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Abstract

Conventional martensitic SAE52100 steel has been the most commonly used
material for bearing applicationsower bainitic microstructure was suggested as an
alternative microstructure to replatlee martensiic structure since it showed an
equivalent fague life to martensite under normal environments, and offers a
superior fatigue life in waterontaining environmentsThere have been many
studies about lower bainitic SAE52100 steel, but most of them were attempted
without consideration about spherolion.

The purposein the present researchvas therefore to examine thebainite
transformation kinetics of SAE52100 steel, with a microstructure containing
spheroidizedcementitein a ferrite matrix as an initial state. The effect of various
solutes suchas Si, Cr, Al, and Co on the acceleration of bainite was also
demonstrated. Then the mechanjmalpertiesof resultant bainitic SAE52100 steels

were evaluated and compared with the literatures.

The reaction kinetics was evaluated using dilatometry androstiactural
observations. As a resultainite transformatioior SAE52100could be completed

in 30 min at 250 , which is much faster than previous studies based on -a non
spheroidized starting structurddoreover, the transformation of AlCo-added, and
Cr-decreased alloys has been completed in shorter isothermal transformation
compared with SAE52100, while thansformation kinetics of Sidded alloy was



delayed. Thermodynamic calculations and experimental observations were
performedto measure the quantity of cementite during austenitization, and hence

the optimum heat treatment process could be designeddbradioy.

The mechanical properties were measured by ultrasonic fatigue testing and
Rockwell hardness testing. The fatigue property of lower bainitic SAE52100 could
be enhanced by changing the concentration of Cr, Al, and Co, without a particular
changein hardness. However, the presence of spheroidized cementite particle was
adversely affected on the fatigue property of bainitic SAE52100 steel, since the
measured results were inferior to the reported results withsploeroidized

microstructures.
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Chapter 1: Introduction and aim

SAE52100 is one of the most commaoraterials for bearing applicationdg has
been used as samdard material especially in ball bearing industry since 192{@s.
conventional heat treatment for this steeldissignedto produce a martensitic
microstructure by appropriate quenching and following-temperature tempering,
in order toobtain adequa mechanical properties required for bear{Bgirrier
1987) The martensitienicrostructureexhibits a reasonable bearing lifetime due to
high strength and higresistancdo fatigue Hengerer 1987, Tsubott al. 1998,
Cappelet al.2004).

Studies (Hollox et al. 1981, Akbasoglueet al. 1990, Luzgivova 2007have
demonstrated that SAE52100 steel with bainitic microstructureler some
environments provides improved mechanical properties as compared to that of
martensitic.Lower hainitic SAE52100 steethowed an equivalent fatigue life to
martensite under normal environments, and offers a superior fatigue life in water
containing environmentdn spite of tlose advantageshowever, lower bainitic
microstructure has not been regarded as an attractive firopder conventional
52100 steel, due to kinetic constraints and complexity of the heat treafrhast.
there have been maaytemptgBeswick 1989, Oluneét al. 1998, Clakrabortyet al.
2008, Luzginovaet al. 2008, Chakrabortyet al. 2009) to accelerat the bainite
transformation of SAE52100 steel but most of them did not consider
spheroidization, which is an essential process for manufacturing bearing steel.

The purposein the present researchvas therefore to examine thebainite
transformation kinéts of SAE52100 steel, with a microstructure containing
spheroidizedcementitein a ferrite matrixas an initial stateThe effect of various
solutes such as Si, Cr, Al, and Co on the acceleration of bawage also
demonstratedlThen the mechanicaropeaties of resultant bainitic SAE52100 steels
were evaluatecaind compaed with the literatures. In the course of doitlypse
works it was necessary to understand the dissolution behavior of spheroidized

cementite during austenitization.



Chapter 2: Literatur ereviewof SAE52100 bearing steel

2.1 SAE52100 steel

2.1.1 Introduction

A Bearing is a mechanical component which fixes the axle into a regular position,
supports its weight and helps its rotation. In a broad sense, the device which helps
relative movenent between two or more parts is also referred as bearing. The
bearings can be made using wood, ceramic, plastic and metals including steel.
Bearing steeis used for the rolling components in machinery ranging from bicycles
to wind turbines. Ishould méntain high precision and rotation accuracy under the
condition of repeated high strengtiithe prime requirements are mechanical
properties such asigh hardness, tensile strength, fatigue property, toughness, wear
resistantand shape stability. One ofethmost common bearing steel is SAE52100
type which contains high carbon (about 1.0 wt%) for the strength and high
chromium (1.3 ~ 1.6 wt%) for the hardenability. It has been used as a standard
material especially in ball bearing industry since 1920s, &suraferred as SUJ2,
AISI 52100, 100Cr6, EN31, etc. The chemical composition of SAE52100 steel is

represented in Table 1.

Table 1 :Chemical composition of SAE52100 steel.

Component Composition (wt%)
Carbon 0.9571 1.10
Manganese 0.27 0.45
Silicon 0.257 0.35
Phosphorus 0.025 Max.
Sulfur 0.025 Max
Chromium 1.307 1.60
Ferrous Balanced




2.1.2 Manufacturing process

The general manufacturing process of ball bearing steel is illustrated in Figure 1.
The microstructure of SAE52100 type steel whempieg from steel manufacturer
is generally pearlite including proeutectoid cementite at the prior austenite grain
boundaries. Then, the microstructure is transformed to the mixture of coarse
cementite and ferrite by spheroidization process. The main purpds
spheroidization is to facilitate the forging process in the next stage by reducing the
hardness of the steel. Recent work has shown that the fatigue life of SAE52100
could be also improved by spheroidization, when it was transformed into tempered
martensite microstructure (Kimet al. 2012). In addition, the cementite in the final
microstructure helps improve the resistance of steel to wear (Mehmial968).

The details of spheroidization will be discussed in the following section.
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Figurel: A typical manufacturing process of the steel for ball bearing.

2.1.3 Microstructure

Conventional SAE52100 steel is often heat treated to obtain martensitic
microstructure, so quenching and tempering treatment is necessary. Tosepoirp
guenching process is to transform the austenite into martensite, which is harder
phase. Then the tempering process is followed. During tempering, martensite is
reheated into temperature below the eutectoid, kept for specified time period, and
air cooled. Ductility and toughness can be enhanced, residual stress be removed,
and the microstructure be stabilized by the tempering process. This process allows
carbon saturated martensite to transform to the tempered martensite which consists

of ferrite andcementite phases.
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Figure 2: Phase fractions calculated using MTDATA, for SAE52100 steel, as a
function of temperature (Bhadeshia 2012).

The calculated equilibrium phase fractions for SAE52100 as a function of
temperature ar illustrated in Figure ZBhadeshia 2012)Typical austenitization
process for quenching and tempering process for SAE52100 is implemented at 850
for 20 min, where equilibrium cementite fraction is about 3%. The equilibrium
cannot be reached within 20 min of austenitization; Figure 3 illustrates the reported
kinetics of cementite dissolution in 52100 type steel (Gu#tatl. 1982). Therefore,

the subsequent quenching process after austenitization occurs from the
microstructure which consists of more than 3% of undissolved cementite and rest of
austenite. Then, the resultant microstructure contains martensite, about 6% of
retained austenite, ané-48% of undissolved cemtte particle (Tsubotat al. 1998,

Beswick 1989). The steel is then tempered at about 259he decomposition of



retained austenite and precipitation of some transition carbide from supersaturated
martensite may be occurred during tempering process (Histtali 1972, Hagg
1934) which can lead to the softening of the steel.

100 - .
5 880°C
>
S
9]
n
&
2
c
Q
£
]
O
=3
0
0 50 100 150

Time / min
Figure 3: Kinetics of cementite dissolution in 52100 steels, beginning with

spheroidized structure, as a function of austenitization temperdauitiof et al.
1982)

2.2 Spheroidization process
2.2.1 Microstructural change
The aim ofspheroidization is to facilitate machining and forming operations by

softening the material (Knormet al. 1992). The microstructure which consists of



pearlite and proeutectoid cementite in prior austenite grain boundary is transformed
into the microstructte consists of coarse cementite particle in ferrite matrix during
spheroidization. In spheroidized condition, 52100 steel shows about 230HV of
hardness (Let al. 2005), 466 and 635 MPa of yield and ultimate tensile strength
respectively, with 36% of elorgion (McNelleyet al. 1983). Figure 4 illustrates the

microstructural change &2100 steeby spheroidization (Luzginovet al.2008).

Figure 4. Change in microstructure (a) before and (b) after spheroidization

(Luzginovaetal. 2008)

2.2.2 Divorced eutectoid transformation

Two types of spheroidization methods are generally used. The first method
includes subcritical annealing at the temperature béigvand mainly applied for
hypoeutectoid steels. The other method, Whidll mainly be focused in this review,
involves intercritical annealing at the temperature ab&yvéut below A, and
mainly applied for hypereutectoid steels such as 52100 type steel. During
intercritical annealing in the latter method, an incompléssadution of cementite
occurs. The cementite lamella is broken into spheroids, and the part of grain
boundary cementite is dissolved. The resultant microstructure of fine cementite

particle with austenite transforms into a mixture of ferrite and cemdmntitgther



the pearlitic reaction or by the oO0divorec
during slow cooling to the temperature beldy(Mehl et al. 1956, Oyameet al.

1984, Verhoeven 1998, Verhoevehal. 2000). The ferrite and cementite grow as

coupled pairs at the growth fronts and produce pearlite structure by the pearlitic
reaction, whereas the ferrite and cementite gumwooperatively and produce a

spherical array of cementite particles in a ferrite matrix by DET reaction. The
mechanisms ofwo reactions are schematically illustrated in Figu(®drhoeveret

al. 1998)

ﬁ Reaction Front —‘

| D
ol /
z __|—
o« |
)
(a) Pearlite growth front. (b) DET growth front.

Figure 5. The growth front geometry for (a) lamellar pearlite transformation (b)

divorced eutectoid transformatigderhoeveret al. 1998)

A kinetic model for DET reaction has been proposed by Verhoeven (Verhetesden

1998). During the transformation when the austenite and cementite is cooled to the
temperature below, a schematic illustration of the transformation front is shown

in top of Figure 6. The carbon compositions at the cemepttécles in both ferrite

and austenite, and at t he -QOphddedmgramlid ary c
Y'Yis the undercooling below th&;, then the carbon composition label€d

though C, in bottom of Figure 6 can be given frophase diagram ifrigure 7.

Therefore, as the 92/U boundary moves int



transformation, carbon diffused away from the interface into cementite particles in

both the austenite and ferrite. The carbon diffusion fluxes make the cementite
particles grow without nucl eati on of neyv
boundary moves at a velocity, carbon flux balance at the boundary gives the

following equation:

6 6 w O 0 (2-1)

If the transformation temperature is 700 the terms in equation {B) are
determined as 60 0O ™)LV W'Y ¢fig x, 6 O ™R Pc X,
and 6 O w Y@t iQ X. Then an approximate equation for the velocity of

theo/ U boundary is given by:

| -

YR Y
xOTO T8I Tt
w_Y

T TR ™S

n-
O
N

(2-2)

Verhoeven also compared this DET growth
for the velocity of the lamellar pearliteansformation (Mehét al. 1956), and found
a transition line for undercooling and cementite spacing below which the DET

reaction is completed before pearlite has had time to nucleate (Figure 8).



(@) (b)

Figure6: Schematic illustratio of DET front (top) and carbon concentration profile
(bottom)(Verhoeveret al. 1998)
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Figure7: The FeC phase diagrarferhoeveret al. 1998)
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Figure 8: Predicted ransition line for undercoolmn and cementite spacing
(Verhoeveret al.1998)

2.3 Lower bainite for SAE52100 steel
2.3.1 Bainite transformation for SAE52100

Lower bainite microstructure has been suggested as an alternative for martensitic
52100 type steel, for further improvementrirechanical properties. The bainitic
microstructure can be made by isothermal transformation in the temperature range
200450 , especially lower bainite dominates when the transformation temperature
is less than 350 (Hollox et al. 1981) Figure 9 illustrates the measured time
temperature transformation diagram for SAE52100, austenitized at §Sdva
2001). It took about 4 hotcomplete bainite transformation at a temperature just
above martensite start temperature. The observed lower bainitic microstructure is
illustrated in Figure 10 (Vetterst al. 2006), isothermal transformation of 52100
steel at 230 for 10 h.

11
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Figure 9: Measured timéemperature transformation diagram for

austenitized at 850 (Silva 2001)

SAES52100,

for 10 h (Vetterst al. 2006)
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2.3.2 Mechanical property

Bainitic microstructures in the 52100 type in some respects outperform those
which contain tempered martensite. Hollox compared the bearing life of martensite
and lower bainite under several conditioff$ollox et al. 1981) Lower bainite
structure in the studywas produced by the austenitization at 84@nd following
isothermal treatment at temperature between 23dd 300 . Bearing life was
measured by assessing thelife, the number of cycles until 10 % of samples were
failed. The Lower bainite showed a superior life to that of the martensite tiveder
conditions where water and other detrimental constituents were an inherent part of

lubricant, as illustrated in Figure 11 and Figure 12, respectively.
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Figure 11: Bearing life of martensite, tempered martensite, amgeddbainitein
52100 type steel with water lubricdiitollox et al. 1981)
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Figure12: Bearing life of martensite and lower bainite52100 type steel with coal
dust slurry(Hollox et al.1981)
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Akbasoglue has demonstrated thaf00steel with bainitic microstructure provides
improved resistance to wear and hydrogen embrittlement as compared to that of
martensitic (Akbasoglueet al. 1990). The microstructure of martensite in the
research was obtained by austenitization at 84@r 20 min and quenching in ail,
while additional tempering at 250 for 60 min was performed for tempered
martensite microstructure. The lower bainite microstructure was obtained by same
austenitization condition, and following isothermal treatment at 2&fr 40 min.

In waterbased lubricant condition, the higher fracture toughness and superior
fatigue crack growth resistance of the lower bainite, compared with both the
martensite and tempered martensite, was observed. Figure 13 illustrates the fatigue
crak growth curves for three microstructures tested in the virteed lubricant.
Stress intensity factor of horizontal axis gives a measure of the intensity of the

stress field in the crack tip region.
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Figure 13 Fatigue crack gneth rate of 52100 steel withmartensite, tempered
martensite, and bainite structutested in the watdrased lubricant (Akbasogluet
al. 1990)

15



2.3.3 Bainite transformation kinetics of 52100 steel

In spite of the advantages in several mechanical prepertower bainitic
microstructure has not been regarded as an attractive proposition for 52100 steel,
due to kinetic constraints and complexity of the heat treatmetdoktabout240
min at 250 for isothermal heat treatment to obtain full bainitic microstructure of
52100stee| whereas the maximum tempering time for martensigdo@it120 min
(Sakanaka 2009). Furthermore, as the isothermal temperature is closer to martensite
start temperaturdasothermal holding time generally needs to be increased much
more (Luzginoveet al. 2008). Figure 14 illustrates bainite transformation kinetics

curves 062100 steel for different isothermal temperatures after austenitizing at 850

for 30 min.
1-
0.8
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)
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o 0.4 —the Avrami fit
A 483 K
0.2 @ 503 K >(Model results)
¢ 533K
0 . L S T L T . O T I G T S T T T R |
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Time (s)

Figure 14: Calculated andneasuredbainite fraction as a function of isothermal

holding time at different isothermal holding temperatures (Luzgietwah 2008).
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A combination of bainite and martensite, instead of full bainiticositucture, has
proven superior in terms of mechanical properties as compared to tempered
martensite (Young 1994). When bainite forms it enriches the residual austenite with
carbon, so that the strength of the subsequent martensite increases. In addition,
during its deformation, the strength of the bainite is enhanced via plastic constraint
by the surrounding stronger martensite. Thus the optimum isothermal heat treatment
condition for 52100 steel has been investigated to develop a duplex bainitic and
martensitic microstructure for improved mechanical properties (Chakrabomy.

2008). Figure 15 shows the variation of hardness with isothermal holding
temperature and time. The hardness of 52100 steel, austenitized atd@5D min,
reached a peak between 30 and 60 min for isothermal holding at. Fi@ure 16
illustrates the tensile and impact test results of 52100 steel as a function of
isothermal holding time. The maximum strength was obtained at about 30 min of
isotrermal holding at 270. The relative amount of phases as a function of
isothermal holding time is illustrated in Table 2 (Chakrabettsl.2009).
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Figure 15 Variation of hardness as a function of isothermal holding time and
temperature of SAE52100 steel after austenitized at 90 30 min(Chakraborty

et al.2008)
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Figure 16 Variation of impact and yield strength as a function of isothermal holding
time of SAE52100 steel, after austenitized at 95f@r 30 min and isothermal
holding at 270 (Chakrabortyet al.2008)
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Table 2:Relative anouns of bainite, martensite, carbide, and retained austémite

52100 steelas a function of isothermal holding time at 27@Chakrabortyet al.

2009).
Isothermal . _
holding ime % Bainite % Martensite % Carbide 0 Retained
i austenite
at 270 (min)
15 10 7 1 12
30 35 52 3 10
60 40 47 5 8
120 42 48 5 c

2.4 Mechanical property of SAE52100
2.4.1 Hardness
The hardness of the steel can be typicaliyressed as a linear combination of the

contributions from individual phases:

"0 ®»'0 (2-3)

Here, w is the volume fraction of thephase, andO is the specific hardness of
thei phase. It has been assumed for 52100 steelthibahardness of martensite,
bainite, pearlite and austenite are given by 64, 35, 29, and 17 HRC (Undbrallo
2010). However, the hardness of bainite in that assumptiomptdye reasonable,
since much higher values have been reported in many stuklkbasogluet al.
1990, Beswick 1989, Chakrabokyal.2008, Wanget al. 1990).

The hardness of martensitic 52100 steels reported to be decreased as an increase of
tempering temperature, as shown in Figure(Hih et al. 1982 and Figure 18
(Hokkirigawa et al. 1988). Meanwhile, increasing the austenitization temperature
beyond 840 did not increase the hardness of the martensitic SAE52100 steels,

since the increase in the amount of soft retained austenite coincided with the
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increase in carbon concentmti of austenite (to be transformed into martensite

during quenching).
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Figure17: Hardness of 52100 steel as a function of tempering temperature, and of
austenitization temperatu(eluh et al. 1982.
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Figure 18 Hardness of 52100 steel as a function of tempering temperature
(Hokkirigawaet al. 1988.

2.4.2 Fatigue property

Fatigue is the form of failure subjected to dynamic and fluctuating stresses. The
fatigue test measures number of cycles to faily the stress cycling. Parameters
which characterize the stress cycle are schematically illustrated in Figure 19. The
result of fatigue tesSINO i surgweense,r abyy pleartr
alternating stress amplitude versus the logarithm ohtimaber of cycles that cause
failure, Figure 20. Fatigue limit is defined as the largest value of stress below which
failure will not occur. For materials which do not exhibit a fatigue limit (red curve
in Figure 20), it is conventional to define an enderalimit; the stress amplitude

corresponding to a greater fatigue life (recentlycd@les).
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Figure 19 Repeated stress cycle, in which maximum and minimum stresses are

asymmetrical relative to the zestress level. Parametercharacterizing stress

cycles are defined.
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Figure20: SchematicSN curves for fatigue.
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The process of fatigue failure is characterized by three steps: (1) crack initiation
from a point of high sess concentration; (2) crack propagation, during which the
crack advances incrementally with each stress cycle; and (3) final failure, which
occurs very rapidly once the advancing crack has reached a critical size. Thus the
fatigue fracture surface is gerally divided into three regions according to their
features; origin, fatigue zone, and instantaneous zone, Figure 21 (Sachs 2005). A
single origin usually indicates a failure with low stress, while the multiple origins
may be the result of high stresencentrations. During slow crack propagation,
there are variations in the load that resulted progression marks in fatigue zone.
Eventually the crack reaches the point where the remaining material is overstressed,
and the ductile or brittle fracture may bieveloped in the instantaneous zone.
Figure 22 illustrates typical fatigue fractograph, in which crack initiated from lower

l eft of i mage. Meanwhi | e, the fatigue
eyebd when the cr ac k nclusion,tFiguaet28. $t wes repomed a n
that surface crack initiation was common at high stress amplitudes in martensitic
52100 steel as illustrated in Figure 24 (Sakai 2002).
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Figure 21. Schematic illustration of macroscopic fate fracture surface (Sachs
2005).

Figure22 Fatigue fracture surface in surface induced fracture (Joyce 1992).
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Figure23: Fracture surface in interior inclu
eyebd (Sakai 2005) .
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Figure24: SN curve for martensitic 52100 ste@he open circles represetrtack
initiated at the free surface, and the filled cirateack originating from internal
inclusion(Sakai 2002)
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24.3 Ultrasonic fatigue testing

Ultrasonic fatigue testing involves cyclic stressing of material at frequencies
typically in the range of 15 to 25 kHz, while typical rotatimgnding fatigue testing
at about 50 Hz (ASM 2000, Berger et al 2008) . The major advantagangf us
ultrasonic fatigue is rapid evaluation of the higftle fatigue limit. Conventional
tests for some flcycles would take about a year, whereas ultrasonic fatigue test
would be completed in 14 hours. The ultrasonic fatigue testing is generally
performal by a resonant test method using elastic vibration wave generated by

piezoelectric ceramic.

Marines (Marinegt al. 2003) has compared fatigue life of martensitic 52100 steels
obtained in a conventional test at 35 Hz (Sakai 1999) and those measugegQusin
kHz ultra sonic loading, Figure 25. The result shows a discrepancy between the two
kinds of tests, with the ultrasonic tests consistently indicating lower fatigue stress.

The reason for this discrepancy is not clear.
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Figure 25 Comparison of conventional rotating bending and ultrasonic testing data

for martensitic 52100 steel (Marinesal.2003).

Fatigue property of bainitic 52100 steel has been investigated using ultrasonic
testing method (Mayeet al. 2009). The bairtic microstructure was obtained by
austenitizing at 850, thenfollowing isothermal holding at 220 for 20min first

and 260 for 280min afterward. The resultaBN curve is illustrated in Figure 26.
Cracks initiated either at internal inclusions or at theface at entire stress
amplitude; internal crack initiation in about 1/3 and surface crack initiation in about
2/3.
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Figure26: SN curve of lower bainitic 52100 stealystenitizing at 850 following

isothermal holding at Z2 for 20min(Mayeret al. 2009)

Figure 27 illustrates the reported fatigue properties of S2488 steels in bainitic

or martensitic conditions, which wecemmonlyevaluated by ultrasonic testing at a
frequency of 20 kHz (Bathias 2010, Marinetsal. 2003, Mayeret al. 2009). The

fatigue property of bainitic microstructure consistently indicates higher fatigue

stress then that of martensitic.
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Figure27:. Reported fatigue properties of 521ype steels in bainitic or martetis
conditions, which wereommonlyevaluated by ultrasonic testinghe data for the
bainitic microstructure is the same as illustrated in Figure 26 (Bathias 2010,
Marineset al.2003, Mayett al.2009).
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Chapter 3: Comparison of tempered matensite and lower
bainite for SAE52100 bearing steel

3.1 Introduction

Conventional martensitic SAE52100 steel has been the most commonly used
material for bearing applications. The hardened martensitic microstructure, by an
appropriate quenching and mpering process, exhibits adequate mechanical
properties, which satisfies the requirements for bearings (Burrier 1987). Lower
bainitic microstructure was suggested as an alternative microstructure to replace
martensite, since it showed an equivalent fatidjte to martensite under normal
environments, and offers a superior fatigue life in watentaining environments
(Hollox et al. 1981, Akbasogluest al. 1990, Luzgivova 2007). However, bainitic
bearing steels are not as popular in practice due to therhigpst for the extra
duration of isothermal heat treatment. It takes about 240 min to complete bainite
transformation for SAE52100 at 250after austenitization at 850 whereas the
maximum tempering time for tempered martensite is 120 min (Silva 2001,
Sakanaka 2009). Furthermore, as the isothermal temperature is closer to martensite
start temperatureMs), the isothermal holding time gelaly needs to be increased
much more (Luzginova 2008).

However, most of studies for bainitic 52100 steel have been attempted without
consideration about spheroidization. In hiarbon, chromium steel such as
SAE52100, spheroidized cementite performsmpartant role in the acquisition of

the required mechanical properties. It contributes to the enhancement of wear
resistance and fatigue properties, and maintenance of alloy composition (Krauss
1980, Monmaet al. 1998). Furthermore, the microstructure whiconsists of

uniformly dispersed spheroidized cementite in ferrite matrix makes subsequent
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forging process easy, by lowering the hardness level compared with the lamellar
pearlite structure. Thus, spheroidization is an essential process for the
manufactuing bearing steel.

In the present work, the bainite transformation of SAE52100 steel was attempted
with a microstructure containing spheroidized cementite in adenatrix. Then the
resultant microstructure and hardness were compared with those oéréeimp

martensite.

3.2 Experimental

Tablel: Alloy composition of SAE52100 (wt %).
Alloy C Mn Si Cr
SAE52100| 1.0 0.35 0.25 14

Alloy composition of SAE52100 steel used in the present work is illustrated in
Table 1. The dperoidization of the steel was performed using a tube furnace
containing helium atmosphere before attempting any other heat treatment. The heat
treatment for spheroidization was referred from the POSCO manufacturing process
as illustrated in Figure 1. Thmodynamic calculations of the equilibrium phase
fraction using ThermoCalc TCFEG6 database confirm that 780 just aboveA;

temperature and 735is just below as intended, Figure 2.
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Figure 28: Spheroidization process for SAE5216teel, referred from the POSCO
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Figure 29: Equilibrium phase fraction of SAE52100 steel as a function of
temperature, calculated by ThermoCalc TCFE6 database.
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The spheroidized samples wanachined andhienheat treated in two ways; lower
bainite evolves through isothermal transformation, while tempered martensite is
generated by quenching from austenite, followed by isothermal temp&hege
processes are illustrated in Figs 3 and 4 respectively, loas8dkanak& research
about axialoading fatigue properties of bainitic SAE52100 steels (Sakanaka 2009).
It is noted that the research did not include the spheroidization. In both processes,
samples were commonly heated into the austemiteentite twephase region

(850 ) rather than the full austenitic state in order to retain a certain amount of
spheroidized cementite in the final microstructure.

Isothermal transformation for bainite was attempted at the fixed temperature)(250
just above the martensigtart temperare to form lower bainite, and the progress

of the transformation could be followed by attempting various-fheatment times.

In the case of martensite, after rapid quenching to room temperature, the samples
were tempered at three different temperayE80 , 230 , and 250 ) for 120

min to see the effect of the tempering temperature on mechanical properties.
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Figure31 Heat treatmenbtobtain tempered martensite in SAE52100 steel.
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To evaluate the suitability of the heat treatment processes, equilibrium phase
fraction calculations using ThermoCalc TCFE6 database and transformation
temperature measurements ugitiigtometry(BAHR DIL805) were exploited.
Calculated equilibrium phase fractions (Figure 2) indicate that at the temperature of
850 , the steel is in the austenitementite twephase region, where the
equilibrium cementite fraction is about 0.03. However, the actual observed
cementite fraction just after austenitization for 20 min is about 0.10, since it
probably takes more than 20inmo arrive at the equilibrium state. This will be
discussed in detail in a later chapter.

Dilatometry reveals that the martensstart temperature following the 850 heat
treatment is about 210, as shown in Figure 5. Thus 250seems to be a suitable
temperature to obtain lower bainite by isothermal transformation. Furthermore, the
reduction of the martensisart temperature due to hdmatment in the fully
austenitic region (1100) confirms that cementite is retained after 20 min at 850
The dissalition of cementite between 850to 1100 would increase the carbon

concentration of austenite, thus reducing the martesisite temperature.
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Figure32: Martensitestart temperatures determined using dilatometry, after soaking
at 850 and 1100 for 20 min.
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3.3 Spheroidization

Figure 6 illustrates the observed microstructures using scanning electron
microscopy (FESEM, CarlZeiss Ultra 55) before and after spheroidization. The
pearlitic structure is changed intoenontaining spherical cementite particles in a
ferrite matrix. Vickers hardness test using Wilson Wolpert 4308MD system
with a load of 1kg verifies decrease of hardness 860w 6.0HV to 175+ 1.7 HV,
Figure 7. The hardness values plotted reptabernaverage of at least 5 test values.
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Figure 33: Microstructural change before (top) and after (bottom) spheroidization,

observedy scanning electron microscopy (SEM).
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Figure34: Hardness changertiugh spheroidization.

3.4 Bainite transformation kinetics

To investigate the bainitigansformatiorkinetics of SAE52100 steel, a variety of
isothermal transformation periods were implemented using dilatometry, from 10 to
120 min. Then the strainmeasuredwas analyzed for investigating the
transformation process. Microstructural observations were conducted on each

sample using scanning electron microscopy (SEM).
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Figure 35. SEM images illustrating the microstructure aunction of isothermal
transformation time. The specimens wengstenitizedat 850 for 20 min, and
thentransformedat 250 .

The resultant microstructure after 10, 30, 60, and 120 min of change throughout
isothermal transformation times are illustrated Figure 8. The platshaped
structure markedBois considered to be bainite, and the neighboring plane structure
marked dVI/AG is a mixture of martensite and retained austenite. The spherical
cementite particles are consistently observed in all micrcsire. Any changes in
microstructure after 30 min of isothermal transformation becaménized Thus

bainite transformation is supposed to be almost completed in about 30 min.
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Figure 36: Strain during isothermal transfornati at 250 , measured using

dilatometry.

Dilatometry also supports the interpretation of the SEM images. Strains of
SAE52100 steels during transformation are presented as a function of time in Figure
9. Originaldilatometrydata of strain versus log scéiee is arranged by fitting into

the point where the isothermal transformation just started. The expansion of
dilatometry specimen during transformatimmainly caused by the austenite to
bainite transformation, so the bainite transformation kinetiosbeaunderstood by

the degree of strain.

Bainite transformation initiates after about 100 s at 250here seems to be a
negligible length change after about 30 min at the transformation temperature,

which is in agreement with the SEM observations.
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Figure 37: Strain during quenching to room temperature after isothermal

transformation at 250 for a variety of time periods.

Another dilatometry result during cooling to room temperature after isothermal
transformation also supports the interpretation about the bainite transformation
kinetics, Figure 10. An expansion of tlspecimen, caused by the austenite to
martensite transformation, is observed during quenching after 15 min at, 250
whereas negligible expansion is observed following 30 min at 259Mhe stability

of the austenite is less after the 15 min, since the anmmfubtinite formed is
smaller than after the 30 min transformation. In the latter case, the bainite
transformation is almost completed, so that the stability of austenite can be achieved

by carbon partitioning. For that reason, the strain dumddensitictransformation
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does not appear any more.

From the SEM observations and dilatometry results, it can be concluded that the
bainite transformation of SAE52100 at 250is initiated at about 100 s of
isothermal transformation and almost completed in 30 min at temperature. It is
much faster than reported in the literatures (Vedted. 2006, Sakanaka 2009). This
is presumed to be an effect of the spheroidized cemgatitethe phenomenon will

be discussed in detail in Chapter 4.

3.5 Mechanical properties of bainitic SAE52100 versusartensitic

A tempered martensite microstructure was generated for comparison of mechanical
properties using the heat treatmgmocess illustrated in Figure 4. The resultant
microstructure observed using SEM is shown as a function of the tempering
temperature in Figure 11. The changes to the quenched microstructure increase
naturally as the tempering temperature is raised. Rromid spheroidized
cementite is observed in every temperoogdition and the maximum size is about

2 em as in the bainitic microstructure.
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Figure 38: SEM images illustrating the microstructure following quenching and
temperng. The specimen were austenitized at 85@r 20 min, quenched to room

temperature, and then tempered at 18230 , and 250 for 2 h.
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Figure 39: Rockwell hardness data for bainitic SAE52100 steel as a function of
isothermal tansformation time, and martensitic SAE52100 steel as a function of
tempering temperature. The hardness of martensite fquexsched, tempered at
180 , 230 , and 250 conditions are 0.67 HRc, 630.41 HRc, 520.24 HRc,

and 5#0.41HRc, respectively.

Rockwell hardness data following tempering are represented in Figure 12, measured
using a Mitutoyo HR522 hardness testing system with a load of 1 kg.
Corresponding values for the bainitic microstructure are listed as a function of the
isothermal transformain time, while values for martensitic are separately marked
with horizontal lines through the tempering temperature. As expected, the hardness
of the martensitic structure decreased as tempering temperature increased, and that
of the bainitic decreased thi transformation time. At early stages of isothermal
transformation, a certain amount of martensite forms as cooling to room

temperature is also included in the microstructure with bainite and spheroidized
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cementite. Thus, the hardness of the early stddaainite evolution is relatively
high. The hardness value of the fully bainitic microstructure, supposed to be the
values after 30 min of transformation, shows a similar level to that of martensite
tempered at 250. However, the value is lower than the hardness of martensite
tempered at 230 and 180 .

To examine the development of hardness of the bainitic structure, a lower
transformation temperature was attempted. Bainite is known to be harder when
transformatio at a lower temperature due to the refinement of the bainite plates,
although the time required to the initiate bainite reaction becomes longer (Caballero
et al. 2002, GarcieMateo et al. 2003, Caballercet al. 2004). In that context,
SAES52100 steel wasierefore transformed at 230to check the extent dfardness
increase and any delay in transformation time. Figs 13 and 14 show the dilatometry
results. Bainite is delayed a little compared with transformation at 25€sulting
completion between 30 to 60 min. Hardness test résuthe 230 experiments

are represented with previous data in Figure 15. The result shows a &mila@ncy

to the 250 data, but enhanced hardness for all transformation times. Indeed, the
hardness exceeds that of martensitic tempered at 188us, itcan be concluded

that a judicious decrease of isothermal transformation temperature can contribute to
the enhancement of bainite hardness in SAE52100 steel without an intolerable

particulardelay in isothermal transformation kinetics.
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Figure 41 Strain during quenching to room temperature after

transformation at 230 for a variety of time periods.
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Figure 42 Rockwell hardness data for bdioi SAE52100 steel as a function of
isothermal transformation time, and martensitic SAE52100 steel as a function of
tempering temperature. The data for martensite and bainite at 2&hsformation

is the same as illustrated in Figure 12.
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3.6 Simmary

SAE52100 bearing steel was héatated to generate lower bainite instead of the
traditional tempered martensiteyith a microstructure containing spheroidized
cementite in a ferrt matrix as an initial stateBainite transformation could be
compkted in 30 min at 250, which is much faster than previous studies based on
a nonspheroidized starting structures. Fully bainitic SAE52100 steel showed a
similar hardness level compared with martensite at the same transformation
temperature. Moreover, an enhancement of hasloeuld bexchievedoy lowering

the isothermal temperature to 23Pwithout retardation of transformation kinetics.
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Chapter 4. Effect of alloying elements on bainite
transformation kinetics of SAE52100

4.1 Introduction

It has beerdiscussed irthe previous chapter that fully bainitic microstructure
can be obtainetty austempering at 250 for 30 min usingthe SAE52100 alloy.
The hardness of that microstructure was comparakigatoof martensite tempered
at same temperature forh2

A lower bainitc microstructure caralso have sufficient hardnessfor bearing
manufacture but only by transformation@t temperature, whethetime required
to complet transformation iprolonged(Caballeroet al. 2002 GariciaMateoet al.
2003 Caballeroet al. 2004) The longtime heat treatment meamsdecreasdn
productivity and increasén cost. So the acceleration of bainite transformation
kinetics is an important issue ftire exploitation obainitic stees. It is knownthat
bainite kinetics can be accelerated by chantfileglloy compositionThe aldition
of Al and Co can accelerate the transformation kinetics by increasing the free
energy change accompanying transformation of austenite tcef@ariciaMateo
et al. 2003) Cr is thealloying element which can increase the hardenabdityg
hence retards the formation ladinite(Bhadeshia 2001)hus,aredudion of Cr can
also accelerate the bainite transformation.

To understand the effect ofarious soluteson the acceleration of bainite, several
alloys were designelleginning with theSAE52100 base alloy. The kinetidata
were then measuregind compare@gainstSAE52100.The main purpose of the
work presented in this chapter was, therefore, tofywehe role of solutes on

reaction kinetics in the context of lower bainite.
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4.2 Alloy design and experimental

Table2 : Alloy compositiongwt%)

Alloy C Mn Si Cr Al Co
Bl 1.0 0.35 0.25 1.4
B2 1.0 0.35 1.25 1.4
B3 1.0 0.35 0.25 1.0
B4 1.0 0.35 0.25 1.4 1.0
B5 1.0 0.35 0.25 1.4 15

Several alloys were designadshown in Table 1. B1 ihe SAE52100 base alloy.

B2 has Si addedfor the purpose ofanother studyaimed atimproving the
spheroidization proceg&im et al., 2010) The effect of Si on the acceleration of
bainite transformation has not been reported clearly. Neverthal&ssdded alloy

is included in this study, sindeis known to have a similar role with Al ahe

bainite transformatior(Etienne et al. 2001, KianiRashid 2004) B3 is the Cr
reduced alloywith consequently reducdtardenability. B4 and B5 are Al and Co
added alloys, respectively. They are designed to accelerate bainite transformation by

increasing free energlifferencebetween austete and ferrite.
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Figure43: General dilatometer curve for bainite transformation of SAE52100 based
alloys. SAE52100 alloy austeniéidat 850 for 20 min, austempedat 250 for
30 min.

The reaction rates wereevaluated using dilatonetry. During the bainite
transformation, the volume of specimen is increased as austenite transformed into
bainite. Theresultingvolume change othe specimen can be observedalength
change of specimen by dilatometer. Thus, the lengihgd during austempering is
approximatelyproportional to the amount of transformed bainite. Figure 1 shows
general form ofthe dilatometer curvdor SAE52100 based alloys, in which the
strainis illustrated as a function of time. The length chaaigebued to thebainite
transformation is markedn the figure. The datarefitted into the point wher¢he
austempering heat treatment just started, and then the bainite transformation kinetics

of the differentalloy arecompared
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4.3 Spheroidization pocess

Spheroidization process of SAE52100 (B1) was introduced in previous chapter.
Based on that heat treatment process, the highest soaking temperature for the
segmerdtion of the cementite lamellastructure waselated to thehange inthe A
temperatire for each alloy. For examplg; temperature of B2 alloy is increased by
the addition of Si, which iaferrite stabilizing element. So, BRust beheat treated
at ahigher temperature for the segnetitin of cementite lamedle compared with
B1. Thus, 80 was applied for spheroidization of B2 instead of 796f B1. The
A; temperature of each alloy was calculated usihgringCalc TCFE6 database
(Figure 2). As a result, B3 and B5 was heat treatd®0 (same as B)l while B2
and B4 were heat treateti810

The change in microstructure before and after spheroidizattnaobserved using
scanning electron microscopy, and illustrated in Figure 3. The larnséilecture of
pearlite is transformed into spheroidized cementita farrite matrix as intended.
Hardness iseducedabout 50% to 67%hat of a pearlite structure (Figure 4). The
cementite fraction after spheroidization was measured fiyint counting method
using SEM images. B5 was containialgout0.20 of cementite, while other alloys
were contaiing about 0.150.002to 0.1#0.017 The detailed results are shown in
Table 2.
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Figure46: Hardness before and after spheroidization.

Table 2 : Details of hardness decrease and cementite fraction after spheroidization.

Hardness Hardness Hardness ratio )

) o o ] Cementite
Alloys (pearlite) (spheroidization) (spheroidized/pearlite) )
fraction
[HV] [HV] [%]

B1 349+6.7 175%1.9 50 0.1740.020
B2 349+9.8 223+3.6 64 0.1540.002
B3 379+9.6 192+1.2 51 0.1740.007
B4 324+10 218+1.2 67 0.1620.005
B5 380+4.6 196+2.6 52 0.2040.010
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4.4 Bainite transformation kinetics of designed alloys

Bainite transformation kineticerere observedfor each alloy usinghe method
adopted for SAE5210Q@lescribedn theprevious chapter. Spheroidized specimen of
each alloy was austenitized at 85@or 20 min, and then austempered at 25@r
2 h using dilatomey. Dilatometic data during austemperingewe measured to
evaluatethe kinetics. The microstructat changs as a function of time were

observed using SEM
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Figure 47: Bainite transformation kinetics of B2 specimen upon austempering at

250
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Figure48 Microstructure of B2.
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Figure 49: Bainite transformation kinetics of B3 specimen upon austempating

250
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Figure50: Microstructure of B3
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Figure 51: Bainite transformation kinetics of B4 specimen upon austempering at
250
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Figure52 Microstructure of B4.
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Figure 53: Bainite transformation kinetics of B5 specimen upon austempering at
250
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