Fig. 19.
Fig. 20.
Fig. 21.

43—

Apparent fracture toughness v/s tempering temperature for

quenched and tempered heat treatments.

~a) Scanning ffactograph of as-quenched 52100 (treatment B-AQ)

shows intergranular fracture with decohesion along prior

austenite grain boundaries.

" b) Scanning fractograph of as—quenched 52100+1Si (treatment

B-AQ) shows failure by>quasi—cleavage.

c) Fraéture surfaée of as-quenched 52100+2Si (treatment BéAQ)v
shoWs quasi-cleavage facets. o

a) Scanning fractograph of quenched and tempered 52100 (B-T250)
shows mixed mode of failuré - intefgranular + quasi—cleavage.
b) Fracture surface of:quenched and tempered 52100+1Si (B~T250)
shows failure by quasi—gleavage;

c) Fracture surface of quenched and tempered 52100+251

(B-T250) shows failure by quasi-cleavage.

Schematic of Schedule C - iséthermal holding subsequent to

low temperature austenitization.

T.T.T. diagram of 52100 shows start (1%) -and fiﬁish (99%) of
transformation. |

T.T.T. diagfam of 52100+iSi shows start (1%) and finish (99%)
of transformation. .

T.T.T. diagram of 52100+2$i shows start (i%) and finish (99%)

of transformation.



Fig.

Tig.

Fig.

Tig.

Fig.

22.

23.

24,

25

26,

b4

a) Duplex microstructure of lower bainite and twinned>martensite
found in 52100 (treatment C-I255).

b) Fracture surface of 52100 (C~1255) shows mixed mode of
fracture - partly intergranular and partly quasi-cleavage.

c) Lower bainitic microstructure of 52100 (treatment C-I1305).

d) Fracture surface of 52100 (C—I305) shows failure by quasi-
cleavage.

a) Duplex microstructure observed in 52100+2Si (treatment
C-1255) shows lower bainite and martensite.>

b) Scanning fractograph of_52106+281 (C-1255) shows quasi-

cleavage facets.

_c) Microstructure of 52100+2S5i (C-I305) shows lower bainite.

d) Fracture surface of 521004+2Si (C-I305) shows mixed mode of
failure - quasi—cleavage + dimpled rupture.

Schematic of Schedule D - Two cycle austenitization treatments
coupled with iséthermal,holding at different temperatures.

a) Microstructure of 52100 (treatment D-I255) shows a mixture
of lower bainites martensite and retained austenite.
b)vfracture surface of 52100 (D-I1255) shows quasi—cleavagel
witﬁ no traces of intergranular fracture. '

c) ﬁicrostru;ture of 52100 (D-I1305).

d) Fracture surface of 52100 (D-I305) shows failure by quasi-

cleavage.

. a) Microstructure of 52100+1Si (D-1255) shows lower bainite.

b) Quasi—c]cnvdge ohserved in 52100+18i (D-1255).



Pig. 27.
Fig. 28.
Fig. 29
Fig. 30.
Fig,-31l.
Big. =32,

CO U046 063 3=

il

c) Microstructure of 521004+1Si (D-I305).

d) Fracture surface of 52100+1Si (D-I305) shows quasi cleavage.
a) Microstructure of 52100+2Si (D-I255) contains lower bainite
and martensite and retained austenite.

b) Fast fracture surface of 52100+2Si (D-I255) shows failure
by quasi—cleavage.

c¢) Duplex microstructure of lower bainite + martensite with
some retained austenite in 52100+2Si (D-I305).

d) Fracture surface of 52100+2Si (D-I305) shows quasi-cleavage.
Hardness Y/S percent Si addition for isothermal treatments

C and D.

Yield and ultimate tensile strengths v/s percent Si addition
for isothermal treatments C and D. Data for some quenched

and tempered treatments is also indicated for comparison.
Calculated fracture toughness v/s percent Si addition for
isothermal treatments C and D.

Percent retained austenite v/s percent Si addition at different
stages of tensile testing.

Fracture toughness v/s yield strength for different heat

treatments.
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XBB 767-6740

Fig. 6.
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XBB 754-2369

Fig. 7.
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(a)

68-7549
(b) XBB 768-754

Fig. 9.
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(c) ‘ (d) XBB 768-7551

Fig. 23.
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