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ABSTRACT

In order to produce passenger vehicles with imptduel economy and increased passenger
safety, car manufacturers are in need of steelsavihanced strength levels and good formability.
Recently, promising combinations of strength anditity have been reported for several, so-callgdt
generation advanced high-strength steels (AHSSHaadching and partitioning (Q&P) steels are
increasingly being recognized as a promising thederation AHSS candidate.

Early Q&P research used conventional TRIP steahidteies and richer alloying strategies have
been explored in more recent studies. Howevereyaic investigations of the effects of alloying
elements on tensile properties and retained awstiEactions of Q&P steels are sparse. The objedfv
the present research was to investigate the afiagfifects of carbon, manganese, molybdenum,
aluminum, copper and nickel on tensile properties microstructural evolution of Q&P heat treated
sheet steels. Seven alloys were investigated waG-2.5Mn-1.5Si (wt pct) and 0.4C-1.5Mn-1.5Si alioy
used to study carbon effects, a 0.3C-5Mn-1.6Sydtostudy manganese effects,
0.3C-3Mn-1.5Si-0.25Mo and 0.3C-3Mn-1.5Si-0.25Mo8A8alloys to study molybdenum and
aluminum effects and 0.2C-1.5Mn-1.3Si-1.5Cu an€Cal5Mn-1.3Si-1.5Cu-1.5Ni alloys to study
copper and nickel effects.

Increasing alloy carbon content was observed toimnaicrease the ultimate tensile strength
(UTS) up to 1865 MPa without significantly affeditotal elongation (TE) levels. Increasing alloy
carbon content also increased the resulting redaanstenite (RA) fractions up to 22 vol pct. Measur
maximum RA fractions were significantly lower thidre predicted maximum RA levels in the
0.3C-1.5Mn-1.5Si and 0.4C-1.5Mn-1.5Si alloys, likedsulting from transition carbide formation.
Increasing alloy manganese content increased UESnO RA levels, and decreased yield strength (YS)
and austenite carbon content)({@vels. Retained austenite fractions up to 28pdtUTS levels
exceeding 1500, 1600, and 1700 MPa with TE leveP0p17 and 12 pct respectively were measured for
the 0.3C-5Mn-1.6Si alloy.

Molybdenum and aluminum additions to a 0.3C-3MnSl &loy were not observed to
significantly affect the resulting tensile propestiat a partitioning temperature of 400 °C. Partitig at
450 °C increased the TE levels of the 0.3C-3Mn-t®B3ZMo-0.85Al alloy and decreased the TE levels
of the 0.3C-3Mn-1.5Si-0.25Mo alloy while similar STevels were measured in both alloys. The
aluminum addition potentially increased strain lesidg. RA fractions were observed to be close to
predicted levels in both alloys. Copper and nigdditions were not observed to increase the ragulti
maximum UTS-TE levels. Copper and nickel additimmtseased RA levels and the measured RA levels

were observed to be close to the predicted values.
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CHAPTER 1: INTRODUCTION

Over the last decades, Advanced High Strength<S(a&lSS) have received an increasing
amount of attention [1]. The automotive industrpéasticularly interested in these steels as car
manufacturers continuously seek new ways to deereasbody weight. High strength steels with good
formability are needed so that thinner sectionskmaproduced whilst guaranteeing passenger safety.
Figure 1.1 shows total elongation and tensile gtitemalues for various first and second generation
AHSS. The first generation AHSS consists of variallsys with predominantly ferritic microstructures
such as interstitial free (IF), high-strength lolloya (HSLA) and Transformation Induced Plasticity
(TRIP) steels. The second generation AHSS alloyislgnpossess austenitic microstructures, such as
Twinning Induced Plasticity (TWIP) steels. The satgeneration of AHSS alloys possess significant
combinations of strength and ductility but theie is limited by significant cost increase due toyahg,
and challenges in production. Current researchsieswn the development of the so-called third
generation AHSS aiming to fill the gap betweentfaisd second generation AHSS, as illustrated in
Figure 1.1. Matloclet al.[1] suggest that third generation AHSS steelsa¢outlude dual phase (DP)
steels with enhanced properties, high-manganessforanation induced plasticity (TRIP) steels and
guenching and partitioning (Q&P) steels [2-9].

Initially, Q&P heat treatments were performed udiaglitional TRIP steel compositions
containing 0.12-0.55C, 0.2-2.5Mn and 0.4-1.8Si [T®RIP alloys were used in early Q&P research as
these alloys have sufficient alloy carbon contentaustenite retention, manganese to increase
hardenability and austenite stability and silicorstippress carbide formation. More heavily alloyestls
have been studied since the early days of Q&P relseantaining elevated carbon and manganese Jevels
molybdenum, aluminum, silicon and nickel [8, 11-XBdpper effects have been studied in TRIP-steels
[17-19] but not specifically in Q&P treated alloys.

This project aims at further optimizing the tengiteperties of Q&P processed CMnSi sheet
steels. Seven alloys containing various levelsaolben, manganese, molybdenum, aluminum, copper and
nickel were studied. The effect of processing patans on tensile properties has been a major facus
several Q&P studies and it was studied in this vimyrkitilizing three different quenching temperagure
(QTs): the optimal QT £25 °C, three different ptastiing temperatures (PTs): 350, 400 and 450 °C and
four different partitioning times (Pts), 10, 30, &dd 300 s. Resulting tensile properties were nredsay
uniaxial tensile testing and microstructural eviglntwas evaluated using x-ray diffraction (XRD).eTh

reported tensile properties include 0.2 pct yi¢tdrggth (YS), ultimate tensile strength (UTS), onif



elongation (UE) and total elongation (TE), andirete austenite fractions (RA) and austenite carbon

contents (Q are reported from XRD measurements.
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Figure 1.1 Total elongation as a function of ultiengensile strength for various first (bottom left)

and second (top right) generation advanced higimgth steels. [20]



CHAPTER 2: BACKGROUND

The fundamentals of quenching and partitioning reattments and the specific impact of each
of the alloying elements considered here are dismlim detail in the following sections. Special
emphasis is placed on the role of each alloyinmetd in the Q&P process. Results for some of the
alloying effects relevant in Q&P processing repaiteliterature are shown and discussed. In additio
alloying effects, Q&P processing effects on tengilgperties, transformation induced plasticity (PRI

phenomena and factors impacting austenite stabiléyeviewed.

2.1 Quenching and Partitioning Fundamentals
Quenching and partitioning (Q&P) is a novel progagsoute to produce third generation AHSS
proposed by Speet al.[21]. The Q&P process can be divided into threpsss shown in the

processing schematic in Figure 2.1 [22].

Temperature
= £

m

Figure 2.1 Q&P processing schematic, where Qfidgguenching temperature, PT is the
partitioning temperature, andsMnd M are the martensite start and finish
temperatures respectively, C, and G, refer to the carbon contents of the initial
alloy, austenite, and martensite, respectively.[22]

During the first step, the steel is either intdicaily annealed or fully austenitized. The stael i
then quenched to a predetermined, so-called quegébimperature between the martensite stagtami

martensite finish, M temperatures. After the initial quench, the mitmacture of the steel consists of
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martensite and austenite (and possibly interctiferaite). During the third part of the treatmetiite steel
is either held at the initial quenching temperafaree-step Q&P) or at an elevated, so-called jxamtitg
temperature (two-step Q&P), after which the stegjuenched to room temperature. The partitioniag st
aims at stabilizing austenite by carbon diffusimm martensite to austenite so that austenitesisamt
following final quenching to room temperature.

Retained austenite stabilization is important inf#&teels in order to achieve the desired
combination of strength and ductility. Spe¢ial. proposed a method to calculate an optimal quegchin
temperature to maximize the retained austenitatieteat room temperature using the
Koistinen-Marburger (K-M) and martensite transfotimia start temperature (ylequations [23]. The

K-M equation can be used to predict the austeaitadrtensite transformation rate and is given i#y}:[2
fmzl_go.on(lvg-QT) (2.2)
where f, is the fraction of austenite that transforms tatemssite, M is the martensite start

temperature and QT the quenching temperature dtitex reports various alloy sensitive equations for

the M; temperature, such as [25]:

M¢=539-423C-30.4Mn-7.5Si+30Al (2.2)

proposed by Mahieeat al.for CMnSiAl TRIP-steel compositions [26]. The K+{4.1) and the M
equations (2.2) are utilized twice in the modelpgm®ed by Speest al. [23]. First, the Mtemperature of
the initial austenite and martensite fraction aedain quenching temperature below thgtédmperature
are calculated. Secondly, the Mmperature of the austenite after partitionincgigulated assuming full
carbon partitioning from martensite. The resul@ugtenite and martensite fractions are shown in
Figure 2.2. An optimal quenching temperature cardéetified where no fresh martensite forms upon
final quenching and the final austenite contenthea a maximum, as shown by the solid line in the
figure. If the initial quenching temperature is tow, too much austenite is consumed during thini
guench, and maximum austenite retention is noeaeli. On the other hand, if the initial quenching
temperature is too high, insufficient carbon isilaide to stabilize the austenite and fresh maitemnll
form during the final quench thus reducing the enig¢ fraction.

Constrained carbon equilibrium (CCE) is usuallyuasad in the calculation of the optimum
guenching temperature [23]. CCE assumes that thesidin of substitutional atoms is restricted, ttie
martensite/austenite interface is constrained tlatdonly the diffusion of interstitial atoms isgsible.
Therefore, only carbon atoms are assumed to diffose martensite to austenite. Furthermore, carbide
formation and carbon segregation to dislocationsamntensite are assumed not to occur.

Carbon partitioning and phase transformations takiace during the partitioning step have been

recognized to play an important role in the Q&Pgass [3, 27-33]. In the early days of Q&P research,



bainite formation was suggested to possibly countélio austenite carbon enrichment leading to aitete
stabilization in Q&P [34, 35]. Although bainite foation may partly contribute to austenite stabfiog
Clarkeet al.have shown that bainite formation would not sobetplain the significant retained austenite
fractions measured in several studies [27, 36]tHeumore, bainite formation is sometimes undesirabl
Q&P since it reduces the amount of austenite asailor carbon enrichment and therefore, alloying
elements suppressing bainite formation kineticshss C, Mn, Ni and Mo, are added to Q&P steels [36
37].

Other competing reactions excluded from the CCEehbdve been shown to potentially occur
during partitioning. A study conducted by Thonedasl. showed that carbon partitioning and traditional
tempering phenomena may take place at the samd30hdJsing XRD, transmission electron
microscopy (TEM) and atom probe tomography (APTijlence for carbon partitioning, carbon
clustering and transition carbide formation wasi@duSimilar results were reported by Tejial. [38].
Pierceet al.investigated transition carbide formation in a G A6Mn-1.5Si alloy during Q&P using
M ssbauer Effect Spectroscopy (MES), TEM and XRD.[$&jnificant -transition carbide fractions
were reported and the authors postulated thantight be one of the reasons for the lower retained

austenite fractions observed when results are cardpga model calculations assuming full carbon

partitioning.
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Figure 2.2 Optimum retained austenite fractiowations based on the method proposed by

Speetret al.for a 0.2C-1.96Al-1.46Mn-0.02Si containing 50%mercritical ferrite.

The initial and final martensite (M) and austerjifefractions as a function of initial
guenching temperature are indicated. Full carbatitipaing is assumed, data adapted
from [23].



2.2 Alloying Effects

Low-alloy TRIP-steel compositions are frequentledisn Q&P research [6]. De Cooman
reported that the levels of major TRIP steel aligyadditions, C, Mn, and Si frequently lie withiret
ranges shown in Table 2.1 [10]. Early Q&P researmiployed TRIP alloys as cementite formation is
effectively suppressed by silicon, sufficient alltgrbon content is available for austenite retengiod
manganese increases hardenability and austerfiiétgtadlloys with elevated carbon and manganese
levels, and molybdenum, aluminum, silicon and rliekklitions have been studied in later work [7, 8,
11-14]. Copper effects have been studied in TRERIs{17-19] but not specifically in Q&P treated
alloys, although alloys containing 1 wt pct coppave been reported [2]. The alloy compositions

reviewed in this section are shown in Table 2.2.

Table 2.1 Typical Chemical Composition Ranges feiF Steels in wt pct [10]

C Mn Si
0.12-0.55 0.2-2.5 0.4-1.8

Alloying effects on critical temperatures (Aé\cz;, Bs and M) are of importance in designing
Q&P heat treatments. Aand Ag temperatures are of importance in designing ttexéritical
annealing/full austenitization temperature, ag@m M in designing the initial quenching temperature.
Most of the alloying elements decrease these afiteenperatures, as shown in experimentally derived
equations (2.1-2.4), proposed by Mahetwal.,Andrews, and Steven and Haynes, respectively, théh
exception of silicon and molybdenum, which are shéwincrease the Adcemperature and aluminum

which is shown to increase the, mperature [26, 40, 41].

Ac3=91(-20% C+44.7S-30Mn-15.2Ni+31.5M¢ (2.3)

B,=830-270C-90Mn-70Cr-37Ni-83Mo (2.4)

Another important aspect of alloying elements @rtktrengthening effect. Figure 2.3 plots the
solid solution strengthening of ferrite as a fumetof various alloying elements [25]. Carbon, sili¢
copper, manganese and molybdenum increase feigltestrength whereas nickel and aluminum are
shown not to significantly contribute to strengtimgn Interstitial atoms, such as carbon and nitngge
have a greater impact on strengthening than sutistial atoms, such as silicon, copper and

molybdenum, as shown in Figure 2.3.



Table 2.2 Chemical Compositions of Reviewed Alloysvt pct

Ref. C Mn Si Al Mo Cr Cu Ni B
Steel A [38] 1.07 2.9 2.2 0.048 - - - - -
Steel B [42] 0.59 2.9 2 0.038 - - - - -
0.2C-3Mn-1.6Si [12] 0.2 3 1.6 0.06 - - - - -
0.3C-3Mn-1.6Si [24] 0.29 2.95 1.59 0.06 - - - - -
0.3C-5Mn-1.6Si [24] 0.28 4.96 1.64 0.06 - - - - -
HO [13] 0.43 0.59 2.03 0.008 0.03 1.33 - 0.07 -
H1 [13] 0.43 0.59 2.6 0.008 0.03 1.33 - 0.01 -
H2 [13] 0.43 1.17 2.6 0.008 0.03 1.33 - 0.07 -
CMnSi [11] 0.2 1.63 1.63 - - - - - -
CMnSi [11] 0.24 1.61 1.45 0.3 - - - - -
CMnAISI [11] 0.25 1.7 0.55 0.69 - - - - -
MoCMnAI [11] 0.24 1.6 0.12 141 0.17 - - - -
MoCMnSi [11] 0.21 1.96 1.49 - 0.25 - - - -
HSi [14] 0.195 35 1.54 0.006 - - - - -
LSi [14] 0.198 3.5 0.45 0.22 - - - - -
De Knijf et al.[43-45] 0.25 3 1.5 - - - - - -
de Diego-Calderoet -
al. [46, 47] 0.25 3 1.5 0.023 - - - -
Seoet al[48] 0.21 4 1.6 - - 1 - - -
Arlazarovet al.[49] 0.29 3 1.4 - - - - - -
0.16C-1.42Si- -
1.47Mn[18] 0.16 1.47 1.42 - - - - -
0.14C-1.49Si-1.51Mn- -
0.5Cu, [17, 18] 0.14 151 1.49 - - 0.51 -
0.5Cu-0.4Ni [17] 0.15 1.52 1.53 - - - 0.51 0.41 -
HCLNi [7] 0.37 2.27 2.45 - 0.58 0.8 - 1.47 -
LCLNi [7] 0.22 2.42 2.49 - 0.49 0.72 - 1.39 -
HCHNi [7] 0.39 2.39 2.64 - 0.5 0.78 - 4.83 -
LCHNI [7] 0.28 2.37 3 - 0.6 0.71 - 5.3 -
CMnSiAl [36] 0.19 1.59 1.63 0.036 - - - - -
Cheng [2] 0.19 1.53 1.55 0.025 0.45 1.01 1.01 0.950.0027
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Figure 2.3 Change in ferrite yield strength asracfion of alloying additions in wt pct for various
alloying elements, data adapted from [25].

2.2.1 Carbon

Carbon is known to increase the strength of maiteeasd to stabilize austenite. These effects are
illustrated in Figure 2.4 and Figure 2.5 [25]. Fig@.4 shows increasing hardness in as-quenched
martensite with alloy carbon content which alsaesponds to increasing martensite strength. Therow
impact of carbon on hardness at higher carbon norgexplained by the increase in retained austeni
fraction as shown in Figure 2.5. Moriéb al. studied the effect of alloy carbon content on aigtmn
density of as-quenched martensitic microstruct[5@k The authors reported increasing dislocation
densities with increasing alloy carbon contentaf.6 wt pct. These results suggest that the
strengthening from increasing alloy carbon conteaybe strongly correlating with the resulting
dislocation density. Austenite stabilization is nigicontrolled by carbon enrichment although other
austenite stabilizing elements, such as manganasdye effective as well [34]. The amount of carbon
also affects martensite morphology. Lath martensiteported to form with 0-0.6 wt pct of carbortle
alloy while plate martensite forms with 1 wt pctroore, as shown in Figure 2.6. Carbon also decsease
the M; temperature which enables austenite retentiooceth temperature if sufficient carbon enrichment
of austenite occurs, as shown in the same figyreCrbon is therefore important in Q&P steelstas i
helps austenite retention and also significantigregthens the martensite matrix.

The effect of alloy carbon content on tensile prips of Q&P steels have been studied in [12]
with compositions shown in Table 2.2. In the fudlystenitized condition, the 0.2C-3Mn-1.6Si alloy
exhibited ultimate strength levels of 1200-1450 MiRd total elongations of 9-15 pct. Increasing the



alloy carbon content to 0.3 wt pct increased thienake tensile strength levels into a range of

1400-1700 MPa and total elongation levels to 1pdt7

3200
2800
5
—~ 2400
S 2
< =
& =)
2 2000 5
g Z
= 1600 =
5
=
1200
L v 0, 1, —]800
0 0.2 0.4 0.6 0.8 1
Carbon Content (wt pct)
Figure 2.4 Hardness of as-quenched martensite@ndeded tensile strength as a function of
alloy carbon content. Data adapted from [25, 51].
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Figure 2.5 Retained austenite vol pct as a funaiararbon content. Data adapted from [25].
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Figure 2.6 Effect of carbon content on tdmperature and lath and plate martensite morglgolo

Data adapted from [25].

2.2.2 Manganese
Manganese is a common alloying addition in stedliarknown to effectively stabilize austenite,

increase hardenability by retarding the austewitpdarlite transformation, lower theAA:; and M
temperatures and contribute to the overall streafjthe steel via solid solution strengthening [53].
Elevated manganese levels can lead to bandingemydstable austenite regions in the microstructure,
which may reduce the TRIP effect and potentially dlctility and strength of the steel [52]. Mangsme
is also reported to act as a mild carbide-formilegnent, and decrease carbon diffusivity in austenit
leading to slower bainite growth kinetics [54].

Alloys with increased manganese levels produceedating tensile properties in recent Q&P
studies [12, 14, 44, 46, 48, 49, 55], as showrignies 2.7 through 2.9 and Tables 2.3 throughThé.
Q&P response of CMnSi steels with elevated mangalee®ls for three different alloys was studied in
[12] with alloy compositions included in Table 2Table 2.3 presents YS, UTS, UE and TE data for a
0.3C-3Mn-1.6Si alloy and Figure 2.7 shows correslimgnengineering stress-strain curves for selected
conditions [12]. UTS and TE levels ranging from 246 1648 MPa and 12 to 17 pct, respectively, were
measured for this alloy. Tensile properties for2095Mn-1.6Si alloy have also been reported andesom
of these properties are shown in Table 2.4 [12¢ Majority of the tested specimens exhibited low
elongation levels for the Q&P parameters studisghewn in Table 2.4 and Figure 2.8. The authors
suspected the low total elongation levels to refsoth the existence of large areas of untempered

martensite. The present study aims to improve theggerties using a similar alloy composition and
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alternate thermal processing as discussed funth&hapter 4. Attractive tensile properties were als
generated for a 0.25C-3Mn-1.5Si alloy, as showFidure 2.9 [44].

Maseket al. have also studied the effects of different mangam®ntents on tensile properties
and microstructures resulting from a Q&P heat tneait [13]. The alloys used in their study are tste
Table 2.2. Their results indicate that increasiramganese content from 0.6 to 1.2 wt pct in an alloy
containing elevated Si and Cr levels fractions tata elongation levels on average but increase bo
YS and UTS in most cases for the selected allog@8P processing conditions, as shown in Table 2.5.

Table 2.3 — Tensile Properties Generated in a BK6-1.5Si Alloy [12]

QT (°C) PT (°C) Pt (s) YS (MPa) UTS (MPa)  UE (pct) TE (pct)
10 995 1648 9 12

180 400 30 954 1548 11 14
100 1055 1492 15 17

450 10 1077 1501 13 16

10 1028 1632 10 13

200 400 30 1055 1535 11 15
100 1119 1495 15 17

Table 2.4 — Tensile Properties Generated in a 8/46-1.5Si Alloy [12]

QT (°C) PT (°C) Pt (s) YS (MPa) UTS (MPa) UE (pct) TE (pct)
10 1192 1244 0.9 0.9

140 400 30 - 958 0.6 0.6
100 1192 1244 0.6 0.6

450 10 1180 1195 0.8 1.0

10 - 690 0.4 0.4

160 400 30 - 971 0.6 0.6
100 - 837 0.5 0.5

450 10 1229 1276 0.8 1.0

10 988 1629 9.5 12.4
180 400 30 976 1541 11.3 14.3
100 1170 1153 1.2 1.2

450 10 1250 1362 1.0 1.0

Table 2.5 — Retained Austenite (RA) fractions, ¥i8trength (R ,), Tensile Strength (B and Total
Elongation (Amm Levels of Alloys Studied by MaSedt al.[13]

Steel Teri?)glrtﬁglrgg("cz) RA(PC)  Roz(MPa)  Ry(MP@)  Asmm(pct)
250 13 1516 1965 17

H1 300 19 1448 1757 24
350 22 1420 1702 25
250 14 1656 2118 17

H2 300 13 1557 1837 22
350 17 1221 1720 26

11
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Figure 2.7 Engineering stress-strain curves foB&€Mn-1.6Si alloy quenched to 200 °C and
partitioned at 400 °C for various times [12].
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Figure 2.8 Tensile properties obtained in 0.3C-3MB5Si and 0.3C-5Mn-1.6Si alloys, data
adapted from [12].
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Figure 2.9 Total elongation as a function of ultiengensile strength for a 0.25C-3Mn-1.5Si alloy
studied by De Knijet al. with an A50 sample geometry, data adapted frorh [44

Table 2.6 Yield Strength (YS), Ultimate Tensileédigth (UTS), Uniform Elongation (UE), Total
Elongation (TE) and Strain Hardening Exponent éported by Diego-Caldéraat al.for a
0.25C-3Mn-1.5Si Alloy [46]. Specimen Designatioro®is Quenching and Partitioning Temperatures
and Partitioning Time for Each Specimen, Respelgti&pecimen Thickness, Width and Gauge
Length were 1, 1 and 4 mm, Respectively.

Specimen YS (MPa) UTS (MPa) UE (pct) TE (pct) n
224-350-500 900 1357 10 22 0.19
244-300-500 721 1419 10 21 0.25
244-350-500 803 1471 11 21 0.26
244-400-100 621 1462 17 26 0.24
244-400-500 821 1267 16 28 0.19
244-400-1000 681 1275 16 29 0.20
264-350-500 761 1354 13 24 0.24

Table 2.7 Yield Strength (YS), Ultimate TensileeBigth (UTS), Uniform Elongation (UE) and Total
Elongation (TE) Reported by Arlazareval.for a 0.29C-3Mn-1.4Si Alloy [49]. Specimen Desigoa
Shows Quenching and Partitioning Temperatures antitiBning Time for Each Specimen, Respectively.
Specimen Thickness, Width and Gauge Length weredladd 15 mm, Respectively.

Specimen YS (MPa) UTS (MPa) UE (pct) TE (pct)
200-400-100 1200 1433 8.8 15.9
200-400-300 1201 1409 11.2 16.9

200-460-10 1104 1408 10.9 16.5
200-460-30 1033 1397 104 15.8
200-460-50 1063 1442 10.7 16.2
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2.2.3 Silicon and Aluminum

Silicon plays an important role in suppressing ilbormation during the Q&P process which is
schematically illustrated in Figure 2.10 [34, 58ince the solubility of silicon in cementite is tigiple,
silicon has to diffuse towards the matrix from taebide-matrix interface for cementite precipitatto
occur during tempering and partitioning. Simultamgy, carbon needs to diffuse in the opposite
direction. At low silicon levels, this process ntrolled by carbon diffusion whereas at greatiécasi
levels silicon diffusion starts to control cemeafitrecipitation. In addition, Owen has reported tigher
tempering temperatures are required for austeeiterdposition with greater silicon contents [56].

Carbide suppression is of importance in Q&P stsielse carbides would consume carbon which
could otherwise stabilize austenite and carbidegaiso be detrimental to the ductility of the st@a].
During tempering, retained austenite might decorapoderrite and interlath cementite thus causing
tempered martensite embrittlement (TME). In additio carbide suppression, silicon contributes & th
strength of the steel via solid solution strengithen[5, 58].

One of the disadvantages of elevated silicon leigetlse highly stable oxides which form during
hot rolling. These oxides are difficult to remowegickling and lead to surface finish problems by
reducing hot dip galvanizibility [59—61]. Aluminumight be used as an alternative for silicon siiice |
silicon, aluminum is not soluble in cementite aneréfore effectively prevents carbide formation and
does not deteriorate galvanizibility [26]. Mahieual. studied hot-dip galvanizing of aluminum alloyed
TRIP steels and reported that replacing silicomloyninum results in the formation of Fe-Al spinets
the surface, which do not deteriorate galvanizigtédnd prevent Mg8iO, formation [62]. A density
functional theory (DFT) calculation conducted byd&rand Sluiter showed that silicon is almost tvéise
effective as aluminum in suppressing carbides [@8jvever, aluminunalloying has been shown to
result in significant retained austenite fracticess shown in Figure 2.11 which plots retained anitgte
fractions as a function of true strain for two TRilbys, and to increase austenite carbon conmenRIP
steels [26, 60, 64]. Aluminum has also been refdree beneficial to the TRIP effect through delhy
austenite to strain-induced martensite transfoomatis shown in Figure 2.12 which plots the fractb
transformation induced martensite as a functiotnue strain for several TRIP alloys, which alsotplo
data from Figure 2.11 [60, 65, 66]. Greater stagkault energies (SFE) are reported to inhibitistra
induced '-martensite nucleation and aluminum is reportethtoease SFE, as shown in Figure 2.13 [67,
68]. Compared to silicon, aluminum is not a stréemgite solid solution strengthener, as shown guFé
2.3, and has been reported to increase cementitafion temperature, accelerate bainite formatmah a

potentially increase austenite carbon content$5069].
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Figure 2.10 Schematic illustrating the effect diten on retardation of carbide precipitation [34].
Solid linesrepresent carbide precipitation without silicon aadhed lines with silicon
addition.
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Figure 2.11 Retained austenite fraction as a fanatf true strain for a C-Mn-Al-Si and a C-Mn-Si
TRIP steel, data adapted from [60].

The Q&P response of silicon and aluminum contaisitegls has been investigated in multiple
studies [11, 14, 70-74]. The effect of silicon,ralnum and molybdenum on tensile properties of Q&P
processed steels was studied in [11] with commstshown in Table 2.2. The results show that

increased aluminum content leads to decreasedeetaiustenite fractions, strength and elongatieszide
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as shown in Figure 2.14 and Figure 2.15 althoughaduld be noted that the overall combined levei o
and Al were lower than in the compared alloys. Ledthstudied the effect of silicon and aluminum on
deformation behavior of Fe-Ni-Cr-Si-Al alloys undensile and cyclic loading [75]. An addition 052.
wt pct of aluminum was reported to increase SFEDY/nt whereas a silicon addition of 2.5 wt pct was
reported to decrease SFE by 6.4%)imcreasing SFE was previously mentioned to irlfts
transformation induced austenite to martensitestamation. Contrary to this, Lehnhoff reportedttha
aluminum promoted the transformation during tensiseling whereas silicon inhibited the
transformation possibly due to thermodynamic sitgtxiffects.

Santofimiaet al. studied two intercritically annealed Q&P steelshwiarying amounts of silicon
and aluminum, as shown in Table 2.2 [14]. The pbstibstitution of silicon by aluminum in the
LSi-alloy was reported to lead to lower strengtrels and retained austenite fractions and a higher
fraction of cementite [14]. Figure 2.16 shows thgieeering stress-strain curves for miniature si%e
and LSi tensile specimens after 10 and 100 s joauitig at 350 °C [14]. The LSi alloy exhibits lower

strength for both partitioning times and lower tai@ngation after the longer partitioning time.
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Figure 2.12 Deformation induced martensite evofutie a function of true strain for CMnSi,
CMnSiAl and CMnAl TRIP steels, data adapted frod, [G0].
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Figure 2.13 Evolution of stacking fault energieBE$as a function of aluminum, copper, silicon
and chromium alloying, data adapted from [67].
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0.25C-1.7Mn-0.55Si-0.69Al (solid lines) alloys aBuaction of partitioning time
showing a decrease in austenite fractions in tB8@-.1.7Mn-0.55Si-0.69Al alloy [11].
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Figure 2.15 (a) Tensile strength (TS), yield sttbn@'S), (b) total (TE) and uniform elongation
(UE) of a Q&P processed 0.25C-1.6Mn-0.1Si-1.4Abwlhs a function of partitioning
time for the indicated partitioning temperature860, 400 and 450 °C [11]. TS and
TE shown as solid and YS and UE as dashed lines.
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Figure 2.16 Engineering stress-strain curves fetdt2C-3.5Mn-1.5Si (HSi) and
0.2C-3.5Mn-0.45Si-0.2Al (LSi) alloys partitioned 280 °C for 10 and 100 s, data
adapted from [14].

2.2.4 Molybdenum

Molybdenum has been used in various AHSS to prottihatéormation of bainitic or martensitic
microstructures, through an increase in hardenglmyi delaying austenite decomposition, and togase
strength via secondary hardening [76—78je effect of molybdenum on Q&P steels have beadiext in

[11] with compositions shown in Table 2.2. The @®hbination of tensile properties was measured for
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the MoCMnSi steel, as shown in Figure 2.17. Molyhda alloying increased strength levels
significantly while elongation levels decreasedlsiy on average when compared to a similar alloy
without molybdenum alloying. The authors reporteat tmolybdenum alloying increased retained
austenite fractions, especially at the highesitfmring temperature of 450 °C, as illustrated in
Figure 2.18.
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Figure 2.17 (a) Tensile strength (TS), yield sttbr(yS) and (b) total (TE) and uniform elongation
(UE) of a Q&P processed (a, ¢) 0.2C-1.6Mn-1.6Si @nadl) 0.2C-2Mn-1.5Si-0.25Mo
alloys as a function of partitioning time [11]. B8d TE are shown by solid and YS
and UE by dashed lines. The square, circle andgiieasymbols refer to partitioning
temperatures of 350, 400 and 450 °C, respectively.
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Figure 2.18 Retained austenite fractions as afumaf partitioning time for
0.2C-2Mn-1.5Si-0.25Mo (dashed lines) and 0.2C-1.6M86i (solid lines) alloys. The

square, circle and triangular symbols refer toifiamning temperatures of 350, 400 and
450 °C, respectively [11].

2.2.5 Copper and Nickel

Copper is a tramp element in steel scrap and isdifficult to remove since iron oxidizes before
copper [79]. Figure 2.13 suggests that copper wimgictase the SFE and therefore possibly delay the
austenite to martensite transformation. Howeveg dgported by Kinet al. suggests that a copper
addition of 0.5 wt pct in an intercritically annedITRIP steel did not significantly affect the macical
stability of austenite. Copper has been reporteddease the yield strength of normalized 0.08$0.2
steels by approximately 78 MPa/wt pct and tengriength by 56 MPa/wt pct up to 0.8 wt pct Cu [80].
Copper is a strong austenite stabilizer and atemgthens ferrite by precipitating fingarticles which is
reported to occur for greater copper contents T>@.pct) at higher temperatures (400-700 °C) B,
Increasing alloy C, Si, Mn, Cr, Ni, Mo content irases the times required to reach the greatestdssd
from copper precipitation [81, 82]. Takadd al. investigated copper and copper precipitation &sfea
tensile properties and grain-refinement [19]. Cogukditions were observed to yield better prodotts
total elongation and tensile strength comparedhtallay with no copper addition.

The effect of copper precipitation on grain refimgrwas investigated in strain-assisted ferrite
transformation from heavily deformed austenite endlynamic recrystallization of heavily deformed
ferrite [19]. Ferrite grain sizes smaller thanrh were observed in both cases. Ferrite grain nefame
was postulated to result from fine copper precipgdut the authors did not provide further evidetaoc
support this. Copper has also been suggestedite tee austenite grain size via solute drag, parted
by Nakashimaet al.[83]. In a study conducted by Juegal.a copper addition of 1.5 wt pct was shown

to suppress carbide formation during quenchingltiaguin greater carbon levels in solution in a moead
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carbon steel [82]. The copper addition was alsonted to retard the finish temperature d@fansition
carbides and the start and finish temperaturesmkatite precipitation [82]. In addition,
DFT-calculations performed for copper by Ande ahdt& also suggest that copper is effective in
suppressing carbide precipitation [63].

Copper is also known to have detrimental effectsgit levels, causing hot shortness during hot
forming [84]. Hot shortness may occur if a steabsbxidizes at an elevated temperature and is
consequently deformed. It is caused by wettingustenite grain boundaries with a liquid copper-rich
phase which reduces the energy necessary to seplaeegrain boundaries thus possibly causing angcki
in ensuing hot deformation steps [84]. Bucheteal.report that copper is liquid in a temperature raoige
1083 to 1177 °C and causes the most severe hdhebsiin this temperature range [84]. Some alloying
elements, such as tin, decrease the solubilitppper in austenite, whereas other elements, such as
nickel, increase the solubility thus decreasingtémelency to form a molten copper rich phase andeca
hot shortness [79]. A Ni/Cu ratio of up to 1 hasmeeported to be sufficient to prevent hot shagne
[85]. In addition, nickel stabilizes austenite ancreases hardenability [25, 85]. Therefore, nickel
frequently used in combination with copper althoitghuse is restrained by associated cost [85].

The effect of nickel and/or copper on the tensitigpprties of TRIP steels has been investigated in
several studies [2—4, 7, 70, 86—88]. Kétral. studied the effect of copper on TRIP steels with
compositions shown in Table 2.2 [18]. The coppering alloy was reported to exhibit significantly
higher tensile strength and retained austeniteifras and slightly higher yield strength and eldiaga
values than the base alloy. Figure 2.19 showsh@ptoduct of tensile strength and total elongadiod
(b) retained austenite fraction evolution as a fimmcof isothermal holding time for these alloysielT
improved tensile properties were reported to rdsoifh higher retained austenite fractions and tierri
strengthening resulting from either solid solutirengthening or the copper clustering effect [18].

In another study, Kinet al.investigated the combined effect of copper anéalim
intercritically annealed TRIP steels with compasig shown in Table 2.2 [17]. Cu and/or Ni alloying
was shown to result in significant combinationsténgth and ductility and retained austenite ioast
as shown in Figure 2.20 where (a) shows the proafuensile strength and total elongation and (b)
retained austenite fractions as a function of mswtial holding time at 430 °C [17]. The nickel conilag
alloy is shown to contain more austenite in mosesavhile the product of tensile strength and total
elongation is similar for both alloys. Rizeb al.investigated the effect of carbon and nickel atigyon
the tensile properties of four different Q&P heatited C-Mn-Si-Ni-Cr-Mo alloys with compositions
shown in Table 2.2 [7]. High nickel alloys were oejed to exhibit a wide range of UTS with modest

ductility whereas the low nickel alloys exhibiteetter ductility and greater strength levels, asstilated
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in Figure 2.21. The best combination of strengtth tmighness was measured for a high carbon, low

nickel alloy [7].
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Figure 2.19 (a) Product of tensile strength (TS) tmtal elongation (EL) and (b) retained austenite
fractions as a function of isothermal holding tiaie430 °C for TRIP steels with and
without copper addition. Data adapted from [18]
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and nickel additions. Data adapted from [17].
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Figure 2.21 Uniform elongation as a function ofralite tensile strength for the alloys shown in
Table 2.2 Data adapted from [7].

2.3 Influence of Processing Parameters on Tensile Propgis of Q&P Steels

Microstructures, and therefore tensile propertieQ&P steels, can be modified during every step
of the Q&P process. Reheating temperature cortinelsriginal austenite fraction and the initial
guenching temperature determines the initial mariterfiraction, amount of austenite that will be
available for enrichment through carbon diffusiooni martensite to austenite during the partitiorstep
and maximum carbon available in martensite forifp@ning and austenite stabilization. Both partiiizg
time and temperature affect partitioning kinetaxsd thus the resulting microstructure and tensile
properties. The effects of partitioning time (Ripldemperature (PT), and quenching temperature 6QT)
tensile properties of Q&P steels are consideredadre detail in the following paragraphs.

The Q&P response on tensile properties of sheelsstave been studied extensively [5, 12, 23,
36, 44, 48, 89]. An in-depth analysis of the effefgbrocessing parameters on tensile properties@&P
steel is provided in the doctoral thesis of Amyrkéa(2006) [36]. The composition of the steel used
this study is presented in Table 2.2 and someeofdhults are reviewed here. The effect of paniitig
time and temperature for fully austenitized samplas investigated using reheating temperatures of
950 or 900 C, quenching temperatures of 220 and 22@nd partitioning for varying times (10-1000 s)
at 350, 400 and 45@.

For the fully austenitized samples, UTS decreas#dincreasing partitioning time and with
increasing partitioning temperature. Yield stresgtitreased with increasing partitioning time for
partitioning completed at either 350 or 400 °C dedreased when partitioning took place at 450 °C.

Uniform elongation decreased with increasing partibg time at both 350 and 40GQ but increased
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when partitioning took place at 450. These findings are illustrated in Figures 2.8@ 2.23 where
UTS, YS and UE are plotted against partitioningetimespectively. Similar results are also repoing8,

11].
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Figure 2.22 Effect of partitioning time and tempara on ultimate tensile strength and 0.2 pct
offset yield strength. Samples were fully austeadiat 950 °C, quenched to 220 °C

and partitioned at 350, 400 and 450 °C [36].
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Figure 2.23 Uniform elongation as a function oftpi@ning time and temperature. Samples were
fully austenitized at 950 °C, quenched to 220 °@ partitioned at 350, 400 and

450 °C [36].

Another study of processing parameter effects nsileproperties for a 0.25C-3Mn-1.5Si alloy
was conducted by De Knigt al.[44]. The heat treatment matrix for their studgt®wn in Table 2.8.
The effect of PT and QT on tensile properties aiaaatructural evolution is shown in Figure 2.26r F
a QT of 224 °C, increasing PT decreased UTS fdPigllin most cases. A maximum TE levels and RA
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fractions were observed after 50-500 s of partitigrior all PTs. The greatest TE and RA levels were
measured after partitioning at 400 °C for 500 syirg the QT did not change the TE, UTS and rethine
austenite levels as much as varying the PT. UT8davere similar for all the QTs, except for Ptd 6f
and 30 s, after which samples quenched to 244 a4dQ@ exhibited greater UTS levels than samples
guenched to 224 °C. A maximum TE was observed gftenching to a QT of 264 °C although this
condition did not exhibit the greatest RA fraction.

Chenget al.also studied the effect of quenching temperapasgsitioning temperature and time
on the tensile properties of a Q&P heat treateestarhping steel with composition shown in Table 2.2
and heat treating matrix shown in Table 2.9 [2]e Efffect of QT was studied in samples partitiornea a
PT of 330 °C for 60 s, the effect of PT was studiesamples with a QT of 240 °C and a Pt of 60& an
the effect of Pt was studied in samples quench@d®c’C and partitioned at 330 °C for various times
For these selected samples, increasing PT andrBtrejorted to decrease UTS and increase TE while
increasing QT increased UTS and decreased TE dsioig retained austenite fractions increased total
elongation levels but decreased ultimate tensingth. The processing parameters were reporteave

little or no effect on the carbon content of thetauite.

Table 2.8 Heat treating Matrix of a 0.25C-3Mn-1.58kel Studied by De Knigt al.[44]

AT (°C) QT (°C) PT (°C) Pt (s)
850 224, 244, 264 300, 350, 400, 450 10, 50, 180, 200, 1000
1550 7 T 1 T 1 T ] 1800 [T T T T 717 T7

A PT: 400 °C QT: 224 °CH

1500 1700

1450 1600

1400 1500

Ultimate Tensile Strength (MPa)
Ultimate Tensile Strength (MPa)

1350 1400 - :g
oo I 1 1 0o 2% T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Partitioning Time (s) Partitioning Time (s)
(a) (b)

Figure 2.24 The effect of quenching (a, ¢, e) aauditponing (b, d, f) temperature on total
elongation, ultimate tensile strength and retasestenite fractions for a
0.25C-3Mn-1.5Si alloy studied by De Knéf al. Data adapted from [44].
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Figure 2.26 Tensile strength, total elongatiorairetd austenite fraction and austenite carbon
content as a function of (a, b) quenching and Y padtitioning temperature, (e, f) and
partitioning time, for the alloy studied by Cheeigal. with composition shown in
Table 2.2. Data adapted from [2]
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Figure 2.27 Continued

Table 2.9 Heat treating Matrix of a Si-Bearing Ft&mping Steel Studied by Cheeigal. [2].
Composition shown in Table 2.2
AT (°C) At (s) QT (°C) PT (°C) Pt (s)
890 300 240, 270, 300 240, 270, 300, 330, 360 00360, 600

2.4 Transformation Induced Plasticity and Austenite Stdility

The metastable retained austenite that enrichesrbon during partitioning may transform to
martensite at low enough temperatures or with ith@fsufficient deformation. Figure 2.28 shows the
chemical free energy versus temperature diagrara fiven steel composition [90-92]. A§, Doth
martensite and austenite have the same free earthstre equally stable. Aboveg, &ustenite is more
stable and belowgimartensite is more stable due to its lower free@neit temperatures below M
martensite to austenite transformation occurs smautusly due to sufficient driving force. AL T
undercooling is not adequate to start the transditiom but the transformation may start if suffidien

mechanical driving force is introduced.
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The austenite to martensite transformation caritherestress-assisted or strain-induced [93].
Figure 2.29 schematically shows the relationshgis/ben stress-assisted and strain-induced austenite
martensite transformation and temperature [93Jufei@.29 illustrates that below the, dmperature
undercooling is sufficient to trigger the transfation and no additional mechanical energy is rexqlilf
the testing temperature is between thead M, temperatures the transformation is stress-assasted
yielding is initiated with the onset of the martigiestransformation [93]. If the testing temperadtis
between the Mand M, temperatures, yielding is initiated with dislocatislip and transformation

follows at a later stage. Above the mperature no martensite is produced [93].

Unstrained Strained
Austenite . Austenite

Martensite

Gibbs Free Energy

Temperature

Figure 2.28 Gibbs free energy as a function of enapre diagram illustrating the effect of
mechanical driving force, Gyecr, ON the austenite to martensite transformatior [90

92].

Strain-induced transformation of retained austetoitmartensite has been reported to improve
strength and ductility of modern AHSS steels, dratdfore, attempts have been made to increase the
retained austenite fraction in AHSS [94]. In adiditto austenite fractions, the mechanical stallity
austenite is important as well. Austenite mechasizdility is affectede.g.by the test temperature,
austenite grain size, carbon content, morphologlyaaientation, and the properties of surroundinggels
[95—-99]. A decrease in grain size and increasaiiban content in addition to film-like morphologsve
been reported to increase austenite stability agatrain-induced transformation. Other factorsraoee
challenging to evaluate, although some attempte baen made to further understand the effect of
orientation and surrounding phases in Q&P treateels[43, 45, 47].

Austenite clearly plays an important role in imgraytensile properties. However, the various

parameters affecting final austenite fraction amstenite stability make evaluating the exact immdct
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austenite in a given microstructure challenginge @mount of retained austenite and its carbon nbnte
have been reported to not always correlate withrdbelting tensile properties of Q&P processedstee
as shown in Figure 2.30 [100], which shows the pobof tensile strength and total elongation as a
function of retained austenite fractions for selvsteel grades. Grades with very fine microstruesur
such as Q&P processed steels, did not exhibibagtrorrelation whereas intercritically annealed an
austempered grades showed stronger correlationg&etaustenite fraction and tensile properties, as
illustrated in Figure 2.30 [100].

Stress ——>

Temperature ——>

Figure 2.29 Schematic representation of stresstassand strain-induced martensite transformation
[93]. ,represents austenite yield strength,the temperature below which undercooling
is sufficient to trigger austenite to martensisnsformation, M the temperature below
which austenite to martensite transformation ocuutisout prior yielding of austenite
and M, the temperature above which no transformation ieccu
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Figure 2.30 Product of tensile strength (TS) anal ®longation (TE) as a function of retained
austenite fraction (£ for several (a) intercritically annealed and aogtered and (b)
Q&P heat treated steel grades [100].
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CHAPTER 3: EXPERIMENTAL PROCEDURES

The following sections introduce the investigatédys, the applied Q&P heat treatment
parameters, and methods that were used to asesss fgoperties, retained austenite fractions and

austenite carbon contents.

3.1 Alloy Design
Seven alloys with compositions shown in Table 3etennvestigated. The CMnSi alloys were

provided by AK Steel and the Mo and Cu bearingyallvere provided by US Steel. The 0.3C-1.5Mn and
0.4C-1.5Mn alloys were chosen to study the efféctobon in Q&P steels. Increasing alloy manganese
content was previously shown to lead to notablel@pations of strength and ductility, especiallyain
0.3C-3Mn-1.6Si alloy [12]. Manganese effects werelied using the 0.3C-1.5Mn and 0.3C-5Mn alloys.
The purpose for the molybdenum addition in the 68BG-Mo alloy was to increase austenite fractions,
and hence further improve tensile properties, dafpgafter partitioning at 450 °C [11]. Aluminum
additions are reported to increase austenite gtabgainst austenite to martensite transformatiohRIP
steels leading to improved uniform elongationgjiasussed in section 2.2.3, and this was the dyivin
force for the alloying strategy of the 0.3C-3Mn-Ma#loy. The results for the Mo and Al containing
alloys were compared with literature results f@&.2C-3Mn-1.6Si alloy. The 0.2C-Cu and 0.2C-CuNi
alloys were designed to study copper and nickelctsfin Q&P steels. Reduced carbon contents were
chosen for these alloys to better isolate coppemickel effects and to compare the results witdrditure
data for a 0.2C-1.6Mn-1.5Si alloy. All steels weseeived in the cold-rolled state with a nominal
thickness of 1 mm and tensile specimens were madhmthe rolling direction according to the
ASTM-E8 standard geometry [101].

Table 3.1 Chemical Compositions of the LaboratagpBred Steels in wt pct

wt pct C Mhn Si  Ni Mo Al Cu

0.3C-1.5Mn 0.28 148 148 - - - -
0.4C-1.5Mn 0.38 154 148 - - - -

0.3C-5Mn 029 496 164 - - - -

0.3C-3Mn-Mo 028 3 15 - 025 - -

0.3C-3Mn-MoAl  0.28 3 15 . 025 08 -
0.2C-Cu 02 15 13 - - - 15
0.2C-CuNi 02 15 13 15 - - 15

3.2 Heat treatments
Tensile specimens were heat treated using heéinyesalts and Paratherm NF heat transfer

fluid, and the heat treating matrix is shown in [Ea®2. Three quenching and three partitioning
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temperatures and four partitioning times were chasestudy Q&P processing effects on tensile
properties and retained austenite fraction evatutiteat treating salts were used for temperaturegea
150 °C and Paratherm™ NF for temperatures belowT5@Il samples were austenitized for two
minutes and then transferred to a quench tank whegewere held for ten seconds, when quenched to
salt, and twenty seconds, when quenched to PanatiedF. In both cases, the quench tank temperature
was set 20 °C below the target temperature in dode¥ach the desired quench temperature withii@he
or 20 s time frames, as measured by a spot welhdgthbcouple attached to the sample, as shown in
Figure 3.1. All specimens were water quenched donrteemperature after partitioning and two tensile
specimens per condition were heat treated andeemnsied.

Table 3.2 Heat Treating Matrix Including Annealiggyenching and Partitioning Times and

Temperatures
Alloy AT (°C) At (s) QT (°C) Qt (s) PT (°C) Pt (s)
0.3C-1.5Mn 860 215, 242, 265
0.4C-1.5Mn 850 200, 225, 250
0.3C-5Mn 860 85, 110, 135
0.3C-3Mn-Mo 860 120 150, 175, 200 10 350, 400, 450 10, 30, 60, 300
0.3C-3Mn-MoAl 900 175, 200, 225
0.2C-Cu 870 185, 210, 235
0.2C-CuNi 860 155, 180, 205
1000 T T T ; o
|A Q, P | Q Time (s)  Temperature (°C)
[ | 120 815.0
800 B 131 224.4
o | 134 205.1
~ 600 —
£ 139 350.3
5 ) 144 368.8
g 400 o
8 164 380.3
194 390.0
200 - — "= ——— — — — — — —
234 392.3
| | | 334 394.9
0 | | |
100 200 300 400
Time (s)
(b)
(a)
Figure 3.1 (a) Temperature as a function of timeaf@&P cycle. Heat treatment consisted of (A)

annealing at 800 °C for 120 s, @itial quench to 200 °C for 10 s, (P) partitiogiat
400 °C for 250 s, and @Xinal quench to room temperature and (b) tabteasihg the
actual thermocouple readings for selected times.sHift pot was set to 180 °C to reach
the target temperature of 200 °C.
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3.3 Optimal Quench Temperature Determination

The Ag and M, temperatures were determined from dilatometry gedaided by D. Coughlin at
Los Alamos National Laboratory, except for the 638Mn and 0.4C-1.5Mn alloys. Dilatometry was
performed using a linear variable differential sdacer (LVDT) dilatometer with a heating rate of
30 °C/s followed by a 120 s hold at the target terafure after which the samples were quenchedoto ro
temperature using a cooling rate of 65 °C/s. Thedwperature were determined from dilatometry data
by using a 2.5° deviation from the linear dilatatio

For the 0.3C-1.5Mn and 0.4C-1.5Mn alloys, the afa¥stioned temperatures were determined
using the Andrews (3.1) and Mahieu (3.2) equatasfull austenitization was confirmed with eleatro

microscopy for these alloys [26, 41]:

Aeg=91(-20% C+44.7S-30Mn (3.1)
M =53¢-423C-30.4Mr-7.5S-7.5Mo+30A (3.2)

where each alloying element is in weight percemtir@um quenching temperatures for all steels
were calculated according to the methodology pregdry Speeet al.[23], presented earlier in Chapter
1. For the 0.3C-1.5Mn and 0.4C-1.5Mn alloys thaérmal quench temperature was calculated using
equations (3.2) and (3.3):

f =1-g0-011(M-QT) (3.3)

where f, is the fraction of austenite transformed to magiterat the quenching temperature (QT)
and M, is the austenite to martensite transformatiort &tanperature. A similar method was used to
calculate the optimal quenching temperature folOtBE€-5Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl
alloys with the exception of correcting the equatd.2) to match the Memperature determined from
the dilatometry data for these alloys. The uppmitlof the salt pots (900 °C) limited austenitizing
capability for the 0.3C-3Mn-MoAl alloy specimens.

For the 0.2C-Cu and 0.2C-CuNi alloys, equation)(8:&s observed not to correctly predict the
austenite to martensite transformation, as shovigare 3.2 for the 0.2C-CuNi alloy. Figure 3.2tglo
the austenite-martensite transformation amountfasaion of temperature as predicted by equatBod)(
with four different constants and by dilatometryaddl he lever rule was applied to determine the
transformation amount from the dilatometry dataudtpn (3.3) with constant -0.011 was observed to
predict a significantly slower transformation ratenpared to dilatometry data. For the 0.2C-Cu and
0.2C-CuNi alloys, the optimal quenching temperatwrere determined from the dilatometry data by
selecting a temperature where 16 and 18 pct aheztaustenite still remained after the initial ocite,

respectively. These austenite fractions corresporigde maximum for each alloy predicted by using
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equations (3.4) [102] and (3.3). An example refsalh this analysis is shown in Figure 3.3 for the
0.2C-CuNi alloy.

M¢=55(-361C-39Mn+30A-5M0-10C-20CI-17Ni (3.4)

Table 3.3 Critical Temperatures for the Materiatetin This Study. For the 0.3C-1.5Mn and
0.4C-1.5Mn Alloys the Agand M, Temperatures were Determined using Equations &hd)3.2)
(Calc.), and for all the Other Alloys the Temperatwere Determined from Dilatometry Data (Dil.).

Designation Ag¢ Temperature  Austenitizing Ms Temperature Calculated
(°C) Temperature (°C) (°C) optimal QT (°C)
0.3C-1.5Mn 824 (Calc.) 860 364 (Calc.) 242
0.4C-1.5Mn 806 (Calc.) 850 320 (Calc.) 225
0.3C-5Mn 795 (Dil.) 860 205 (Dil.) 110
0.3C-3Mn-Mo 831 (Dil.) 860 287 (Dil.) 175
0.3C-3Mn-MoAl 927 (Dil.) 900 324 (Dil.) 200
0.2C-Cu 863 (Dil.) 870 369 (Dil.) 320
0.2C-CuNi 842 (Dil.) 860 334 (Dil.) 285
| P=———T—
_ 7 i
08 -0.01
g | |
306 —
=
g 04 | —
z - -
02 _
0 1 I 1 I 1 I 1 I 1
100 150 200 250 300 350
Temperature (°C)
Figure 3.2 Martensite fraction as a function of penature for the 0.2C-CuNi alloy. Dotted lines

represent results using the Koistinen-Marburgeagqn with different constants and
the solid line represents dilatometry data.
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Figure 3.3 Retained austenite fraction as a funatfaquenching temperature for the 0.2C-CuNi
alloy using equations (3.3) and (3.4).

3.4 Tensile Testing

Tensile properties were assessed by uniaxial tetesiting at room temperature using full-size
ASTM E-8 tensile specimens. Tensile testing waslaoted on an Alliance screw driven tensile test
frame at a constant engineering strain rate of-&(5 using a 50.8 mm extensometer with 50% strain
range. Two specimens were tested per conditioadoh material. All reported yield strengths (YS)yeve
determined using the 0.2 pct offset method andrtegailtimate tensile strengths (UTS) are the
maximum stresses measured during the test. RepantBm elongations (UE) are the elongations at
UTS and total elongations (TE) are the final ma>ameiongations.

3.5 X-Ray Diffraction
Retained austenite fractions and austenite carboteots were determined from x-ray
diffraction (XRD) measurements. Prior to tensilgtiteg, a 12.5 by 20 mm coupon was cut from the
tensile specimen for XRD analysis. XRD specimengevgeound to 1200 grit and chemically thinned for
5 minutes using a solution of 10 parts of waterpafis of 30 pct hydrogen peroxide and 1 part gbet8
hydrofluoric acid for the first measurement. Fag #econd measurement the same coupon was polished
using the 800 and 1200 grit papers and thinne@ famutes using the aforementioned solution.
Austenite fractions were measured with XRD usifthdlips X-pert diffractometer. The
diffractometer used filtered copper radiation vathaccelerating voltage of 45 kV and an operating
current of 40 mA, an X'celerator detector and afrde slit. Scans covered 2-theta angles from 4Q@o

degrees. The austenite content was calculateddingdo the SAE method using four austenite and fou
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ferrite peaks: {111} {200} {220} {311} and {110} {20} {211} {220}, respectively [103]. An example

of the XRD data is shown in Figure 3.4 which shdlwesXRD spectra for the 0.4C-1.5Mn alloy
specimens quenched to 225 °C and partitioned at@30r various times ranging from 10 to 300 s. The
HighScore Plus software was used to fit a calcdlatefile to measured data using the Pearson 7

function and a non-linear least-squares fittinghmdt and to calculate integrated peak intensifieg]|
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Figure 3.4 XRD spectra for the 0.4C-1.5Mn alloy meieed to 225 °C and partitioned at 450 °C
for various times.

Austenite carbon contents were calculated fromesitst lattice parameter variations. The
measured lattice parameters from all austenite peflctions were plotted against €dsin and this
function was extrapolated to zero in order to deiee the austenite lattice parameter. Austenitearar

contents for all the alloys were determined usirggfollowing relationship [105, 106]:

a =3.578+0.033%+0.00095,,-0.0002x;+0.0056x, +0.0031x,,+0.0015x,, (3.5)

wherea is austenite lattice parameter aQXvn, X, Xvo, Xu @NdXy; are wt pct of carbon,
manganese, aluminum, molybdenum, copper and nigsggectively. The effect of silicon on the
austenite lattice parameter was assumed to benifisant [105]. Equation 3.5 applies to the audeeni
composition ranges shown in Table 3.4. This methas used to estimate thel€vels in this study for
two reasons. First, the @vels obtained using equation 3.5 correlated toelhe results obtained using
Mossbauer emission spectroscopy (MES) for the .&®4n alloy. This is illustrated in Figure 3.5 whic
plots austenite carbon contents determined withcaation suggested by Cullity [107] and shown by
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equation 3.6, by equation 3.5 and by MES for tH&al.5Mn alloy after quenching to 250 °C and
partitioning at 400 °C. In this example the audtekittice parameter was estimated as an average fr
the {220} and {311} austenite peak positions fouation 3.6. The Clevels obtained using the Cullity
equation were observed to yield greatete@els than the levels obtained with MES and dqua&.5. On
average, the values determined with the Cullitya¢ign were 0.15 wt pct greater than the MES results
while the values obtained using equation 3.5 wed& @t pct lower. The composition ranges shown in
Table 3.4 apply to most of the alloying ranges ugedtis study whereas the Cullity equation does no
account for the effect of other than carbon. O#wrations for austenite carbon content determinatio
were considered as well, such as the one use®]Jndt equation 3.5 was observed to yield the fiest

when compared to results obtained using MES.

Table 3.4 Chemical Composition Ranges for ValidityAustenite Lattice Parameter Determined by
Dyson and Holmes [105]

C Mn Si Mo Al Cu Ni
Min 0.004 0.89 0.13 <0.01 <0.01 <0.05 7.7
Max 0.126 8.55 4.15 3.73 1.95 2.24 26.0
=3.555+0.0 (3.6)
].8 | T T | T | T | T T
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Figure 3.5 Austenite carbon content determined XD data by the Cullity equation,
Dyson-Holmes equation and Mdssbauer emission gsecipy (MES) as a function of
partitioning time for the 0.4C-1.5Mn alloy afterapching to 250 °C and partitioning at
400 °C.
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3.6 Scanning Electron Microscopy
A JEOL 7000 Field emission scanning electron miwope (FESEM) was used to conduct the
FESEM work on the resulting microstructures fromBeat treatments. Samples for FESEM were

prepared by grinding and polishing to th and etching with 2% Nital solution. The appliedelerating
voltage was 10 kV.
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CHAPTER 4: RESULTS AND DISCUSSION

The following sections present results and a dsouador the various alloys. For each alloy,
tensile data for partitioning temperatures of 38l and 450 °C as a function of partitioning time a
presented first, followed by retained austenitetfom and austenite carbon content data. The effict
each alloying element are then discussed. In gerdi@nges in the quenching temperature resulted in
less significant effects and these effects arelddtan Appendix A. Obtained tensile propertiesameed

austenite fractions and austenite carbon conteetsravided in detail for all alloys in Appendix B.

4.1 Quenching and Partitioning Response of CMnSi She@&teels Containing 0.2, 0.3 and 0.4 wt
pct Carbon

In section 2.2.1, the effects of carbon were disedgo significantly increase martensite strength
and to stabilize austenite. The effect of alloyooarcontent on Q&P response was investigated ukang
0.3C-1.5Mn and 0.4C-1.5Mn alloys. In addition, camgpons to previously reported results for a 0.2C-

1.6Mn-1.6Si alloy were made in some cases [11, 36].

4.1.1 Effect of Partitioning Time and Temperature on Tende Properties of the 0.3C-1.5Mn Alloy
Figures 4.1 through 4.3 show the effect of paritig time and temperature on YS, UTS, UE,
TE, YS/UTS and UTS-TE levels for the 0.3C-1.5Mmow@llUTS levels of 1227-1497 MPa and TE levels
of 6-12 pct were obtained for this alloy. Figuréatshows that at a PT of 350 °C, YS increased with
increasing Pt whereas at PTs of 400 and 450 °GilaipeYS was observed after 30 and 10 s of
partitioning, respectively. UTS decreased with @sing Pt and a maximum level of UTS was reached
after 10 s of partitioning, as shown in Figure 4 3imilar UE and TE levels were measured for ab PT
as shown in Figures 4.2a and b. At a PT of 450TElevels remained relatively unchanged regardiéss
Pt, whereas at 350 and 400 °C decreasing TE lexgrks observed with increasing Pt. In general, the
greatest elongation levels were measured for sgarEmpartitioned at 450 °C. Figure 4.3a shows that
increasing PT and Pt increased the YS/UTS levéis.greatest elongation values were generally
measured after short partitioning times when tharshardening was the greatest in this alloy, as
reflected by the YS/UTS ratio. Figure 4.3b showstiT'S- TE levels for the 0.3C-1.5Mn alloy as a
function of Pt for three different partitioning tperatures. Increasing Pt decreased the UTS- TEslavel
all PTs. Partitioning at 350 and 400 °C yieldeddgheatest UTS-TE levels after 10 and 30 s of
partitioning whereas partitioning at 450 °C yieldbd greatest UTS-TE levels after 60 and 300 s of

partitioning.
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Figure 4.1 (a) 0.2 pct offset yield strength andulimate tensile strength of the 0.3C-1.5Mn alloy
specimens as a function of partitioning time fortiianing temperatures 350, 400, and

450 °C.
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Figure 4.2 (a) Uniform and (b) total elongatiortteé 0.3C-1.5Mn alloy specimens as a function of

partitioning time for partitioning temperatures 3800, and 450 °C
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Figure 4.3 (a) Ratio of yield to ultimate tensiteeagth and (b) product of ultimate tensile strangt

and total elongation of the 0.3C-1.5Mn alloy spemiisias a function of partitioning time
for partitioning temperatures 350, 400, and 450 °C.

4.1.2 Effect of Partitioning Time and Temperature on Tende Properties of the 0.4C-1.5Mn Alloy
Tensile properties as a function of Pt for thrdéedint PTs are plotted in Figures 4.4 through 4.6
for the 0.4C-1.5Mn alloy. UTS levels of 1270-186%#and TE levels of 7-15 pct were obtained for this
alloy. Increasing PT decreased the Pt to reachréntest YS, as shown in Figure 4.4a. The peak YS
levels after partitioning at 350, 400 and 450 °Genmeasured after 300, 60 and 30 s, respectivalg. U
decreased with increasing PT and Pt, and the gitddfeS were measured after 10 s of partitioning, as
shown in Figure 4.4b. In most cases the greatesdidETE values were measured after partitioning at
450 °C, similar to the 0.3C-1.5Mn alloy. The maxmmlevels of UE and TE for PTs 350, 400 and 450 °C
were measured after 60, 30, and 10 s of partitjpmespectively. Strain hardening behavior waslami
to the 0.3C-1.5Mn alloy and similar YS/UTS levelsres observed. Increasing PT increased the YS/UTS
levels, and even though the lowest YS/UTS valua®g weeasured after partitioning at 350 °C, the
greatest elongation levels were measured for sgesrpartitioned at 450 °C. Specimens partitioned at
450 °C for 10 s exhibited the greatest UTS-TE lewwl, in general, UTS-TE levels decreased with

increasing Pt for all PTs.
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Figure 4.4 (a) 0.2 pct offset yield strength andulimate tensile strength of the 0.4C-1.5Mn alloy
specimens as a function of partitioning time fortiianing temperatures 350, 400, and
450 °C.
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Figure 4.5 (a) Uniform and (b) total elongatiortteé 0.4C-1.5Mn alloy specimens as a function

of partitioning time for partitioning temperatur@so, 400, and 450 °C.
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Figure 4.6 (a) Ratio of yield to ultimate tensiteeagth and (b) product of ultimate tensile strangt

and total elongation of the 0.4C-1.5Mn alloy asiaction of partitioning time for
partitioning temperatures 350, 400, and 450 °C.

4.1.3 Effect of Partitioning Time and Temperature on Retaned Austenite Fractions and
Austenite Carbon Content of the 0.3C-1.5Mn Alloy

Figure 4.7 shows the evolution of retained austengctions and austenite carbon content of the
0.3C-1.5Mn alloy specimens as a function of pantitig time for PTs 350, 400 and 450 °C. For PTs of
350 and 450 °C, austenite fractions increased 30 ®of partitioning, followed by a decrease up to
300 s of partitioning. For the PT of 400 °C, auggefractions continuously decreased with increg$ih
The greatest retained austenite fractions were umedgfter 30, 10 and 30 s of partitioning for B5S,
400 and 450 °C, respectively. Significant austetdteomposition was observed after 300 s of
partitioning at a PT of 450 °C. Figure 4.7b showde&vels for the PTs of 350, 400 and 450 °C as a
function of Pt. For PTs 350 and 400 °C, increasthaitially increased Cup to 30 s of partitioning
followed by a decrease after 60 s of partitionind an increase after 300 s of partitioning. Foilf &P
450 °C, C initially decreased up to 30 s of partitioningld@bed by a modest increase up to 60 s of
partitioning. The greatest Qevels were measured after 30, 300 and 10 s dfipaing at PTs 350, 400
and 450 °C, respectively, as shown in Figure 4C7kafter 300 s of partitioning at a PT of 450 °C cbul

not be reliably determined due to absence of (ahil)(311) austenite peaks.
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Figure 4.7 (a) Retained austenite fractions anauisjenite carbon contents of the 0.3C-1.5Mn alloy
specimens as a function of partitioning time fortiianing temperatures 350, 400, and
450 °C.

4.1.4 Effect of Partitioning Time and Temperature on Retaned Austenite Fractions and
Austenite Carbon Content of the 0.4C-1.5Mn Alloy

Figure 4.8 shows retained austenite fractions arfdr@Ghe 0.4C-1.5Mn alloy as a function of
partitioning time for PTs 350, 400 and 450 °C. Maxim austenite fractions up to 22 vol pct were
observed after 60 s of partitioning followed byexibase with longer Pts for all PTs. Greatest ailste
decomposition was observed after 300 s of partitgpat 450 °C. A greater Qevel was measured after
10 s of partitioning at 450 °C than at 350 or 4G0PFor a PT of 400 °C, devels increased up to 300 s
of partitioning whereas for a PT of 450 °C, &fter 300 s of partitioning could not be reliadistermined
due to absence of austenite peaks correspondihg {d11) and (311) planes. For a PT of 350 °C, the

greatest Clevels were measured after 30 s of partitioning.
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Figure 4.8 (a) Retained austenite fractions anduisjenite carbon contents of the 0.4C-1.5Mn
alloy specimens as a function of partitioning tifoepartitioning temperatures 400 and

450 °C.

4.1.5 Effect of Alloy Carbon Content on Tensile Propertie

Figures 4.9 through 4.10 plot the evolution of Yg'S, UE and TE as a function of partitioning
time for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mloys after quenching to the optimal quenching
temperatures and partitioning at 400 °C. The datéie 0.2C-1.6Mn alloy were limited to the samathe
treating conditions as for the 0.3C-1.5Mn and 014&Mn alloys. It should also be noted that the
0.2C-1.6Mn study employed the A50 tensile specigmametry, shown in Figure 4.11, where a slightly
shorter gauge length may lead to greater post«mitdongations. The effect of carbon content and
partitioning time on YS is shown in Figure 4.9aeTdreatest values for YS are obtained for the
0.4C-1.5Mn alloy. For the 0.2C-1.6Mn and 0.3C-1.50Iloys the YS seems to first increase and then
decrease with increasing partitioning time whetbasyS for the 0.4C-1.5Mn alloy increases with
increasing partitioning time. If the differences¥® values between the alloys are averaged for each
partitioning time in this 400 °C partitioning cofidn, an average increase of 110 MPa per 0.1 wCpst
observedFigure 4.9b shows the evolution of UTS as a fumctibpartitioning time. UTS increases with
increasing carbon content and decreasing partigptime. If the UTS values from the 400 °C
partitioning conditions are considered, an averageease of 140 MPa per 0.1 wt pct C is observed.

Figures 4.10a and b show the alloy carbon contahipartitioning time effects on UE and TE.
The 0.2C-1.6Mn alloy exhibits slightly greater Uital E values at a given partitioning time and for a

alloys UE and TE levels decrease with increasing Ptvalues ranging from 6 to 16 pct were measured
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for these alloys and the greatest TE value was uneddgor the 0.2C-1.6Mn alloglbeit at lower

strength. Figures 4.12a and b show carbon effedtIWTS and UTS-TE levels. The 0.2C-1.6Mn alloy
exhibited slightly greater strain hardening in mestes while the UTS-TE levels were similar in gahe
regardless of alloy carbon content. Stress-stnaives for 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn
specimens quenched to calculated optimal temperana partitioned at 400 °C for 10 and 300 s are
plotted in Figure 4.13. The figure shows an incegadJTS as carbon content is increased while TE is
only slightly affected by the increased carbon eantPartitioning for 10 s resulted in greater
combinations of strength and ductility. The figatso shows that the 0.2C-1.6Mn and 0.3C-1.5Mn alloy
partitioned for 10 s exhibited similar UTS valuestiae 0.3C-1.5Mn and 0.4C-1.5Mn alloys partitioned
for 300 s, respectively.

The tensile properties obtained for the 0.2C-1.6818C-1.5Mn and 0.4C-1.5Mn alloys are
presented on a TE versus UTS diagram in Figure Z1id greatest UTS value for the 0.2C-1.6Mn alloy
was 1400 MPa, while the UTS values for the 0.3@#h%&nd 0.4C-1.5Mn alloys ranged from 1220 to
1500 MPa, and 1280 to 1880 MPa, respectively; atdig the strengthening effect of carbon. Lower TE
levels were observed for the 0.3C-1.5Mn alloy wkitailar TE levels were measured in the 0.2C-1.6Mn
and 0.4C-1.5Mn alloys.
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Figure 4.9 (a) Yield strength and (b) ultimate tlenstrength as a function of partitioning time for
the 0.2C-1.6Mn, 0.3C-1.5Mn, and 0.4C-1.5Mn allogstitioned at 400 °C.
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Figure 4.10 (a) Uniform and (b) total elongati@naafunction of partitioning time for the
0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys pimtied at 400 °C.

150

75

1255
20

)

Figure 4.11 A50 tensile test specimen geometryditiensions in mm.

Figures 4.15a and b plot YS, UTS and TE as a fanaif partitioning temperature for the
0.3C-1.5Mn and 0.4C-1.5Mn alloys. The solid line®oth figures correspond to YS, UTS and TE levels
of an oil-quenched and tempered 4340 alloy [25hilar trends for the 0.3C-1.5Mn and 0.4C-1.5Mn
alloys are seen as partitioning/tempering tempezdfT/TT) is increased. UTS levels decrease ih bot
alloys while YS and TE levels generally increase.a@@erage, YS, UTS and TE levels are generally

greater in the Q&P steels compared to the temp&3da alloys. It is interesting to note that whitethe
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4340 alloy increasing PT/TT decreases YS, an isamgdrend is observed in the 0.3C-1.5Mn and
0.4C-1.5Mn Q&P steels.
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Figure 4.12 (a) Ratio of yield to ultimate tensiteength and (b) product of ultimate tensile gitbn
and total elongation as a function of partitioniimge for the 0.2C-1.6Mn, 0.3C-1.5Mn
and 0.4C-1.5Mn alloys.
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Figure 4.13 Engineering stress-strain curves fett2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys

guenched to the respective optimal quenching teayess and partitioned at 400 °C for
10 and 300 s.
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Figure 4.14 Total elongation as a function of udtientensile strength for the 0.2C-1.6Mn,
0.3C-1.5Mn, and 0.4C-1.5Mn alloys.
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Figure 4.15 Ultimate tensile and yield strength totdl elongation as a function of
tempering/partitioning temperature for (a) the 368Mn and (b) 0.4C-1.5Mn Q&P
steels. Solid lines represent data for an oil gped@nd tempered 4340 alloy [25].

4.1.6 Effect of Alloy Carbon Content on Retained Austenié Fractions and Austenite Carbon
Content

Figure 4.16 plots the predicted retained austdratgions as a function of quenching temperature
for the 0.2C-1.6Mn [11], 0.3C-1.5Mn and 0.4C-1.5Mlloys. Increasing alloy carbon content increases

the calculated maximum amount of retained austamittalso decreases the calculated optimal
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guenching temperature although for the 0.2C-1.6Nth@3C-1.5Mn alloys the optimal quenching
temperatures are similar. Figure 4.17 plots thelipted and experimentally measured retained adsteni
fractions for the 0.2C-1.6Mn [36], 0.3C-1.5Mn and®-1.5Mn alloys after quenching to various
temperatures and partitioning at 400 °C. The 0.8B4h alloy specimens were partitioned for 10, 38 an
100 s and the 0.3C-1.5Mn and 0.4C-1.5Mn alloys warétioned for 10, 30, 60 and 300 s. The figures
show that greatest austenite fractions are measutbd 0.4C-1.5Mn alloy and that the QT does not
seem to significantly affect the retained austeinéetions measured in the 0.3C-1.5Mn and 0.4C-h.5M
alloys over the range of QTs assessed. The low&shed austenite fractions were measured in 2@-0.
1.6Mn alloy for which a QT of 240 °C resulted iregter RA fractions than a QT of 220 °C. For albysl
the predicted austenite fractions were signifigagteater than measured except data for the highest
where the predicted and measured RA seem to crnetll for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys.
The greatest RA levels were measured after shditipaing times (10-60 s) followed by a decreafiera
longer hold for the 0.3C-1.5Mn and 0.4C-1.5Mn adlavhile increasing RA levels with increasing Pt
were reported for the 0.2C-1.6Mn alloy. The obséresver overall retained austenite fractions migt
due to non-optimal selection of QT, PT and Pt (Q&&cessing) or due to reactions competing for

available carbon.
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Figure 4.16 Calculated retained austenite fractamna function of quenching temperature for the
0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys.

The measured retained austenite fractions for th€-0.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn

alloys after quenching to the calculated optimargthing temperature and partitioning at 400 °C are
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compared in Figure 4.18a as a function of partitigrime. Retained austenite fractions increased wi
increasing alloy carbon content and the greatedteaite fractions were measured for the 0.4C-1.5Mn
alloy. For the 0.2C-1.6Mn and 0.4C-1.5Mn alloys ¥ levels increased up to 60 or 100 s of

partitioning while for the 0.3C-1.5Mn alloy a coastly decreasing trend was observed.
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Figure 4.17 Calculated and experimentally meastetained austenite fractions for the (a)
0.3C-1.5Mn, (b) 0.4C-1.5Mn and (c) 0.2C-1.6Mn [38pys partitioned at 400 °C.
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Figure 4.18b compares austenite carbon conterihéod.2C-1.6Mn [36], 0.3C-1.5Mn and
0.4C-1.5Mn alloys. Similar carbon contents in aniséeare measured for all alloys after quenchintip&o
calculated optimal quenching temperature and pariitg at 400 °C, although it should be noted that
different approaches were applied to obtain thdata for the 0.2C-1.6Mn than for the other twoysl
Austenite lattice parameter estimated from the §32&ak position and an equation suggested by @ullit
[107] were utilized to determine the for the 0.2C-1.6Mn alloy while equation 3.5 wasdi$or the
0.3C-1.5Mn and 0.4C-1.5Mn alloys. Equation 3.5 wsed in this study for reasons discussed in
section 3.5. For comparison, Figure 4.19 plotte@els for all the alloys determined using theliGul
equation. Increasing Tevels were observed with increasing Pt for ddiya. An overall increase in the
C levels of the 0.3C-1.5Mn and 0.4C-1.5Mn alloys whserved and significantly lower @vels were
observed in the 0.2C-1.6Mn alloy when the Culligwiation was applied. Figure 4.20a plots the product
of UTS and TE against RA fractions retained in@H&C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys and
Figure 4.20b plots UTS-TE against RA{f0r the 0.3C-1.5Mn and 0.4C-1.5Mn alloys. It sltbbé noted
that magnetic saturation was used to measure thigdgflons in the 0.2C-1.6Mn steel. The data from
[11] were used for the 0.2C-1.6Mn alloy due to camaple partitioning time and temperatures. No clear
correlation was observed between UTS-TE and RAifias or UTS-TE and RA-Cas shown in Figure

4.20, and similar behavior was reported in [100].
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Figure 4.18 (a) Measured retained austenite frastsod (b) austenite carbon content as a function
of partitioning time for the 0.2C-1.6Mn [36], 0.3C5Mn and 0.4C-1.5Mn alloys after
guenching to the calculated optimal quenching teatpee and partitioned at 400 °C.
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Figure 4.19 Austenite carbon content determinech fXiRD data using the austenite peak {220}
position and the Cullity equation for the 0.2C-116M.3C-1.5Mn and 0.4C-1.5Mn

alloys.
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Figure 4.20 Product of UTS and TE as a functio(aptetained austenite for the 0.2C-1.6Mn [11],
0.3C-1.5Mn, and 0.4C-1.5Mn alloys and (b) the protdf retained austenite and
austenite carbon content for the 0.3C-1.5Mn, ad@..5Mn alloys. Austenite carbon
content data for the 0.2C-1.6Mn alloy were not kade.
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4.1.7 Effect of Carbon Partitioning on Tensile Properties

Martensite hardness and strength are known toglfra@orrelate with its carbon content [108].
Carbon also affects austenite stability and magresent either in solution or in the form of cadsidn
martensite. Martensite and austenite carbon cantet presence of (transition) carbides signiflgant
affect properties and it is therefore importanknow the carbon distribution among various phases i
order to further understand the mechanical behafiQ&P steels.

Pierceet al. studied carbon redistribution in the Q&P heattedd.4C-1.5Mn alloy using MES

and selected results are shown in Figure 4.214.[109
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Figure 4.21 (a) Total fraction of carbon ircarbides, austenite and martensite measured using
M ssbauer emission spectroscopy and (b) ultimatdeesiseength as a function of
partitioning time for the 0.4C-1.5Mn alloy quenchied?50 °C and partitioned at 400 °C
for various times. Data for figure (a) adapted fi@9].

MES is a material characterization technique whisés recoilless gamma ray emission and
absorption to obtain information about the chemiral structural properties of a material. Figugl4.
shows the total fraction of the bulk alloy carban icarbide, austenite and martensite for specimens
guenched to 250 °C for 10 s and partitioned at°@for 10, 30, 60 and 300 s. The total fractionthef
bulk alloy carbon in -carbide and austenite were determined from ME$/sisaThe total fraction of the
bulk alloy carbon in martensite was determinedgisimass balance calculation. The first data point
both figures corresponds to the carbon fractioerdtill austenitization followed by water quenchiog

room temperature (WQ). Comparison between the WHX@8P conditions provides proof of carbon
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redistribution during partitioning. In Figure 4.21he total fraction of carbon in austenite incesagp to
60 s of partitioning followed by a decrease betw@@and 300 s of partitioning. At the same time, th
total fraction of carbon contained in carbides bithia general increase with increasing partitigriime.
The results show that approximately 50-60 pct bfaibon partitions to austenite under the selected
partitioning conditions, 30-40 pct is tied up inrldes and the remainder is present in martensite.
The total fraction of carbon in martensite, i.e fraction of carbon not tied up in carbides, is
observed to decrease with increasing partitionimg in Figure 4.21a. It is interesting to note tinat
total fraction of carbon in martensite and UTS bihsimilar trends, as shown in Figure 4.21b. Both
martensite carbon content and UTS decrease witeastg Pt. This observation might suggest that
martensite carbon content strongly affects the Wil&given alloy. Figure 4.22 further illustratée t
effect of carbon content on UTS by plotting UTSadsinction of martensite carbon conteny, @r the

0.3C-1.5Mn and 0.4C-1.5Mn alloysy@vas calculated according to the following equation
f f = (4.2)
where f, and f are the volume fractions of martensite and austergspectively, and g, Xc,
and X are carbon contents of martensite, austeniteaboglin weight percent, respectively.and X

were obtained from XRD measurements angl Was calculated using a mass balance calculagonas

calculated assuming that no other phases thanrdtestééd martensite were present.
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Figure 4.22 Ultimate tensile strength as a functiboarbon in martensiteQeither in solution or
tied up in carbides).
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This approach does not take into account e.g.dbsilple carbide fraction or carbon gradients in
martensite or austenite. UTS levels seem to ineradth G,. While an increasing trend is observed, the
data shows significant scatter. This suggestsatiatr factors impact the resulting UTS as well.ditule
factors include the extent of martensite temperamgl therefore variations in carbide precipitattansed
by changes in PT and Pt, and carbon gradientssiremite and ferrite since XRD results only proviae
average value of carbon content in austenite.

In multiphase microstructures the softest phasgjected to yield first. The resulting YS of a
material depends on the properties of this phadehenproperties of the surrounding phases. Assgimin
full austenitization and ignoring possible bairftemation, the final microstructure of the alloyadied
here should consist primarily of martensite andemite. In the steels studied in the current work,
austenite may be assumed to be the softer phasesincases. Figure 4.23a plots YS as a functidheof
product of RA and Cshowing no correlation between these two properiesimilar lack of correlation
is observed if YS is plotted as a function of RADriseparately. Figure 4.23b plots YS as a function of
Cum. The dashed line corresponds to YS calculatedrdompto a published relationship for low-carbon,
as-quenched martensitic grades containing up ®wc2C and 0.5 pct Mn [25]. In general, the data a
very scattered and a clear trend between YS anid @bsent. The majority of the data points seem to
exhibit greater YS levels at loweg,devels than predicted by the equation. It is aiseresting to note

that the data in the lower right corner were athoted after 10 s or 30 s of partitioning at 35600 °C.

1400 1500 T I T I T I T
- 6,,(MPa) = 413+1.72-103-C'2 s
1300 1400 — —
= = i ’
= S 1300 - —
> =
g) 1200 E L _
5 21200 - _
< 1100 s i 7
5 S 1100 —
> > B |
1000 1000 N
900 1 | 1 | 1 | 1 | 1 900 |
0 5 10 15 20 25 0 0.1 0.2 0.3 0.4
fyret: Cy (vol pct-wt pet) C,; (Wt pet)
() (b)

Figure 4.23 Yield strength as a function of (a) pheduct of retained austenite fraction and autdeni
carbon content and (b) martensite carbon conterh&0.3C-1.5Mn and 0.4C-1.5Mn
alloys.
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4.1.8 Microstructures of the 0.3C-1.5Mn and 0.4C-1.5Mn Abys

Figure 4.24 shows FESEM micrographs taken fronOtB€-1.5Mn and 0.4C-1.5Mn alloys after
guenching to the calculated optimal quenching teatpees and partitioning at 400 °C for 10 and 300 s
Significant differences were not observed betwaentwo alloys at different partitioning times. Larg

plateaued areas potentially indicating the presehfiesh martensite are absent suggesting a ssfates

Q&P heat treatment for both alloys.

(d)

Figure 4.24 Micrographs for (a, b) the 0.3C-1.5Nd &c, d) the 0.4C-1.5Mn alloys after quenching
to the calculated optimal quenching temperaturespantitioning at 400 °C for (a, c) 10 s
and (b, d) 300 s.
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4.2 Quenching and Partitioning Response of CMnSi She@&teels Containing 1.5, 3 and 5 wt pct
Manganese

In section 2.2.2, manganese was discussed toigélcstabilize austenite and to contribute to
the overall strength of the alloy via solid solutistrengthening. The effect of alloy manganeseertdran
Q&P response was investigated using the 0.3C-1.&h0.3C-5Mn alloys. In addition, comparisons to
previously reported results for a 0.3C-3Mn-1.68nallater referred to as the 0.3C-3Mn alloy, were
made in some cases [12]. Partitioning time and &ratpre effects on the 0.3C-5Mn alloy are discussed

first followed by discussion of the effect of allayanganese content.

4.2.1 Effect of Partitioning Time and Temperature on Tende Properties of the 0.3C-5Mn Alloy
Figures 4.25 through 4.27 show the evolution o$iterproperties as a function of Pt for PTs of
350, 400 and 450 °C. UTS levels of 1482-1874 MRhHA levels of 10-21 pct were obtained for this
alloy. In general, increasing PT increased YS leareased UTS, as shown in Figures 4.25a and b. For
PTs 350 and 400 °C, the greatest YS levels weehesbafter 300 s of partitioning whereas the
maximum YS for PT 450 °C was reached after 60gaafitioning. The greatest UTS levels were
measured after 10 s of partitioning for all PT<ddsIncreasing PT increased the UE and TE levels i
most cases, as shown in Figures 4.26a and b. R8BI and 400 °C the greatest UE and TE levels were
measured after 300 s of partitioning whereas 8T af 450 °C a peak in elongation levels was olegkrv
after 60 s of partitioning. The greatest exterdgtodin hardening was observed for the lowest PT, as
shown in Figure 4.27a, whereas the greatest elamgatvere measured after 300 s of partitioning at
400 °C. Significant combinations of strength andtiity were measured for the 0.3C-5Mn alloy, as
shown in Figure 4.27b. UTS-TE levels increased witheasing Pt for PT 350 and 400 °C whereas a
maximum was observed for a PT of 450 °C after 6Dmartitioning. Figure 4.28 plots total elongatias
a function of ultimate tensile strength for speaimeartitioned at 350, 400, and 450 °C. On averbge,
levels increased and UTS levels decreased witle@simg PT. Significant combinations of strength and
ductility were measured for this alloy. UTS levafsto nearly 1900 MPa and TE levels up to nearly
21 pct were measured. At UTS values exceeding 1B8@) and 1700MPa, TEs of 20, 17 and 12 pct

were measured, respectively.
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Figure 4.25 (a) 0.2 pct offset yield strength andujtimate tensile strength of the 0.3C-5Mn alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400 and
450 °C.
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Figure 4.26 (a) Uniform and (b) total elongatiortleé 0.3C-5Mn alloy specimens as a function of
partitioning time for partitioning temperatures 3800 and 450 °C.
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Figure 4.27 Effect of partitioning temperature ahr@tio of yield to ultimate tensile strength gbjl
product of ultimate tensile strength and total gkttion as a function of partitioning time
for the 0.3C-5Mn alloy.
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Figure 4.28 Total elongation as a function of ulttentensile strength for the 0.3C-5Mn alloy
specimens partitioned at 350, 400, and 450 °C.

4.2.2 Effect of Partitioning Temperature on Retained Austnite Fractions and Austenite Carbon
Content in the 0.3C-5Mn Alloy

Figure 4.29 shows the evolution of retained autgdnactions and austenite carbon content of the

0.3C-5Mn alloy specimens as a function of partitigrtime for PTs 350, 400 and 450 °C. Retained
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austenite fractions increased with increasing fiaming time for all PTs and retained austeniteticns
up to 28 pct were measured. The greatest austesniteons were measured after 300 s of partitiosing
450 °C. Since the retained austenite fractions kepéasing, maximum austenite fractions were not
necessarily reached. Similar IEvels were measured for samples after partitgpain350 and 400 °C.
For these PTs, @evels initially decreased with increasing Pt frathto 30 s and increased with
increasing Pt from 30 to 300 s. For a PT of 45@«C levels increased with increasing Pt from 10 to
60 s followed by a decrease with further increagihdt should be noted that some error is expected
the C measurements, since some data points indicatén& levels were lower than the alloy carbon
content, as shown by a dashed line in Figure 4.28bould be noted that equation 3.5 was develéped
alloys with composition ranges shown in Table 8Vhile most of the alloying element ranges studied
here fall into those alloying ranges, some err@xigected, especially due to the high austeniteocar
content in the Q&P steels. However, when a MESyamalvas performed on a 0.3C-5Mn sample
guenched to 110 °C and partitioned at 400 °C f@ 8@ C content of 0.55 wt pct was measured,
correlating well with Cdetermined from XRD measurements. Further analysiage.g.MES is needed

to confirm these results and investigataistribution after various Pts and PTs in ttf8095Mn alloy.
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Figure 4.29 (a) Retained austenite fractions apdbtenite carbon contents of the 0.3C-5Mn alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400 and
450 °C. The dashed line shows alloy carbon corteet.
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4.2.3 Effect of Alloy Manganese Content on Tensile Propé¢ies

The Q&P response of a 0.3C-5Mn alloy was studiedipusly and the authors reported
moderate strength levels with low ductility fordtalloy [12]. In previous research the 0.3C-5Mn
microstructure was observed to contain large, flagtched areas in SEM micrographs possibly
indicating the presence of fresh martensite, asshio Figure 4.30. This could potentially explaiet
measured low ductility levels and the authors reczeyl a possibility for improvement for this allby
further optimizing Q&P processing parameters. B phesent study, the processing parameters were
adjusted using dilatometry in order to improve resulting tensile properties. The dilatometry cuiiore
the 0.3C-5Mn alloy is shown in Figure 4.31. Austieinig temperature was increased to 850 °C and the
optimal quenching temperature was determined wilatpmetry to be 110 °C compared to 160 °C in the
previous study [12]. Figure 4.32 shows the predietestenite fractions as a function of quenching
temperature for the 0.3C-5Mn alloy. The figure shdwo data sets, one for which the témperature
was calculated by using equation 3.2 and one factwifne M, temperature was determined using
dilatometry. The optimal quenching temperature eleeed from approximately 160 to 110 °C when the
M, temperature determined from dilatometry was agpkégure 4.33 shows a micrograph of a 0.3C-5Mn
sample quenched to 110 °C and partitioned at 40@r60 s. This microstructure showed a significant

decrease in unetched areas suggesting more eff&@&¥ processing.

Figure 4.30 FESEM micrograph of a 0.3C-5Mn allaeahustenitizing at 780 °C for 120 s,
quenching to 160 °C and partitioning at 400 °C30rs [12].
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Figures 4.34 and 4.35 plot YS, UTS, UE and TE lewaal a function of Pt for the 0.3C-1.5Mn,
0.3C-3Mn [12] and 0.3C-5Mn alloy specimens quendbodtie respective calculated optimal quenching

temperatures and partitioned at 400 °C for vartouss. Increasing alloy manganese content fromdL.5
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5 wt pct decreases YS levels and significantlyeases UTS, UE and TE levels. Contrary to the
0.3C-1.5Mn alloy specimens, the elongation levelthe 0.3C-3Mn and 0.3C-5Mn alloys increase with
increasing partitioning time, as shown in Figurgs4.The change in tensile properties was observéé t
greater when the alloy manganese content was semldaom 1.5 to 3 wt pct and less pronounced with
further increase. Figures 4.36a and b plot YS/URGWTS- TE levels for the three alloys. Significgntl
greater strain hardening and UTS-TE levels werermvis in the 0.3C-3Mn and 0.3C-5Mn alloys than for
the 0.3C-1.5Mn alloy. Figure 4.37 plots engineestrgss-strain curves for 0.3C-1.5Mn, 0.3C-3Mn and
0.3C-5Mn alloys after 10 and 30 s of partitioningl@0 °C. Data after longer partitioning times waod
available in literature for the 0.3C-3Mn alloy.

At short partitioning times, increasing alloy mangse content seems to mainly increase the
resulting UTS levels, although overall, greateoylnanganese content increases both strength and
ductility, as shown in Figure 4.38 which plots T&aafunction of UTS for all three alloys. Figur82.
also shows that increasing alloy manganese codemmeases YS levels and results in more pronounced
round house yielding. The 0.3C-1.5Mn alloy exhithisggnificantly greater YS levels while the 0.3C-
3Mn and 0.3C-5Mn alloys exhibited similar YS values

Figure 4.33 FESEM micrograph of a 0.3C-5Mn allogafustenitizing at 850 °C, quenching to
110 °C and patrtitioning at 400 °C for 60 s.
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Figure 4.36 (a) Ratio of yield to ultimate tensiteength and (b) product of ultimate tensile sttkng
and total elongation as a function of partitioniimge for the 0.3C-1.5Mn, 0.3C-3Mn,
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Figure 4.37 Engineering stress-strain curves fei0t3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys
guenched to the respective optimal quenching teatpexs and partitioned at 400 °C for
10 and 30 s.
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Figure 4.38 Total elongation as a function of ulttentensile strength for the 0.3C-1.5Mn,
0.3C-3Mn, and 0.3C-5Mn alloys.

4.2.4 Effect of Alloy Manganese Content on Retained Austete Fractions and Austenite Carbon
Content

Figure 4.39 shows the predicted retained austémittions as a function of quenching
temperature for the 0.3C-1.5Mn, 0.3C-3Mn and 0.8@G&lloys. Increasing alloy manganese content
was observed to increase the predicted maximurmeetaustenite fractions and decrease the predicted
optimal quenching temperature. Figure 4.40 showpthdicted and measured retained austenite
fractions for the 0.3C-1.5Mn, 0.3C-3Mn [12] and©-8Mn alloys. Significantly greater austenite
fractions were measured for the 0.3C-5Mn alloy timatme 0.3C-1.5Mn and 0.3C-3Mn alloys which
exhibited similar maximum RA fractions. In additighe retained austenite fractions for the 0.3C-5Mn
alloy seemed to increase with increasing QT indigathat maximum retained austenite fractions were
not necessarily reached. Contrary to the 0.3C a4d 8lloys the RA levels in the 0.3C-5Mn alloy
increased with increasing Pt, on average. Mangamesé&een reported to decrease carbon diffusivity i
austenite [54]. Slower carbon diffusion in austemitight explain the longer partitioning times gextigr
needed to retain the greatest RA in the 0.3C-5Nayaln addition, the measured retained austenite
fractions for the 0.3C-5Mn alloy are closer to finedicted maximum fractions than in the 0.3C-1.5Mn
and 0.3C-3Mn alloys. RA fractions up to 80 pcttug predicted maximum fractions were measured for
the 0.3C-5Mn alloy.

Figure 4.41 shows retained austenite fractionsaastenite carbon content as a function of
partitioning time for the 0.3C-1.5Mn, 0.3C-3Mn ab@C-5Mn specimens quenched to the optimal

guenching temperatures and partitioned at 400rf€ehsing alloy manganese content greatly increases
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the resulting retained austenite fractions, espigaigth an increase from 3 to 5 wt pct. Significhn

lower C were measured in the 0.3C-5Mn alloy than in tiCe1.5Mn and 0.3C-3Mn specimens, as
shown in Figure 4.41b. As mentioned in sectionZ.2ome error is expected to accompanieels

since some data points indicate lowel&vels than the alloy carbon content. It shoulchbied that
different approaches were applied to obtain thdata for the 0.3C-3Mn and for the other two alloys
shown in Figure 4.41b. An average austenite lafemameter estimated from the {220} and {311} peak
positions and an equation suggested by Cullity [¥@fe utilized to determine the @r the 0.3C-3Mn
alloy while equation 3.5 was used for the 0.3C-In5Wd 0.3C-5Mn alloys. For comparison, Figure 4.42
plots C levels for all the alloys determined using theli@uéquation. It should be noted that the Cullity
equation only takes into account the carbon coratedtneglects the effect of other alloying elements
Increasing alloy manganese content was observéed@ase austenite carbon content, on average, and
RA levels were observed to increase in the 0.3GAfh.&nd 0.3C-5Mn alloys when compared to the

results obtained using equation 3.5.
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Figure 4.39 Calculated retained austenite fractamna function of quenching temperature for the
0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys. Datatfar 0.3C-5Mn alloy was
calculated using dilatometry data.

Austenite carbon contents of the 0.3C-3Mn specimeare seen to be closer to the levels
measured in the 0.3C-5Mn alloy than the ones medsarthe 0.3C-1.5Mn alloy and an overall increase
in austenite carbon contents were observed irlajisa Carbide formation and carbon partitioninghe
0.3C-5Mn alloy was not studied here in detail amtihfer studies utilizing.g.MES could provide useful

information with regard to carbon redistributiordaresulting tensile properties in alloys containing
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elevated manganese levels. Figures 4.43a and UPBTE as a function of retained austenite and the
product of retained austenite and austenite cacbaotent for the 0.3C-1.5Mn and 0.3C-5Mn alloys.
Increasing retained austenite fractions were olesktw correlate better with increasing UTS-TE lsvel
while more scatter was observed in the data whe®-UE was plotted against the product of retained

austenite and austenite carbon content.
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Figure 4.40 Calculated and experimentally meastatined austenite fractions for the
(a) 0.3C-1.5M, (b) 0.3C-5Mn and (c) 0.3C-3Mn all@gstitioned at 400 °C for 10, 30,
60 and 300 s.
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Figure 4.41 (a) Retained austenite fractions ahaybtenite carbon content as a function of
partitioning time for the 0.3C-1.5Mn, 0.3C-3Mn ab@C-5Mn alloys.
16 | T T T T T T
14 \ -
12 / —
1= \__ o
og Ll L v L b by ]
0 50 100 150 200 250 300
Figure 4.42 Austenite carbon content calculatedhéaCullity method [107] for the 0.3C-1.5Mn,

0.3C-3Mn and 0.3C-5Mn after quenching to the dated optimal quenching
temperature and partitioning at 400 °C.
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Figure 4.43 Product of UTS and TE as a functio(epfretained austenite and (b) the product of
retained austenite and austenite carbon contethddd.3C-1.5Mn, and 0.3C-5Mn alloys.

4.2.5 Effect of Alloy Manganese Content on Engineering $ss-Strain Curves

The tensile flow curves of the 0.3C-5Mn alloys ditad significant discontinuities, especially
for longer Pts and at higher PTs, as shown in Eigu44. Figure 4.45 also shows the strain hardening
rates for the 0.3C-5Mn specimens after quenchirid®°C and partitioning at 400 °C for 10 and 300 s
Three main reasons were observed to lead to sgyitieling in the 0.3C-5Mn alloy: 1. increased gllo
manganese content (when compared to the 0.3C-1dlibly), 2. increased partitioning temperature and
3. increased patrtitioning time. In addition, retdraustenite fractions increased with increasing Bte
0.3C-5Mn alloy and the mechanical stability of anste likely varied due to different @vels at each

Pt. Discontinuities in flow curves may occur dueséweral factors, such as [112]:

i.  Instantaneous increase in mobile dislocation dgmasitl/or dislocation velocity
il. Dynamic strain aging
iii. Continuous mechanical twinning
iv. A sudden increase in specimen temperature

v.  Stress-assisted and strain-induced phase trandfonsia

Serrations due to twinning or a sudden increaspé@timen temperature seem unlikely in this
alloy but cannot be excluded without further anislySwinning induced plasticity (TWIP) steels are

normally heavily alloyed, e.g. Fe-18%Mn-0.6%C-1.5PfA 3], and thus twinning would seem unlikely
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in the 0.3C-5Mn alloy which exhibits significantlywer amounts of alloying additions. Tensile tests
were conducted using a relatively slow strain editeoom temperature and therefore significant

temperature increase is not expected, althoughstiwet monitored.
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Figure 4.44 Engineering stress-strain curves feixBC-5Mn specimens quenched to 110 °C and (a)
partitioned at 400 °C for 10, 30 and 300 s andésjitioned at 350, 400 and 450 °C for
60 s.

Deformation induced transformation of austenitenrtensite could cause discontinuous flow.
However, similar serrations were not obsergaglin the 0.4C-1.5Mn alloy which exhibited signifidan
RA levels. Another potential mechanism could be DBAwever, tensile testing in this work was
performed at room temperature which is significatdgiver than the temperature range where DSA has
traditionally been observed. In addition, alloy manese content was also observed to impact thegeserr
flow. Increased alloy manganese content may ledortoation of C-Mn dipoles in high-manganese
steels [114]. C-Mn dipoles are theorized to strgmgleract with dislocations [116]. Mn atoms are
thought to attract C atoms leading to decreasedsiitial site energy and trapping of carbon atbmnghe
Mn atoms [115]. In addition to the exact mechanigns, also unclear whether the observed serratoaes
due to changes in martensite or austenite. Head@ef work is needed to understand the origimef t

serrations and the impact on tensile properties.
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Figure 4.45 Strain hardening rate as a functioinuaf strain for the 0.3C-5Mn specimens quenched to
110 °C and partitioned at 400 °C for 10 and 300 s.

4.3 Quenching and Partitioning Response of CMnSi She&teels Containing Molybdenum and
Aluminum Additions

Recent studies have shown that alloys containiagagproximate composition of
0.3C-3Mn-1.5Mn yield promising combinations of sigéh and ductility after Q&P processing [12, 44].
Mo alloying has been reported to increase retainestenite fractions especially after partitionihg a
higher temperatures in a 0.2C-1.6Mn-1.6Si alloy][Aluminum alloying on the other hand was
discussed to possibly increase austenite stahijamst strain-induced martensite transformatiahraay
therefore lead to improved uniform elongations RIF steels, if strain hardening is positively
impacted [10]. The effects of Mo and Al alloyingmeestudied with the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl alloys and detailed list of measutedsile properties and retained austenite fractwas
provided in Appendix B. Some of the measured termibperties were compared with published results
for a 0.3C-3Mn-1.6Si alloy later referred to as h@C-3Mn alloy [12].

4.3.1 Effect of Partitioning Time and Temperature on Tende Properties of the 0.3C-3Mn-Mo
Alloy

UTS levels of 1418-1770 MPa and TE levels of 9-&Bwere obtained for the 0.3C-3Mn-Mo
alloy. Figures 4.46 through 4.48 show the impad®dfon tensile properties for this alloy. Figure46a
and b show how increasing PT decreased YS and it cases. Maximum YS levels were measured
after 300 s of partitioning for specimens partiédrat 350 and 400 °C whereas for specimens pasitio
at 450 °C, a peak was observed at 60 s of paiitigprt is interesting to note that on averageXise

levels decrease with increasing PT while an inéngasend was observed with the 0.3C-1.5Mn,
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0.4C-1.5Mn and 0.3C-5Mn alloys. A partitioning time10 s resulted in maximum UTS levels for all

partitioning temperatures.
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Figure 4.46 (a) 0.2 pct offset yield strength andujtimate tensile strength of the 0.3C-3Mn-Mo
alloy specimens as a function of partitioning tifmepartitioning temperatures 350, 400,

and 450 °C.
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Figure 4.47 (a) Uniform and (b) total elongatiortieé 0.3C-3Mn-Mo alloy specimens as a
function of partitioning time for partitioning terapatures 350, 400, and 450 °C.
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The greatest elongation levels were measured &wigs@ns partitioned at 400 °C while the
lowest levels were measured for specimens partitiat 350 °C, as shown in Figures 4.47a and b. For
PTs of 400 and 450 °C the maximum elongation lewelse measured after 60 s of partitioning whereas
for PT 350 °C a maximum was observed after 300maditioning. PT did not seem to significantly
affect the YS/UTS levels in this alloy, as showrrigure 4.48a. Specimens partitioned at 400 °C
exhibited the greatest levels of UTS-TE in mosesaas shown in Figure 4.48b.
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Figure 4.48 (a) Ratio of yield to ultimate tensiteength and (b) product of ultimate tensile sttkng
and total elongation of the 0.3C-3Mn-Mo alloy speens as a function of partitioning
time for partitioning temperatures 350, 400, and 2G5.

4.3.2 Effect of Partitioning Time and Temperature on Tendle Properties of the 0.3C-3Mn-MoAl
Alloy

UTS levels of 1396-1786 MPa and TE levels of 9-&Bvpere obtained for the 0.3C-3Mn-MoAl
alloy. Figures 4.49 through 4.51 show the impad®®Bfon tensile properties for this alloy. Figuré9a
shows how increasing Pt for PTs 350 and 400 °€disreased YS up to 60 s followed by an increase i
YS levels whereas for a PT of 450 °C maximum Y®é&asured after 60 s of partitioning. Figure 4.49b
shows a decreasing trend for UTS levels with ingirepPT and Pt. A partitioning time of 10 s resdilite

maximum UTS levels for all partitioning temperatire
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Figure 4.49 (a) 0.2 pct offset yield strength amdujtimate tensile strength of the 0.3C-3Mn-MoAl
alloy specimens as a function of partitioning tifoepartitioning temperatures 350, 400,

and 450 °C.

16 20 | T T | T | T T T

I | 18 [ £ |
14 —

i 16 -
12 - i i

- 14 -
10 B

i 12
6 P I T R N IR I NI

100 150 200 250 300 0 50 100 150 200 250 300
() (b)

Figure 4.50 (a) Uniform and (b) total elongatiortlué 0.3C-3Mn-MoAl alloy specimens as a
function of partitioning time for partitioning terapatures 350, 400, and 450 °C.
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The greatest uniform and total elongation levelsaweeasured for specimens partitioned at
450 °C while the lowest levels were measured fecspens partitioned at 350 °C, as shown in
Figures 4.50a and b. For all PTs the maximum elbmgdevels were measured after 300 s of
partitioning. For PTs 350 and 400 °C the greateAM'S levels were measured after 300 s of
partitioning whereas for a PT of 450 °C a maximuaswbserved after 60 s of partitioning, as shown in
Figure 4.51a. Specimens partitioned at 450 °C éehuilthe greatest levels of UTS-TE in most cased, a

specimens partitioned at 350 °C clearly exhibitezllowest levels.
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Figure 4.51 (a) Ratio of yield to ultimate tensteength and (b) product of ultimate tensile sttkng
and total elongation of the 0.3C-3Mn-MoAl alloy speens as a function of partitioning
time for partitioning temperatures 350, 400, and 2G5.

4.3.3 Effect of Partitioning Time and Temperature on Retaned Austenite Fractions and
Austenite Carbon Content of the 0.3C-3Mn-Mo Alloy

Figure 4.52 shows the evolution of retained austdrictions and austenite carbon content of the
0.3C-3Mn-Mo alloy specimens as a function of piamiing time for PTs 350, 400 and 450 °C. For PTs
350 and 400 °C, austenite fractions increased witteasing Pt while for a PT of 450 °C a maximunswa
observed after 60 of partitioning. In general, gheatest austenite fractions were measured after
partitioning at 450 °C. Each PT exhibited differeminds for C For a PT of 350 °C, Glecreased
initially with increasing Pt from 10 to 30 s foll@a with an increase with increasing Pt from 30Q0 8.

For the PT of 400 °C, Gncreased with increasing Pt up to 60 s followgd liecrease with further
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partitioning. For the PT of 450 °C, Geemed to be relatively unaffected by the chandd and the C

levels were observed to decrease on average wharafincreased from 400 to 450 °C.
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Figure 4.52 (a) Retained austenite fractions ahdybtenite carbon contents of the 0.3C-3Mn-Mo
alloy specimens as a function of partitioning tifmepartitioning temperatures 350,
400, and 450 °C.

4.3.4 Effect of Partitioning Time and Temperature on Retaned Austenite Fractions and
Austenite Carbon Content of the 0.3C-3Mn-MoAl Alloy

Figure 4.53 shows the evolution of retained autgdnactions and austenite carbon content of the
0.3C-3Mn-MoAl alloy specimens as a function of figming time for PTs 350, 400 and 450 °C.
Maximum amounts of retained austenite were obseafted 60, 30 and 60 s of partitioning for PTs 350,
400 and 450 °C, respectively. Specimens partiti@iedPt of 450 °C exhibited the greatest retained
austenite fractions in most cases. On averagmctzased with increasing Pt for all PTs, as shmwn
Figure 4.53b. Similar Aevels were measured for samples partitioned @ta@ 450 °C while samples
partitioned at 350 °C exhibited significantly low@rlevels. Similarly to the 0.3C-5Mn alloy, some bét
data points for this alloy exhibited Igvels lower than the alloy carbon content and alveather low C

levels were measured.
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Figure 4.53 (a) Retained austenite fractions ahdibtenite carbon contents of the 0.3C-3Mn-
MoAI alloy specimens as a function of partitionitimge for partitioning temperatures
350, 400, and 450 °C. The dashed line shows addyon content level.

4.3.5 Effect of Molybdenum and Aluminum on Tensile Propeties

Figures 4.54 through 4.58 show the YS, UTS, UE,Y&UTS and UTS-TE levels for the
0.3C-3Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys quéed to the calculated optimal QTs and
partitioned at 400 °C. Data for the 0.3C-3Mn pamtied at 350 or 450 °C were not available in sight
amounts to make comparisons [12]. Figure 4.54& pi& levels for the three alloys. Mo addition
decreased YS levels while aluminum alloying inceeia8S levels slightly. YS levels generally increhse
with increasing Pt for all three alloys. Aluminumdamolybdenum alloying did not significantly affect
UTS, UE and TE levels after partitioning at 400 &,shown in Figure 4.54b and Figure 4.55a and b.
YS/UTS and UTS-TE were also similar in all alloyls&dt slightly greater YS/UTS levels were measured
in the 0.3C-3Mn-MoAl alloy indicating more moderateain hardening. At a PT of 450 °C, aluminum
alloying was observed to increase TE levels, asglin Figure 4.57a. This also resulted in greater
UTS-TE levels as UTS levels were not significaitfiected, as shown in Figure 4.57b. The effect of
increasing PT from 400 to 450 °C on retained alt&téractions and austenite carbon content in tBEO
3Mn-Mo and 0.3C-3Mn-MoAl alloys is further discudsia section 0.

78



1300 | T T T T T T 1800 | T T T T T T
1700
1200 \ —
B ] 1600
1100 —
| \ | 1500
1000 —
1400
000 L 1 v 1111 oo L L b by
0 50 100 150 200 250 300 0 50 100 150 200 250 300
(@ (b)

Figure 4.54 (a) Yield and (b) ultimate tensile s as a function of partitioning time for the
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys paoned at 400 °C.
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Figure 4.55 (a) Uniform and (b) total elongati@naafunction of partitioning time for the 0.3C-3Mn,
0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys partitionetd400 °C.
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Figure 4.56 (a) Ratio of yield to ultimate tensiteength and (b) product of ultimate tensile sttkng
and total elongation as a function of partitioniimge for the 0.3C-3Mn, 0.3C-3Mn-Mo,
and 0.3C-3Mn-MoAl alloys partitioned at 400 °C.
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Figure 4.57 (a) Total elongation (b) product ofméite tensile strength and total elongation as a

function of partitioning time for the 0.3C-3Mn-Mma 0.3C-3Mn-MoAl alloys
partitioned at 450 °C.
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Figure 4.58 plots TE as a function of UTS for the@3Mn, 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl alloys. In most cases the 0.3C-3Mloyals shown to exhibit the greatest combinations
of strength and ductility although the tensile mdigs of the three alloys are generally similagach
other. The differences between the three alloy$uatieer illustrated with engineering stress-straimnves
in Figure 4.59a for specimens quenched to 200 Wpartitioned at 400 °C for 30 s. Alloying with
0.25 wt pct molybdenum decreased TE and slightlyeiased UTS when compared to the 0.3C-3Mn
alloy, although the differences in UTS levels betwall the alloys are again minimal. Nevertheléss,
correlates with previously reported results wheodylsdenum was shown to increase UTS and slightly
decrease overall TE levels. The aluminum additio®.85 wt pct to the 0.3C-3Mn-Mo alloy decreased
UTS but increased UE and TE in this particular ¢oorel Aluminum was reported to potentially retard
austenite to strain-induced martensite formatiahtaerefore increase UE levels [10]. Aluminum was
also reported not to act as a significant fertitergythener which might result in lower UTS levels.
Therefore, the observations made from Figure 4e88nsto correlate with information in literature.
However, the differences between the three allogsat significant and Q&P processing effects @séh

observations cannot be neglected.
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Figure 4.58 Total elongation as a function of ulttentensile strength for 0.3C-3Mn,
0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys.

Figure 4.59b shows YS as a function of Pt for défe QTs and Figure 4.60 shows a micrograph

of a 0.3C-3Mn-MoAl specimen quenched to 225 °C paditioned at 400 °C for 10 s. Based on the
presence of ferrite, the 0.3C-3Mn-MoAl alloy speeima quenched to 225 °C were apparently not fully
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austenitized and therefore the results for theseisgns may not be fully comparable with results

obtained for other alloys.
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Figure 4.59 (a) Engineering stress-strain curve® f8C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl
specimens quenched to 200 °C and partitioned at@d6r 30 s and (b) yield strength as
a function of partitioning time for 0.3C-3Mn-MoAllay specimens.
Figure 4.60 FESEM micrograph of a 0.3C-3Mn-MoAl spgen quenched to 225 °C and

partitioned for 10 s at 400 °C.

The arrows in Figure 4.60 point to potential fergrains. The specimens quenched to 225 °C
exhibited continuously decreasing YS with incregsi, as shown in Figure 4.59b while the specimens

quenched to 175 and 200 °C exhibited increasindeY&s with increasing Pt. Decreasing YS leveldwit
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increasing Pt have been reported in intercriticalipealed, aluminum alloyed Q&P steels [14, 74].
Further microstructural characterization, such BSE analysis, is needed to confirm the presence of
ferrite and to analyze whether the presence atder leading to continuously decreasing YS with

increasing Pt for these samples.

4.3.6 Effect of Molybdenum and Aluminum on Retained Austaite Fractions and Austenite
Carbon Content

Figure 4.61 shows the predicted retained austémaitdons for the 0.3C-3Mn [12],
0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. The lower gdreted retained austenite fractions compared to
the 0.3C-3Mn alloy in the 0.3C-3Mn-Mo and 0.3C-3MieAl alloys are due to slightly lower carbon
content and aluminum alloying. Figure 4.62 shovesghedicted and measured retained austenite
fractions for the 0.3C-3Mn, 0.3C-3Mn-Mo and 0.3C43MoAl alloys. Retained austenite fractions up to
81 and 88 pct of the calculated maximum fractioeseameasured for the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl alloys, respectively, as shown in lig 4.62. These values are closer to the calculated
maximum retained austenite fractions than thoserteg for the 0.3C-3Mn alloy for which significatl

lower retained austenite fractions were measurgtd [1
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Figure 4.61 Calculated retained austenite fractamna function of quenching temperature for the
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAI alloys.

De Knijf et al.studied the effect of Q&P parameters on tensil@@ries and retained austenite

fractions in a 0.25C-3Mn-1.5Si alloy [46]. The authreport RA levels ranging from 5 to 20 vol pat f
QTs 224, 244 and 264 °C partitioned at a PT of 4T)0wvhich are generally greater than those reported
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for the 0.3C-3Mn alloy, although higher QTs weredi the study by De Knigt al. In addition, for the

0.3C-3Mn alloy a maximum in the RA levels was frently observed after 30 s of partitioning while in

the study conducted by De Knét al.increasing RA levels with increasing Pt were régarThe RA

levels reported by De Knigt al.also are closer to those reported here for the-3ln-Mo and

0.3C-3Mn-MoAl alloys.
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Figure 4.62 Calculated and experimentally meastgtadned austenite fractions for the (a)

0.3C-3Mn-Mo and (b) 0.3C-3Mn-MoAl and (c) 0.3C-3¥i2] alloys.
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For both the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloy®tRA levels were similar. Q&P
processing parameters seemed to greatly impactsiodting maximum RA levels and depending on the
QT and PT the maximum RA was measured after a 89,060 or 300 s. For the 0.3C-3Mn-Mo alloy a
QT of 150 °C seemed to be too low to retain optiretdined austenite fractions. On average, the lesmp
guenched to this temperature exhibited lower dtyctind greater strength. Figures 4.63a and b plot
retained austenite fractions and austenite carbotents as a function of partitioning time after
quenching to the calculated optimal QT and partitig at 400 °C for the 0.3C-3Mn, 0.3C-3Mn-Mo and
0.3C-3Mn-Mo alloys. The figure shows that in thesaditions the 0.3C-3Mn-Mo alloy exhibits
generally greater austenite fractions than the @8@-MoAl alloy while the C values are similar in
both alloys. The 0.3C-3Mn was observed to exhiistlbwest retained austenite fractions but thetgsta
C levels, as shown in Figure 4.63b. It should beragated that different approaches were applied to
obtain the Cdata for the 0.3C-3Mn and for the other two allgfsown in Figure 4.63b. An average
austenite lattice parameter estimated from the {22d {311} peak positions and an equation suggeste
by Cullity [107] were utilized to determine the for the 0.3C-3Mn alloy while equation 3.5 was ufsd
the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. For comigan, Figure 4.64 plots Qevels for all the
alloys determined using the Cullity equation. Igu¥ie 4.64, increasing alloying is observed to iasee

austenite carbon content, although the impact of Mimand Al is not considered in this data.
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Figure 4.63 (a) Retained austenite fractions apabtenite carbon content as a function of
partitioning time for the 0.3C-3Mn, 0.3C-3Mn-Mo a@BC-3Mn-MoAl alloys
guenched to the calculated optimal quenching teatpers and partitioned at 400 °C.
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Figures 4.65a and b plot UTS-TE as a function tfimed austenite and the product of retained
austenite and austenite carbon content for the-8\M&-Mo and 0.3C-3Mn-MoAl alloys. In general
greater austenite fractions resulted in greater-WE3evels although significant scatter was obseiive
both alloys. Increase in the product of retainestenite fractions and austenite carbon content was
observed to correlate more with increasing UTS@uells, especially in the 0.3C-3Mn-MoAl alloy.

Figures 4.66 and 4.67 plot retained austeniteitnastand total elongation levels for different
partitioning temperatures as a function of Pt ker ®.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. The
figures show that increasing partitioning tempeamaincreased retained austenite fractions in bibdlsa
on average. For the 0.3C-3Mn-Mo alloy RA levelsayaily increased with increasing Pt, except for the
300 s hold at 450 °C. Molybdenum alloying was poesly shown to increase retained austenite fragtion
after partitioning at 450 °C. However, it is challgng to determine whether the observed impact isere
due to Mo addition or alloy carbon and/or mangarmesgent. For the 0.3C-3Mn-MoAl alloy a peak in
the retained austenite fractions was observedaat Bis (30-60 s) followed by a decrease with @éon
hold at each PT. Significant differences in theaetpf PT and Pt on TE levels between the alloyewe
observed. For the 0.3C-3Mn-Mo alloy maximum TE lewgere measured after 300 s, 60 s and 60 s of
partitioning at 350, 400 and 450 °C, respectivelile in the 0.3C-3Mn-MoAI alloy TE levels increake
with increasing Pt for each PT. In the 0.3C-3Mn-8loy total elongation levels stay the same or

decrease with increasing PT from 400 to 450 °C.
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Figure 4.64 Austenite carbon content calculatethbyCullity method [107] for the 0.3C-3Mn,
0.3C-3Mn-Mo and 0.3C-3Mn-MoAl after quenching te ttalculated optimal quenching
temperature and partitioning at 400 °C.
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Figure 4.65 Product of UTS and TE as a functio(eptetained austenite and (b) the product of
retained austenite and austenite carbon contethdédd.3C-3Mn-Mo, and

0.3C-3Mn-MoAl alloys.
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Figure 4.66 (a) Retained austenite fractions aptbfhl elongation levels as a function of
partitioning time for the 0.3C-3Mn-Mo specimens ncfeed to the calculated optimal

guenching temperature.
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Figure 4.67 (a) Retained austenite fractions aptbfhl elongation levels as a function of
partitioning time for the 0.3C-3Mn-MoAl specimensanched to calculated optimal
guenching temperature.

It is interesting to note that while the retainedtanite fractions are greater after a PT of 450 °C
the TE levels did not increase accordingly in ttf283Mn-Mo alloy. For the 0.3C-3Mn-MoAl alloy both
RA and TE levels increase with increasing PT asvshio Figure 4.67. Figure 4.68 shows micrographs
for the 0.3C-3Mn-Mo alloy after partitioning at 4@@d 450 °C for 60 s. Significant differences weoé
observed between these two conditions. Data reppostdde Knijfet al. suggests that, depending on the
QT, increasing PT may not always increase thetiagul'E levels in a 0.25C-3Mn-1.5Si alloy [44].
Further investigation is therefore needed to ddterii the decrease in TE levels at a PT of 450s°Que
to the selected QT or some other factor, suchlagirad).

In section 4.3.5, the 0.3C-3Mn-MoAl alloy was shoterexhibit greater TE and UTS-TE levels
than the 0.3C-3Mn-Mo alloy after partitioning ato4sC. Figure 4.69 plots the retained austenitetifyas
and austenite carbon contents for both alloys aftenching to the calculated optimal QT and
partitioning at 450 °C. Slightly greater RA levelsre observed in the 0.3C-3Mn-Mo alloy. RA levels
increased up to 60 s of partitioning followed byexrease with further holding times for both allofs
greater effect was observed in thelévels. For the 0.3C-3Mn-MoAl the @vels generally increased
with increasing Pt while for the 0.3C-3Mn-Mo allaynaximum was observed after 30 s of partitioning
followed by a decrease with further holding. Onrage, significantly greater @evels were observed in
the 0.3C-3Mn-MoAI indicating increased mechanidabgity of austenite which might explain the

greater observed TE levels in this alloy. Howeitds, unclear whether the observed effect is dutheo
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Al addition ore.g.the selected QT. Hence, further investigatmg, tensile testing and retained austenite

measurements of samples from both alloys quenchearious QTs, is needed to further study this

observation.
(a) (b)
Figure 4.68 Micrographs for the 0.3C-3Mn-Mo alldtea partitioning at (a) 400 °C and (b) 450 °C
for 60 s.
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Figure 4.69 (a) Retained austenite fractions ahdybtenite carbon content for the 0.3C-3Mn-Mo
and 0.3C-3Mn-MoAl alloys quenched to the respeat&ieulated optimal quenching
temperatures and partitioned at 450 °C.
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4.3.7 Alloying Effects on Engineering Stress-Strain Curvs in the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl Alloys

Similar to the 0.3C-5Mn alloy, serrated flow wasetved in both the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl alloys. The effect of increasing PiidaPt on serrated flow in these alloys is illusdat
in Figures 4.70 and 4.71. Figure 4.70b and FiguréRtalso further illustrate the different respanse
these alloys with increasing PT from 400 to 450F@. the 0.3C-3Mn-Mo alloy the elongation levels
decreased while an increasing trend was observatdd®.3C-3Mn-MoAl alloy. The effect of increasing
PT on YS is also illustrated with these figures: ffe 0.3C-3Mn-Mo alloy YS levels seem to decrease
and for the 0.3C-3Mn-MoAl alloy an increasing treadbserved. For both alloys increasing PT and Pt
decreased UTS levels.

The impact of aluminum alloying on UE is shown igl¥e 4.72 which plots engineering
stress-strain curves and instantaneous strain miaglexponent, n-values, for 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl specimens quenched to 175 and 200éghectively, and partitioned at 350 °C for
300 s. In addition, Figure 4.73 plots the strairdeaing rates as a function of true strain fordhme
specimens. Similar RA and &vels were observed for these heat treatmentselyal 6.7 vol pct and
0.73 wt pct. These specimens were chosen in codelininate the possible differences in partiti@nin
responses and @vels which greatly impact austenite stability.

Figure 4.72a shows that for these specimens Ayiallpseems to increase Udlbeit at lower
strength levels. The instantaneous strain-hardeneghe n-value, is defined by:

In In »In
=—2_1 (4.3)

In In »-In 4

where and are true stress and strain, respectively. Great@tues have been shown to lead to

improved elongation levels in Q&P steels in [1TFiure 4.72b shows that for both alloys increasiog
strain decreases n-values and the 0.3C-3Mn-MoAtispn was observed to exhibit slightly greater
instantaneous n-values. This could possibly indiskiwer austenite to strain-induced martensite
transformation leading to greater observed UE. W4tein hardening is assessed by plottingidas a
function of true strain the effect seems less puoced, as shown in Figure 4.73. Further testing)) s1s
interrupted tensile testing and retained austenéasurements, are needed to confirm the impact of

aluminum alloying on austenite to strain-inducedterssite transformation in these alloys.
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Figure 4.70 Engineering stress-strain curves fei0tl3C-3Mn-Mo specimens quenched to 175 °C
and (a) partitioned at 400 °C for 10, 30 and 3@0d (b) partitioned at 350, 400 and
450 °C for 60 s.
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Figure 4.71 Engineering stress-strain curves feixBC-3Mn-MoAl specimens quenched to 200 °C
and (a) partitioned at 400 °C for 10, 30 and 3@0d (b) partitioned at 350, 400 and
450 °C for 60 s.
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Figure 4.72 (a) Engineering stress-strain curves(bpinstantaneous strain-hardening values as a
function of true strain for the 0.3C-3Mn-Mo and ©-3Mn-MoAIl samples quenched to
calculated optimal quenching temperatures andtjoertid at 350 °C for 300 s.

T
<—

1000 1 | 1 | 1 | 1 | 1 | 1
0 0.02 0.04 006 008 0.1 0.12

Figure 4.73 Strain hardening rate as a functioinugf strain for the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl samples quenched to the calculatedad quenching temperatures
and partitioned at 350 °C for 300 s.
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4.4 Quenching and Partitioning Response of CMnSi She@&teels Containing Copper and Nickel
Additions

Copper alloying has been reported to increasddestiength and the amount of carbon in
solution after quenching.€. reducing auto-tempering), increase austeniteimastand possibly decrease
prior austenite grain size due to solute drag [8]1-8 TRIP steels, copper alloying has been regubtod
increase retained austenite fractions and UTS-V&d418]. Nickel alloying further increased retgh
austenite fractions while UTS-TE levels were natessarily greatly affected [17]. In the presentgtu
copper and nickel effects on Q&P heat treated st@ete studied using the 0.2C-Cu and 0.2C-CuNi

alloys.

4.4.1 Effect of Partitioning Temperature on Tensile Propeties of the 0.2C-Cu Alloy
Figures 4.74 through 4.76 show the evolution o$iterproperties as a function of Pt for three
different partitioning temperatures. UTS leveld®#B86-1512 MPa and TE levels of 8-15 pct were

obtained for this alloy.
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Figure 4.74 (a) 0.2 pct offset yield strength andujtimate tensile strength of the 0.2C-Cu alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400, and
450 °C.
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Figure 4.75 (a) Uniform and (b) total elongatiortleé 0.2C-Cu alloy specimens as a function of
partitioning time for partitioning temperatures 3800, and 450 °C.
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Figure 4.76 Effect of partitioning temperature ahr@atio of yield to ultimate tensile strength gbyl

product of ultimate tensile strength and total glttion as a function of partitioning time
for the 0.2C-Cu alloy.

94



For a PT of 350 °C YS first decreased up to 60aofitioning and increased significantly with
increasing Pt, as shown in Figure 4.74a. At PT408fand 450 °C, YS increased with increasing Pt and
greater YS levels were observed after partitioming00 °C than after a PT of 450 °C. UTS levels
decreased with increasing PT and Pt, as showrgiur&i.74b. Maximum UE levels were measured after
30 s of partitioning for all PTs and similar trenelere observed for TE levels except for samples
partitioned at 400 °C which exhibited the grealdstevel after 300 s of partitioning, as shown igufe
4.75. Figure 4.76 shows that YS/UTS ratios decceasth decreasing PTs and the greatest UTS-TE

levels on average were obtained in samples partitiat 450 °C.

4.4.2 Effect of Partitioning Temperature on Tensile Propeties of the 0.2C-CuNi Alloy

Figures 4.77 through 4.79 show the evolution o$ilerproperties as a function of Pt for three
different partitioning temperatures. UTS levelsla63-1562 MPa and TE levels of 7-15 pct were
obtained for this alloy. For a PT of 350 °C the maxm YS was measured after 10 s of partitioning
whereas for PTs 400 and 450 °C maximum YS levele weeasured after 300 and 60 s of partitioning,
respectively. UTS levels decreased with increaBifignd Pt and the greatest UTS levels were measured
at a PT of 350 °C. UE and TE levels increased witheasing PT.
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Figure 4.77 (a) 0.2 pct offset yield strength amdujtimate tensile strength of the 0.2C-CuNi alloy

specimens as a function of partitioning time fortiianing temperatures 350, 400, and
450 °C.
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Figure 4.78 (a) Uniform and (b) total elongatiortleé 0.2C-CuNi alloy specimens as a function of
partitioning time for partitioning temperatures 3800, and 450 °C.
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Figure 4.79 Effect of partitioning temperature ahr@tio of yield to ultimate tensile strength gbjl

product of ultimate tensile strength and total gktion as a function of partitioning
time for the 0.2C-CuNi alloy.
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On average, for all the PTs, UE and TE increaseid &0 s of partitioning and remained
relatively unchanged with longer partitioning tins/UTS ratios generally increased with increagig
and Pt with the exception of samples partitionedls& °C for 300 s for which the YS/UTS ratio

decreased. The greatest UTS- TE levels were meafsursdmples partitioned at 450 °C.

4.4.3 Effect of Partitioning Temperature on Retained Austnite Fractions and Austenite Carbon
Content of the 0.2C-Cu Alloy

Figure 4.80 shows the evolution of retained autgdnactions and austenite carbon content of the
0.2C-Cu alloy specimens as a function of partingrime for PTs 350, 400, and 450 °C. Retained
austenite fractions reached a maximum after 30pswditioning for samples partitioned at 350 and
400 °C whereas for samples partitioned at 450 Atxeimum was reached after 10 s of partitioning.
Samples partitioned at 400 and 450 °C exhibitedimam C after 30 s of partitioning while for
specimens partitioned at 350 °C a maximum was gbdafter 10 s of partitioning. Once again, austeni
carbon contents lower than the alloy carbon conteme measured in some instances, as shown by the
dashed line in Figure 4.80b.
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Figure 4.80 (a) Retained austenite fractions apdbtenite carbon contents of the 0.2C-Cu alloy
specimens as a function of partitioning time fortiianing temperatures 350, 400, and
450 °C. The dashed line shows alloy carbon corteet.

4.4.4 Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.2C-CuNi Alloy

Figure 4.81 shows the evolution of retained austdractions and austenite carbon content of the
0.2C-CuNi alloy specimens as a function of pantitig time for PTs 350, 400 and 450 °C. The greatest
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retained austenite fractions were measured aftet@and 30 s of partitioning for PTs 350, 400, and
450 °C, respectively. For PTs 400 and 450 °C aitstearbon content increased up to 60 s of pantitip
and with longer partitioning Gemained relatively unchanged for a PT of 400 A@ decreased for a PT
of 450 °C. For a PT of 350 °C, @vels first decreased with increasing partitigniime up to 60 s
followed by an increase with longer partitioningd.
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Figure 4.81 (a) Retained austenite fractions apdbtenite carbon contents of the 0.2C-CuNi
alloy specimens as a function of partitioning tifmepartitioning temperatures 350,
400, and 450 °C.

4.4.5 Effect of Copper and Nickel Alloying on Tensile Prperties

Figures 4.82 through 4.85 show the effect of comer nickel additions on YS, UTS, UE, TE,
YS/UTS and UTS-TE. For comparison, some data qooreding to the same partitioning times and
temperatures for a 0.2C-1.6Mn-1.6Si alloy, latéemed to as the 0.2C alloy, are presented as[tH|l
It should again be noted that slightly differenésipnen geometry was used for the 0.2C specimens, as
shown in Figure 4.11. Figure 4.82a shows the effecopper and nickel additions on YS of specimens
guenched to respective calculated optimal QTs amiitipned at 400 °C. Copper alloying is obsened t
significantly increase YS levels and an increasiegd with increasing Pt was observed. Furtheralick
alloying decreased YS levels while still maintamin greater YS level compared to the 0.2C alloy.
Copper and nickel additions also increased the 18V8ls, as shown in Figure 4.82b. A greater effes

observed at a Pt of 10 s and the difference betweealloy UTS levels was reduced with increasihg P
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Figure 4.82 (a) Yield and (b) ultimate tensile sg#h as a function of partitioning time for the ©,2
0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C

Figures 4.83a and b show the copper and nicketiaddiffect on UE and TE levels. At short Pts
up to 60 s the copper and nickel alloying decredisedJE and TE levels compared to the 0.2C alloy.
With increasing Pt up to 300 s the UE and TE lefa@ishe 0.2C alloy decrease significantly but rema
the same in the 0.2C-Cu alloy and increase in t2€-CuNi alloy. In general, copper alloying increds
YS/UTS levels indicating lower strain-hardening &elbr while the 0.2C and 0.2C-CuNi alloy exhibited
more similar strain-hardening behavior, as showiigure 4.84a. Figure 4.84b shows that at a PT of
400 °C the UTS-TE levels seem to be relatively angfed, while the UTS-TE levels for the 0.2C alloy
initially increase followed by a decease with longeld. Figure 4.85a shows that at a partitioning
temperature of 450 °C the differences in the TElebetween the different alloys become smalleis Th
also affected the resulting UTS-TE levels whichev&milar in all three alloys partitioned at 450 &S
shown in Figure 4.85b. On average, a decreaseimEhand UTS-TE levels with increasing Pt was
observed in all alloys for a PT of 450 °C and thestsignificant decrease was observed in the 0.2C-C
alloy, as shown in Figure 4.85a and b.

Figure 4.86a shows engineering stress-strain ctioves! three alloys after quenching to the
calculated optimal QT and partitioning at 400 °€ 10 s. In this processing condition copper an#alic
additions increase both YS and UTS and decreas®/hEn the YS and UTS levels for the 0.2C,
0.2C-Cu and 0.2C-CuNi alloys were compared at @00 °C, the copper addition was observed to
increase YS and UTS by 86 and 33 MPa/wt pct, onaaxs while in literature copper has been reported
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to increase yield strength of normalized 0.08-0.2@%¢Is by approximately 78 MPa/wt pct and tensile
strength by 56 MPa/wt pct up to 0.8 wt pct Cu [§8]rther nickel alloying decreased YS on average by
35 MPa/wt pct but increased UTS by 15 MPa/wt pigjufe 4.86b plots engineering stress-strain curves
for the same partitioning temperature after 300aatitioning. UTS is observed to decrease irabdlys.
For the 0.2C-1.6Mn-1.6Si alloy, YS slightly increasand TE decreases while the YS and TE of the
0.2C-Cu and 0.2C-CuNi alloys increase. Copper alpgeemed to especially increase YS although
greater UTS levels are also obtained when compartee 0.2C alloy. Further nickel alloying on the
other hand significantly decreased YS and sligtilgreased UTS compared to the 0.2C-Cu alloy.
Figure 4.87plots UTS-TE as a function of Pt for @2C-Cu and 0.2C-CuNi alloys partitioned at 350,
400, and 450 °C. While nickel alloying was not alisd to increase the maximum UTS-TE level, the
average UTS-TE levels are slightly greater. Thatgst UTS-TE levels were measured after 30 s of
partitioning at a PT of 450 °C in both alloys. Fig4.88 shows micrographs for those conditionsgéar
plateaued areas are absent indicating successfil @&t treatment for both alloys. Figure 4.89 pidis
as a function of UTS for all three alloys. In gaalethe property ranges for all three alloys oyedad
significant differences are not observed. The sdiffifrences might be more due to the selected Q&P

processing parameters than alloying effects.
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Figure 4.83 (a) Uniform and (b) total elongatieneafunction of partitioning time for the 0.2C,
0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C
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Figure 4.84 (a) Ratio of yield to ultimate tensiteength and (b) product of ultimate tensile sttkng
and total elongation as a function of partitioniimge for the 0.2C, 0.2C-Cu, and
0.2C-CuNi alloys partitioned at 400 °C.
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Figure 4.85 (a) Total elongation (b) product ofméite tensile strength and total elongation as a
function of partitioning time for the 0.2C, 0.2C-Gand 0.2C-CuNi alloys partitioned at
450 °C.
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Engineering stress-strain curves fei0t2C, 0.2C-Cu, and 0.2C-CuNi alloys after

guenching to calculated optimal quenching tempeeatand partitioning at 400 °C for 10

and 300 s.
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Product of ultimate tensile strengttl tntal elongation as a function of partitioningé
for various partitioning temperatures for the (@-Cu and (b) 0.2C-CuNi alloys.
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(a) (b)
Figure 4.88 Micrographs for the (a) 0.2C-Cu and0(BC-CuNi alloys partitioned at 450 °C for 30 s.
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Figure 4.89 Total elongation as a function of ulttmntensile strength for the 0.2C, 0.2C-Cu, and
0.2C-CuNi alloys.

4.4.6 Effect of Copper and Nickel on Retained Austenite Factions and Austenite Carbon
Contents

Figure 4.90 shows the predicted and measured eetaustenite fractions for the 0.2C [36],
0.2C-Cu and 0.2C-CuNi alloys as a function of Qfie Bame method was used to calculate the RA
fractions for all alloys [103]. QT does not seensignificantly impact the resulting retained augten
fractions for the QTs studied for the copper cantej alloys while decreasing QT from 240 to 220 °C
decreased the RA fractions in the 0.2C alloy. Ceragye, the 0.2C-CuNi alloy exhibited the greatest
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retained austenite fractions both in the predieted measured RA levels, especially after longed hol

times.
20 i . . . 20 . . . .
15 — 15 -
.- N R A I
10 - 8 10 < O 4
i <& O O | i )
5 — 5 -
0 ! | ! | ! | ! 0 L | L | I |
250 275 300 325 350 225 250 275 300 325
(a) (b)

0 100 200 300 400

(c)

Figure 4.90 Calculated retained austenite fractaena function of quenching temperature for the
(a) 0.2C-Cu, (b) 0.2C-CuNi and (c) 0.2C alloys [34] temperatures for the copper and
nickel containing alloys were determined via ditatdry while equation 3.2 was used for
the 0.2C alloy [36].
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Nickel additions had similar effects on retainedtauite fraction in Cu and Ni containing TRIP
steels, as discussed in section 2.2.5. RA fractiausunting for 74 and 84 pct of the calculatedimann
RA levels were measured for the 0.2C-Cu and 0.2@8t@lioys, respectively, and significantly lower
amounts were measured for the 0.2C alloy, appraeimna&3 pct from the calculated maximum RA
fractions. Generally, RA levels decreased witheasing Pt for the copper and nickel containingyallo
but the effect was less pronounced in the 0.2C-GliNy, as illustrated in Figure 4.91a. This might

suggest that nickel addition might increase thercbal stability of austenite.
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Figure 4.91 (a) Retained austenite fractions ahaybtenite carbon content as a function of
partitioning time for the 0.2C [36], 0.2C-Cu an@0-CuNi alloys quenched to the
calculated optimal quenching temperature and paréd at 400 °C. Equation 3.5 was
used to determine austenite carbon contents fardpper and nickel containing alloys
while an equation proposed by Cullity was usedtfier0.2C alloy [107].

Copper and nickel alloying significantly increadbd retained austenite fractions compared to
the 0.2C alloy, as shown in Figure 4.90. Figurd 4@ts the retained austenite fractions anddbtent
as a function of Pt for all three alloys quenchethe calculated optimal quenching temperatures and
partitioned at 400 °C. RA fractions were obsen@ihtrease with increasing copper and/or nickel
alloying, on average. Slightly lower &vels were observed in the 0.2C-CuNi alloy thathie 0.2C-Cu
alloy and similar trends were observed in othedd@mns on average as well. Generally)&vels
increased with increasing Pt for all alloys. TheM@alloy was observed to exhibit the greatedeels in

Figure 4.91b. It should be noted once more th&miht approaches were applied to get thddfa for
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the 0.2C and for the other two alloys. The austdaitice parameter was estimated from the {22@kpe
position and an equation suggested by Cullity [M&$ utilized to determine @or the 0.2C alloy while
equation 3.5 was used for the 0.2C-Cu and 0.2C-@ildlys. For comparison, Figure 4.92 plotsévels
for all the alloys determined using the Cullity atjan. In this figure, the 0.2C alloy generally #bits
the lowest Clevels and the 0.2C-Cu alloy exhibits the gredtaatls although the effects of copper and
nickel are not taken into account in this figure.

Kim et al.reported earlier that while nickel alloying in Containing TRIP steels increased RA
levels after selected holding times, it did noténaypronounced impact on UTS-TE levels. Figure 4.93
plots the product of ultimate tensile strength totdl elongation as a function of retained ausgefat the
0.2C-Cu and 0.2C-CuNi alloys. Greater austenitetivas were measured for the 0.2C-CuNi alloy bat th
greatest UTS-TE levels are similar in both alldghough greater retained austenite fractions gaher
lead to better combinations of strength and dixgtisignificant scatter is observed indicating tfzators
other than austenite fraction also impact the tegutensile properties. A similar amount of scatt@s

observed if UTS-TE was plotted against the prodéicetained austenite fraction and C
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Figure 4.92 Austenite carbon content as a funcifgrartitioning time for the 0.2C [36], 0.2C-Cu and
0.2C-CuNi alloys quenched to the calculated optiquanching temperature and
partitioned at 400 °C. Austenite peak {220} positiand the equation proposed by
Cullity was used for all alloys to estimate thetange carbon content [107].
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Figure 4.93 Product of ultimate tensile strengtl emal elongation as a function of retained
austenite fraction for the 0.2C-Cu and 0.2C-Culdya.

4.5 Effect of Austenite Fraction on Tensile Propertieand an Summary of Tensile Properties

Retained austenite has been recognized to be amwtanp microstructural constituent in third
generation AHSS especially to improve ductility vitaver, austenite fractions do not always correlate
with improved tensile properties, as was showrl00]. The following section discusses some
observations made on the relationship of austémittions and tensile properties in the alloys istdd
here. The impact of austenite on resulting tensitgerties is shown in Figure 4.94 which plots UTES-
as a function of RA for all alloys studied here. iAoreasing trend with increasing RA is observed in
general, although for a given austenite contenida wange of UTS-TE levels can be generated. One
factor affecting UTS-TE levels is alloying. Strongerrelations between UTS-TE and RA levels were
observed in the 0.3C-1.5Mn, 0.3C-3Mn-Mo, 0.3C-3Mp-&hd 0.3C-5Mn alloys than in the 0.4C-
1.5Mn, 0.2C-Cu and 0.2C-CuNi alloys. Q&P procesgiagameters may also affect not only the resulting
austenite fractions but also austenite carbon abmibich is a major contributor to austenite meatein
stability.

Austenite mechanical stability was characterizethis study by measuring austenite carbon
content via XRD. The o temperature which is the temperature where 50fatte austenite has
transformed to martensite at 30 pct strain wasutatied using an empirical relationship developed fo
stainless steel and used to describe the mechatédality of austenite in the studied Q&P ste@eeater
C levels lower the My temperature indicating greater austenite stab#ity Myso temperature equation

derived by Noharat al.was utilized assuming only carbon partitioning [t18
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Mgzo 551-462*C-9.2*Si-8.1*Mn-13.7Cr-29*Ni-
18.5*M0-29*Cu-13.3*Al-68Nb-462N (4.4)
Using this equation, rather highsddtemperatures were obtained, as shown in Figufewiich
plots the calculated M, temperatures for all data points generated inviloik. This might be due to the
fact that the utilized Mo equation was originally derived for fully austénstainless steels. In addition,
the effects of surrounding matrix, austenite gsine and distribution, texture, and morphology wese
considered. Also, rather low (@vels were determined for some of the alloys is study which in part
increased the calculatedspdtemperatures. Jacques reports that in TRIP steasistenite carbon content
must be in the range of ~0.9 to 1.2 wt pct in otdeachieve optimal tensile properties [94]. De Qaa
comments that optimal benefit from the TRIP efis@chieved when room temperature is betweén M
and My because uniform elongation shows a maximum intérigerature range [10]. Sakuetaal.
studied the effect of testing temperature on deétion induced austenite to martensite deformatiah a
stress-strain behavior. The authors reported tlaaimum uniform elongations in CMnSi TRIP steels

with ~10 vol pct retained austenite were measundtle temperature range of 20-70 °C [119].
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Figure 4.94 Product of ultimate tensile strengttl total elongation as a function of retained
austenite fractions for all data points investiddtethis work.

Figure 4.95 plots UTS-TE as a function ofsptemperature obtained using equation 4.4 for all

data points. Solid data points in this figure cep@nd to RA levels greater than 20 pct. Among these

solid data points, decreasingdytemperature, and increasing austenite stabikgm®d to result in
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lower UTS-TE levels. Figure 4.96 plots measuredl tefongation levels as a function of ultimate tiens
strength for all data generated in this work. Tetahgations up to 20 pct and ultimate tensilengjites of

nearly 1900 MPa were measured.
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Figure 4.95 Product of ultimate tensile strengtl emal elongation as a function of;bd
temperature for all data points studied in thisiheSolid data points correspond to
data points with more than 20 pct of retained anitge
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Figure 4.96 Total elongation as a function of ufttentensile strength for all data generated in this
work.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

The Q&P response of CMnSi sheet steels containinyi, Al and Cu additions was studied. In
general, partitioning temperature had a more prooced effect on resulting tensile properties and
retained austenite fractions than quenching tenyeral herefore, the observed effects of partitigni
temperature and time were discussed more in depthlfalloys.

The effect of carbon was studied using the 0.3@GAh.and 0.4C-1.5Mn alloys. In addition,
comparisons to a 0.2C-1.6Mn alloy were made. Irginggalloy carbon content was observed to mainly
increase strength levels without significantly affieg elongation levels. Ultimate tensile strenigtels
up to 1490 and 1865 MPa and total elongation lemel® 12 and 15 pct were measured for the
0.3C-1.5Mn and 0.4C-1.5Mn alloys, respectivelyréasing alloy carbon content also increased redaine
austenite fractions. Significant retained austefinétetions up to 22 vol pct were measured for the
0.4C-1.5Mn alloy. However, in both alloys, the iéisag retained austenite fractions were signifitant
lower than the calculated maximum fractions assgrfufi carbon depletion of martensite.

The effect of manganese was studied using the 0.88n and 0.3C-5Mn alloys. In addition,
comparisons to a 0.3C-3Mn alloy were made. Yialdrgjth levels decreased and ultimate tensile
strength, uniform and total elongation increaseith wicreasing alloy manganese content. Significant
combinations of strength and ductility were meaddoe the 0.3C-5Mn allog.g.strength levels
exceeding 1500, 1600, and 1700 MPa with elongé¢eels of 20, 17 and 12 pct, respectively. Incregsi
alloy manganese content was also observed to isignily increase retained austenite fractions anef
austenite carbon content levels. Retained austiatgons of up to 28 vol pct were measured fer th
0.3C-5Mn alloy. In general, a more pronounced ¢ffexs observed when alloy manganese content was
increased from 1.5 to 3 wt pct and a less pronalieéfect was observed with further increase.

The effects of molybdenum and aluminum additionsevgtudied in the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl alloys. Limited comparisons to a 0:3®1n alloy were also made. Ultimate tensile
strength and total elongation levels up to 1770 MR 18 pct were measured for both the 0.3C-3Mn-Mo
and 0.3C-3Mn-MoAl alloys. At a PT of 400 °C, yiedttength levels decreased by the Mo addition while
the yield strength levels in the 0.3C-3Mn-MoAl ah@C-3Mn alloys were similar. Mo and Al additions
did not have a significant impact on ultimate tenstrength, uniform or total elongation levelghis
partitioning condition. At a PT of 450 °C, aluminwthoying significantly increased total elongation
levels while the ultimate tensile strength levelsmained relatively unchanged compared to the
0.3C-3Mn-Mo alloy. Similar retained austenite firans and austenite carbon contents were measured fo
both the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys a®@& of 400 °C. At a PT of 450 °C retained
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austenite fractions increased for both alloys listenite carbon content levels decreased for the
0.3C-3Mn-Mo alloy. The total elongation levels waiso observed to decrease in this alloy when
compared to the 400 °C partitioning condition wiilereased total elongation levels were observed fo
the 0.3C-3Mn-MoAl alloy. Aluminum addition was alsbserved to increase strain hardening.

The effect of copper and nickel alloying was stddising the 0.2C-Cu and 0.2C-CuNi alloys and
comparisons to a 0.2C alloy were made. Ultimatsitestrength levels exceeding 1500 MPa and
maximum total elongations of 15 pct were measuoethdth the 0.2C-Cu and 0.2C-CuNi alloys. The
copper addition increased yield strength levelsgamed to the 0.2C alloy while further nickel adutits
decreased the yield strength levels. Ultimate tessiength levels were generally the greatedten t
0.2C-CuNi alloy and lowest in the 0.2C alloy. Sigrantly greater retained austenite fractions were
measured in the copper/nickel containing alloys garad to the 0.2C alloy, with the 0.2C-CuNi alloy
exhibiting the greatest fractions on average. Thasured retained austenite fractions were clodeto
predicted levels in the copper/nickel containirlgyad. Austenite carbon contents were relativelyilsim
in all alloys.

In general, increasing austenite fractions wereoiesl to increase the UTS-TE levels. The
correlation was strongly alloy dependent, howegestronger correlation was observed in the
0.3C-1.5Mn, 0.3C-3Mn-Mo, 0.3C-3Mn-MoAl and 0.3C-5MHoys while the data was more scattered for
the 0.4C-1.5Mn, 0.2C-Cu and 0.2C-CuNi alloys. Sigant scatter in the data also suggests that other
factors such as austenite stability and mechaproglerties of surrounding phases impact the regulti
UTS-TE levels.
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CHAPTER 6: FUTURE WORK

Serrated plastic deformation was observed in tlogsatontaining elevated manganese levels.
Further investigation, usingg.transmission electron microscopy (TEM) and Méssbau
emission spectroscopy (MES) could provide usefigrination about dislocation substructure
and carbon redistribution after different partitimgntreatments. In addition, tenstksting at
elevated temperatures could provide useful infoiamadbout the potential influence of dynamic
strain aging and deformation induced austeniteddensite phase transformation on

discontinuous plastic flow.

Increasing retained austenite fractions were olesktw increase UTS-TE levels although a large
amount of scatter was observed in the data suggestiher factors impact the resulting
mechanical properties as well. Further investigetiof factors affecting austenite stability, such
as austenite grain size and tensile propertiearobsnding phases might provide useful

information about the role of austenite in imprayiensile properties in Q&P steels.

Low austenite carbon contents were measured iA.8@-3Mn-Mo, 0.3C-3Mn-MoAl and
0.3C-5Mn alloys by XRD. Further analysis, useng.MES, is needed to study carbon
redistribution between austenite, martensite arsdipte (transition) carbides after different

partitioning conditions in Q&P alloys containingeedted manganese additions.

Aluminum additions were shown to potentially ingeaniform elongation levels. Interrupted
tensile testing and retained austenite measureraéietsesting for the 0.3C-3Mn-Mo and
0.3C-3Mn-MoAl specimens having similar Q&P procegsioutes, retained austenite fractions
and austenite carbon contents would be benefighéracterize the effect of aluminum on the

deformation induced austenite to martensite transiton.

Retained austenite fractions increased with in@ngaguenching temperature for the 0.3C-5Mn
alloy. This might suggest that the maximum retaiaestenite fractions were not obtained for this
alloy. Further testing using higher quenching terapees and longer partitioning times are

required to investigate whether the retained attsténactions were optimized or not in this alloy.
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At a quenching temperature of 175 °C increasingjtfmring temperature from 400 to 450 °C
increased retained austenite fractions but declgas& elongation levels for the 0.3C-3Mn-Mo
alloy. Additional testing involving Q&P heat treadnits at various quenching temperatures,
tensile testing and microstructural characterizatiould lead to improved properties and further

understanding of the relationship between micrestine and mechanical properties for this alloy.

Nickel additions were observed to be beneficiakitaining greater austenite fractions after
longer hold times. The impact of copper and nickethe chemical stability of austenite could be
studied using differential scanning calorimetry (SThe effect of copper and nickel on
mechanical stability of austenite could be furtheidied with interrupted tensile tests and

retained austenite measurements.
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APPENDIX A: Q&P PROCESSING EFFECTS ON TENSILE PROPERTIES, RETAINED
AUSTENITE FRACTIONS AND AUSTENITE CARBON CONTENTS

This appendix presents the effect of quenching &atpre, partitioning temperature and
partitioning time on tensile properties, retainedtanite fractions and austenite carbon content$é&

alloys studied in this work.

A.l:  Effect of Partitioning Temperature on Tensile Propeties of the 0.3C-1.5Mn Alloy

The effects of PT on tensile properties of the 813%Mn alloy are shown in Figures A.1.1
through A.1.3. A summary of tensile propertiesiigeg in Appendix B. UTS levels of 1227-1497 MPa
and TE levels of 6-12 pct were obtained for thisyalln general, increasing PT increased YS and
decreased UTS. UTS also decreased with increasiagdPa maximum level of UTS was reached after
10 s of partitioning, as shown in Figure A.1.1lgue A.1.1b shows that at a PT of 350 °C, YS irgeda
with increasing Pt whereas at a PT of 400 and €58 peak in YS was observed after 30 and 10 s of
partitioning, respectively. Similar UE and TE lev@lere measured for all PTs, as shown in
Figures A.1.2a and b. At a PT of 450 °C, TE levelsained relatively unchanged regardless of Pt,
whereas at 350 and 400 °C decreasing TE levels eleerved with increasing Pt. In general, the gistat

elongation levels were measured for specimengtipadi at 450 °C.
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Figure A.1.1  (a) 0.2 pct offset yield strength gbgultimate tensile strength of the 0.3C-1.5Mmwl|
specimens as a function of partitioning time fortiganing temperatures 350, 400 and
450 °C.
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The ratio of YS/UTS can be used as a rough estinfatrain hardening. Smaller YS/UTS values
indicate greater strain hardening behavior. Figufie3a shows that increasing PT and Pt decreased th
amount of strain hardening in the 0.3C-1.5Mn allbye greatest elongation values were generally
achieved with short partitioning times. The prodofcdUTS and TE can be used to evaluate the optimal
properties combinations for sheet steels. Figule3h.shows the UTS-TE levels for the 0.3C-1.5Mn
alloy as a function of Pt for three different ptotiing temperatures. Increasing Pt decreased & TE
levels at all PTs. Partitioning at 350 and 400 f€lded the greatest UTS-TE levels after 10 or 80 s
partitioning whereas partitioning at 450 °C yieldbd greatest levels after 60 or 300 s of partitign
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Figure A.1.2 (a) Uniform and (b) total elongatiditize 0.3C-1.5Mn alloy specimens as a function
of partitioning time for partitioning temperatur@s0, 400 and 450 °C.
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Figure A.1.3 (@) Ratio of yield and ultimate teasstrength and (b) product of ultimate tensilersjte
and total elongation of the 0.3C-1.5Mn alloy spemisias a function of partitioning time
for partitioning temperatures 350, 400 and 450 °C.

A.2:  Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.3C-1.5Mn Alloy

Figure A.2.1 shows the evolution of retained alstdractions and austenite carbon content of
the 0.3C-1.5Mn alloy specimens as a function ofifg@ning time for PTs 350, 400 and 450 °C. For PTs
350 and 400 °C, austenite fractions increased 30 ®of partitioning, then decreased and increased
again up to Pt 300 s. For a PT of 450 °C, austérattions decrease first with increasing Pt amdaase
slightly up to Pt of 60 s. The greatest retainestenite fractions were measured after 30, 10 arsi#0
partitioning for PTs 350, 400 and 450 °C, respetyivSignificant austenite decomposition was observ
after 300 s of partitioning at a PT of 450 °C. GesaC levels were measured after 60, 300 and 10 s of
partitioning at a PT of 350, 400 and 450 °C, retipely. C after 300 s of partitioning at the PT of

450 °C could not be reliably determined due to abse®f some of the austenite peaks.
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Figure A.2.1 (a) Retained austenite fractions dmdqstenite carbon contents of the 0.3C-1.5Mn
alloy specimens as a function of partitioning tifoepartitioning temperatures 350,
400 and 450 °C.

A.3: Effect of Quenching Temperature on Tensile Properts of the 0.3C-1.5Mn Alloy

Figures A.3.1 through A.3.3 show the effect of Qtensile properties of the 0.3C-1.5Mn alloy.
Overall, QT seemed to have a significantly lowepatt on the resulting tensile properties than RT. |
most cases, the greatest YS and UTS levels wersurezhfor the lowest QT, 215 °C, as shown in
Figures A.3.1a and b. Quenching to 242 °C and ZogeSulted in similar YS and UTS levels. The
greatest UE and TE levels were measured after uemto 265 °C for 10 s, as shown in Figures A.3.2a
and A.3.2b. Strain hardening behavior and the mbdUUTS and TE remained relatively unaffected by
QT variations and the greatest UTS-TE value washeghafter quenching to 265 °C for 10 s, as shown i
Figures A.3.3a and b.
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Figure A.3.1 (a) 0.2 pct offset yield strength gbgultimate tensile strength of the 0.3C-1.5Mmwll
specimens as a function of partitioning time foelch temperatures 215, 242 and

265 °C.
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Figure A.3.2  (a) Uniform and (b) total elongatidrtlee 0.3C-1.5Mn alloy specimens as a function of
partitioning time for quench temperatures 215, ad@ 265 °C.
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Figure A.3.3 (@) Ratio of yield strength and ultteméensile strength and (b) product of ultimatesiien

A4

strength and total elongation of the 0.3C-1.5Mnya#ipecimens as a function of quench
temperatures 215, 242 and 265 °C.

Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.3C-1.5Mn Alloy

Figures A.4.1a and b shows the evolution of rethengstenite fractions and austenite carbon

content of the 0.3C-1.5Mn alloy specimens as atfonof partitioning time for QTs 215, 242 and

265 °C. For all the QTs retained austenite fractidecrease with increasing Pt, as shown in

Figure A.4.1a. On average, the greatest austeatédns were measured after quenching to 265 tC an

the lowest after quenching to 242 °C. Significaratser was observed in the @easurements. Gevels

increased with increasing Pt for all the QTs. Oerage, the greatest (&vels were measured for samples

guenched to 242 °C while the lowestl&vels were measured for samples quenched to@15 °

Significant C levels up to 1.4 wt pct were measured.
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Figure A.4.1 (a) Retained austenite fractions ddqstenite carbon contents of the 0.3C-1.5Mn
alloy specimens as a function of partitioning tifoepartitioning temperatures 215,
242 and 265 °C.

A.5:  Effect of Partitioning Temperature on Tensile Propeties of the 0.4C-1.5Mn Alloy

Tensile properties as a function of Pt for thrdéedent PTs are plotted in Figures A.5.1 through
A.5.3 for the 0.4C-1.5Mn alloy and a summary ofsiEnproperties is given in Appendix B. UTS levels
of 1270-1865 MPa and TE levels of 7-15 pct weraioled for this alloy. Increasing PT decreased the P
to reach the greatest YS. The peak YS levels pé#itioning at 350, 400 and 450 °C were measured
after 300, 60 and 30 s, respectively. UTS decreagtdncreasing PT and Pt, and the greatest UT an
TE levels were measured after 10 s of partitionaggshown in Figure A.5.1b and Figure A.5.2b.
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Figure A.5.1 (a) 0.2 pct offset yield strength débdultimate tensile strength of the 0.4C-1.5Mmowll
specimens as a function of partitioning time fortiganing temperatures 350, 400 and

450 °C.
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Figure A.5.2 (a) Uniform and (b) total elongatiditize 0.4C-1.5Mn alloy specimens as a function
of partitioning time for partitioning temperatur@s0, 400 and 450 °C.

In most cases the greatest UE and TE values weaisured after partitioning at 450 °C. The
maximum levels of UE and TE for PTs 350, 400 an@d 45 were measured after 60, 30, and 10 s of
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partitioning, respectively. Strain hardening bebawas similar to the 0.3C-1.5Mn alloy. Increasikif
increased the YS/UTS levels, and even though thedbYS/UTS values were measured after
partitioning at 350 °C, the greatest elongatiorlswere measured for specimens partitioned af@50
Specimens partitioned at 450 °C for 10 s exhibibedgreatest UTS-TE level and, in general, UTS-TE

levels decreased with increasing Pt.
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Figure A.5.3 (a) Ratio of yield strength and ulttmgensile strength and (b) product of ultimate
tensile strength and total elongation of the 0.4&Mh alloy as a function of
partitioning time for partitioning temperatures 3800 and 450 °C.

A.6:  Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.4C-1.5Mn Alloy

Figure A.6.1 shows retained austenite fractions@rdvels of the 0.4C-1.5Mn alloy specimens
as a function of partitioning time for PTs 350, 40@ 450 °C. Maximum austenite fractions were
observed after 60 s of partitioning for all PTse&@est austenite decomposition was observed dftes 3
of partitioning at 450 °C than at 350 or at 400 Gteater Clevels were measured after 10 s of
partitioning at 450 °C than at 400 °C. For a PB@d °C C levels increased up to 300 s of partitioning
whereas for a PT of 450 °C @fter 300 s of partitioning could not be reliabdigtermined due to absence
of austenite peaks. For a PT of 350 °Cla®els increased up to 60 s of partitioning foléaby a

decrease up to 300 s of partitioning.
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Figure A.6.1 (a) Retained austenite fractions dmdqstenite carbon contents of the 0.4C-1.5Mn
alloy specimens as a function of partitioning tifoepartitioning temperatures 400 and
450 °C.

A.7:  Effect of Quenching Temperature on Tensile Properts of the 0.4C-1.5Mn Alloy

In the 0.4C-1.5Mn alloy, QT shows a more pronoureféelct on tensile properties, as shown
Figure A.7.1-Figure A.7.3. Figure A.7.1a shows tihateasing QT decreased YS levels in general,
although QTs 225 and 250 °C exhibited similar Yi&le. The greatest UTS levels were measured after
guenching at 200 °C whereas remarkably similar l&U8Is were measured after quenching to 225 and
250 °C, as shown in Figure A.7.1b. Figures A.7 12d a show that UE and TE were not greatly affected
by QT, but on average the greatest elongationdewvele measured after quenching to the highestfQT o
250 °C. Similarly to the 0.3C-1.5Mn alloy, QT didtrsignificantly affect YS/UTS and UTS-TE levels.
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Figure A.7.1  (a) 0.2 pct offset yield strength dbgdultimate tensile strength of the 0.4C-1.5Mmwll
specimens as a function of partitioning time foegch temperatures 200, 225 and

250 °C.
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Figure A.7.2  (a) Uniform and (b) total elongatiditize 0.4C-1.5Mn alloy specimens as a function
of partitioning time for quench temperatures 25 and 250 °C.
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Figure A.7.3 (@) Ratio of yield strength and ulttméensile strength and (b) product of ultimate
tensile strength and total elongation of the 0.4&Mh alloy as a function quench
temperatures 200, 225 and 250 °C.

A.8: Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.4C-1.5Mn Alloy

Figure A.8.1shows retained austenite fractions@ndvels of the 0.4C-1.5Mn alloy specimens
as a function of partitioning time for QTs 200, 2% 250 °C. The greatest austenite fractions were
observed after 60 s of partitioning for QTs 225 aB6@ °C whereas for QT of 200 °C the maximum was
observed after 10 s of partitioning. In generahilsir austenite fraction trends were observed fos Q25

and 250 °C. The Qevels were similar for all the QTs illustrating encreasing trend with increasing Pt.
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Figure A.8.1 (a) Retained austenite fractions dmdqstenite carbon contents of the 0.4C-1.5Mn
alloy specimens as a function of partitioning tifmequenching temperatures 200, 225
and 250 °C.

A.9: Effect of Partitioning Temperature on Tensile Propeties of the 0.3C-5Mn Alloy

Figures A.9.1 through A.9.3 show the evolutionesfdile properties as a function of Pt for three
different partitioning temperatures and a complisteof tensile properties for the 0.3C-5Mn allaga
given in Appendix B. UTS levels of 1482-1874 MPa dik levels of 10-21 pct were obtained for this
alloy. In general, increasing PT increased YS learelased UTS, as shown in Figures A.9.1a and b. For
PT 350 and 400 °C, the greatest YS levels wereéheshafter 300 s of partitioning whereas the maximum
YS for PT 450 °C was reached after 60 s of paritig. The greatest UTS levels were measured aiter 1
s of partitioning for all PTs tested.

Increasing PT increased the UE and TE levels in cases. For PTs 350 and 400 °C the greatest
UE and TE levels were measured after 300 s oftjmanitig whereas for a PT of 450 °C a peak in
elongation levels was observed after 60 s of jamiitg. The greatest extent of strain hardening was
observed for the lowest PT whereas the greatestations were measured after 300 s of partitioaing
400 °C. UTS-TE levels increased with increasinfpPPT 350 and 400 °C whereas a maximum was
observed for a PT of 450 °C after 60 s of partitign
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Figure A.9.1 (&) 0.2 pct offset yield strength gbgultimate tensile strength of the 0.3C-5Mn alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400 and

450 °C.
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Figure A.9.2 (a) Uniform and (b) total elongatiditlte 0.3C-5Mn alloy specimens as a function of
partitioning time for partitioning temperatures 3800 and 450 °C.
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Figure A.9.3  Effect of partitioning temperature (@ ratio of yield strength and ultimate tensile
strength and (b) product of ultimate tensile stteramd total elongation as a function of
partitioning time for the 0.3C-5Mn alloy.

A.10: Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.3C-5Mn Alloy

Figure A.10.1 shows the evolution of retained anigtdractions and austenite carbon content of
the 0.3C-5Mn alloy specimens as a function of paring time for PTs 350, 400 and 450 °C. Retained
austenite fractions increased with increasing fpamning time for all the PTs. The greatest auseenit
fractions were measured after 300 s of partitio@ng50 °C. Similar Clevels were measured for
samples after partitioning at 350 and 400 °C. Resé PTs, Qevels initially decreased with increasing
Pt from 10 to 30 s and increased with increasinigddt 30 to 300 s. For a PT of 450 °C thelévels
increased with increasing Pt from 10 to 60 s foldvby a decrease with further increasing Pt. lukho
be noted that some error is expected to be includdte C measurements, since some data points

indicate that the devels would be lower than the alloy carbon cotjtas shown in Figure A.10.1b.
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Figure A.10.1 (a) Retained austenite fractions @h)custenite carbon contents of the 0.3C-5Mn alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400 and
450 °C. The dashed line shows alloy carbon corteet.

A.11: Effect of Quenching Temperature on Tensile Properts of the 0.3C-5Mn Alloy

Figures A.11.1 through A.11.3 show the effect of @iltensile properties of the 0.3C-5Mn alloy.
QTs 85 and 110 °C had similar YS and UTS levelandigss of Pt, whereas YS levels corresponding to a
QT of 135 °C were generally lower and UTS levelsagally greater than those obtained for 85 and 110
°C, as shown in Figure A.11.1b. Although UE andl@¥els were similar regardless of QT, slightly lowe
elongation levels were measured for a QT of 139vi&imum elongation levels were measured after
300 s partitioning for all QTs. The greatest amafrdtrain hardening was observed in specimens
guenched to 135 °C but this condition also exhibitee lowest UTS-TE levels. The greatest UTS-TE

levels were measured in specimens quenched tod add partitioned at 400 °C for 300 s.

139



1300 T T T LI B . 1900 T T T T T T

1200 \ - 1800
-y /;E

1100 — = 1700

1000 \ — 1600
900 - 1500
g0 Ll L v L1 L1 00 L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
() (b)

Figure A.11.1 (a) 0.2 pct offset yield strength &ngultimate tensile strength of the 0.3C-5Mn wllo
specimens as a function of partitioning time foewch temperatures 85, 110 and 135 °C.
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Figure A.11.2 (a) Uniform and (b) total elongatiafrthe 0.3C-5Mn alloy specimens as a function of
partitioning time for quench temperatures 85, 14@ &35 °C.
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Figure A.11.3 (a) Ratio of yield strength and ulitmtensile strength and (b) product of ultimatesile
strength and total elongation of the 0.3C-5Mn alsya function of partitioning time for
guench temperatures 85, 110 and 135 °C.

A.12: Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.3C-5Mn Alloy

Figure A.12.1 shows the evolution of retained anigtdractions and austenite carbon content of
the 0.3C-5Mn alloy specimens as a function of parting time for QTs 85, 110 and 135 °C. For QTs
110 and 135 °C, retained austenite fractions irsg@avith increasing Pt while for QT 85 °C a maximum
for retained austenite fractions was observed 8fles of partitioning. QTs 100 and 135 °C also bitad
similar trends for Cas a function of Pt, although greater&els were measured for the samples after
guenching to 135 °C. For the QT of 85 °C thdeWels increased with increasing Pt
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Figure A.12.1 (a) Retained austenite fractions @pcustenite carbon contents of the 0.3C-5Mn
alloy specimens as a function of partitioning tifmequenching temperatures 85, 110
and 135 °C. The red dashed line shows alloy cacbatent level.

A.13: Effect of Partitioning Temperature on Tensile Propeties of the 0.3C-3Mn-Mo Alloy

The effect of partitioning temperature on tensileperties of the 0.3C-3Mn-Mo alloy is shown in
Figures A.13.1 through A.13.3 and a complete lighe resulting tensile properties is given in
Appendix B. UTS levels of 1418-1770 MPa and TE lew# 9-18 pct were obtained for this alloy.
Figures A.13.1a and b show how increasing PT dserk&S and UTS in most cases. Maximum YS
levels were measured after 300 s of partitioningsfecimens partitioned at 350 and 400 °C whei@as f
specimens partitioned at 450 °C, a peak was obdetve0 s of partitioning. A partitioning time od &
resulted in maximum UTS levels for all partitionitegnperatures.

The greatest elongation levels were measured &wis@ns partitioned at 400 °C while the
lowest levels were measured for specimens pantitiat 350 °C, as shown in Figure A.13.2a and b. For
PTs of 400 and 450 °C the maximum elongation lewelse measured after 60 s of partitioning whereas
for PT 350 °C a maximum was observed after 300maditioning. PT did not seem to affect the YS/UTS
levels in this alloy, as shown in Figure A.13.3pe@mens partitioned at 400 °C exhibited the gstate
levels of UTS-TE in most cases. This is surprisimge earlier research implied that molybdenum
additions increase total elongation especiallypcémens that had been partitioned at higher

temperatures.
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Figure A.13.1 (a) 0.2 pct offset yield strength @bdultimate tensile strength of the 0.3C-3Mn-Mo
alloy specimens as a function of partitioning tifoepartitioning temperatures 350, 400

and 450 °C.
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Figure A.13.2 (a) Uniform and (b) total elongatmirthe 0.3C-3Mn-Mo alloy specimens as a
function of partitioning time for partitioning terapatures 350, 400 and 450 °C.
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Figure A.13.3 (a) Ratio of yield strength and ulitmtensile strength and (b) product of ultimatesile
strength and total elongation of the 0.3C-3Mn-Moyabpecimens as a function of
partitioning time for partitioning temperatures 3800 and 450 °C.

A.14: Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.3C-3Mn-Mo Alloy

Figure A.14.1 shows the evolution of retained anigtdractions and austenite carbon content of
the 0.3C-3Mn-Mo alloy specimens as a function atipaning time for PTs 350, 400 and 450 °C. For
PTs 350 and 400 °C austenite fractions increas#édimgreasing Pt while for PT of 450 °C a maximum
was observed after 60 of partitioning. In gendfad,greatest austenite fractions were measured afte
partitioning at 450 °C. Each PT exhibited differ&ends for Clevels. For a PT of 350 °C, the C
decreased initially with increasing Pt from 10 s3followed with an increase with increasing Btrir
30 to 300 s. For the PT of 400 °C,i@creased with increasing Pt up to 60 s followetth\@ decrease
with further increasing Pt. For the PT of 450 °€ @ levels seemed to be relatively unaffected by the

change in Pt.
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Figure A.14.1 (a) Retained austenite fractions @j)ustenite carbon contents of the 0.3C-3Mn-Mo
alloy specimens as a function of partitioning tifoepartitioning temperatures 350, 400
and 450 °C. The red dashed line shows alloy catbatent level.

A.15: Effect of Quenching Temperature on Tensile Properts of the 0.3C-3Mn-Mo Alloy

Figures A.15.1 through A.15.3 show the evolutionesisile properties as a function of Pt for
three different QTs for the 0.3C-3Mn-Mo alloy.
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Figure A.15.1 (a) 0.2 pct offset yield strengtld #b) ultimate tensile strength of the 0.3C-3Mn-Mo
alloy as a function of partitioning time for quenemperatures 150, 175 and 200 °C.
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Figure A.15.2 (a) Uniform and (b) total elongatwirthe 0.3C-3Mn-Mo alloy specimens as a
function of partitioning time for quench temperasil50, 175 and 200 °C.
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Figure A.15.3 (a) Ratio of yield strength and ulitmtensile strength and (b) product of ultimatesile
strength and total elongation for the 0.3C-3Mn-Noyaspecimens as a function of
partitioning time for quench temperatures 150, P&, °C.

Figure A.15.1a shows that QTs 175 and 200 °C dicigmificantly affect YS whereas
guenching to the lowest QT, 150 °C, increased g8icantly. Specimens quenched to 150 °C also



exhibited the greatest UTS levels in most casegaasespecimens quenched to higher temperatures
exhibited rather similar UTS levels. Quenching 50 IC decreased both UE and TE levels significantly
The greatest elongation levels were measured &mis@ns quenched to 175 °C in most cases, as shown
in Figures A.15.2a and b. Specimens quenched téQ®Xhibited the lowest amount of strain hardening
whereas quenching to either 175 or 200 °C did igmifecantly affect the strain hardening behavias,
shown in Figure A.15.3a. The greatest UTS-TE lewalse measured for specimens quenched to 175 °C.

A.16: Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.3C-3MnMo Alloy

Figure A.16.1 shows the evolution of retained auggdractions and austenite carbon content of
the 0.3C-3Mn-Mo alloy specimens as a function afifbaning time for QTs 150, 175 and 200 °C.
Similar retained austenite fraction evolution waserved for the QTs of 175 and 200 °C although
slightly greater fractions were measured for thrafgas quenched to 175 °C. The greatest austenite
fractions for QTs 175 and 200 °C were measured a@@ s partitioning. The samples quenched to
150 °C exhibited significantly lower overall austerievels with a maximum after 30 s of partitiogin
For the QTs of 175 and 200 °C the greatesi& measured after 60 s of partitioning whiletfar

samples quenched to 150 °C the greatestdd measured after 300 s of partitioning.
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Figure A.16.1 (a) Retained austenite fractions @p)custenite carbon contents of the 0.3C-3Mn-Mo
alloy specimens as a function of partitioning tifmequenching temperatures 150, 175
and 200 °C.
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A.17: Effect of Partitioning Temperature on Tensile Propeties of the 0.3C-3Mn-MoAl Alloy

The effect of partitioning temperature on tensileperties of the 0.3C-3Mn-MoAl alloy is shown
in Figures A.17.1 through A.17.3 and a completedighe resulting tensile properties is given in
Appendix B. UTS levels of 1396-1786 MPa and TE Iswd 8.5-19 pct were obtained for this alloy.
Figure A.17.1a shows how increasing for PTs 35040@°C YS first decreases with increasing Pt from
10 to 60 s whereas for a PT of 450 °C maximum Yi@easured after 60 s of partitioning. Figure A.b7.1
shows a decreasing trend for UTS levels with ingirepPT and Pt. A partitioning time of 10 s resdilite
maximum UTS levels for all partitioning temperature

The greatest elongation levels were measured &wigsens partitioned at 450 °C while the
lowest levels were measured for specimens pantitiat 350 °C, as shown in Figures A.17.2a and b. Fo
all PTs the maximum elongation levels were measafid 300 s of partitioning. For PTs 350 and
400 °C the greatest YS/UTS levels were measured 3®0 s of partitioning whereas for a PT of 450 °C
a maximum was observed after 60 s of partitionasgshown in Figure A.17.3a. Specimens partitioied a
450 °C exhibited the greatest levels of UTS-TE ostitases, and specimens partitioned at 350 °C

exhibited clearly the lowest levels.
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Figure A.17.1 (a) 0.2 pct offset yield strength &@ndultimate tensile strength of the 0.3C-3Mn-MoAl
alloy specimens as a function of partitioning tifoepartitioning temperatures 350, 400
and 450 °C.
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Figure A.17.2 (a) Uniform and (b) total elongatirithe 0.3C-3Mn-MoAI alloy specimens as a
function of partitioning time for partitioning terapatures 350, 400 and 450 °C.
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Figure A.17.3 (a) Ratio of yield strength and ulitentensile strength and (b) product of ultimatsile
strength and total elongation of the 0.3C-3Mn-MafAby specimens as a function of
partitioning time for partitioning temperatures 3800 and 450 °C.
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A.18: Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.3C-3Mn-MoAl Alloy

Figure A.18.1 shows the evolution of retained auggdractions and austenite carbon content of
the 0.3C-3Mn-MoAl alloy specimens as a functiorpaftitioning time for PTs 350, 400 and 450 °C.
Maximum amount of retained austenite was obserfted 80, 30 and 60 s of partitioning for PTs 350,
400 and 450 °C, respectively. Specimens partiti@aiedPt of 450 °C exhibited the greatest retained
austenite fractions in most caseslévels increased with increasing Pt for all thesPSimilar C levels
were measured for samples partitioned at 400 a@d@while samples partitioned at 350 °C exhibited

significantly lower Clevels.
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Figure A.18.1 (a) Retained austenite fractions @)custenite carbon contents of the 0.3C-3Mn-
MoAI alloy specimens as a function of partitionitimge for partitioning temperatures
350, 400 and 450 °C. The dashed line shows alldyocacontent level.

A.19: Effect of Quenching Temperature on Tensile Properés of the 0.3C-3Mn-MoAl Alloy

Figures A.19.1 through A.19.3 show the evolutionesisile properties as a function of Pt for
three different QTs for the 0.3C-3Mn-MoAl alloy.gtire A.19.1a shows that QTs 175 and 200 °C
exhibited similar YS levels in most cases wheragnghing to the highest QT, 225 °C, decreased YS
significantly and YS levels also decreased witlieasing Pt. After 10 and 30 s of partitioning, the
greatest UTS levels were measured for specimenghad to 200 °C while specimens quenched to
225 °C exhibited greater UTS levels after longetipaning times. In general, the QT had a less

pronounced effect on UTS and similar levels werasuoeed for all conditions.
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Figure A.19.1 (a) 0.2 pct offset yield strengtld #b) ultimate tensile strength of the 0.3C-3Mn-MoA
alloy as a function of partitioning time for quenieimperatures 175, 200 and 225 °C.
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Figure A.19.2 (a) Uniform and (b) total elongatirithe 0.3C-3Mn-MoAI alloy specimens as a
function of partitioning time for quench temperasil75, 200 and 225 °C.

The QT had little impact also on UE and TE as shiwFigures A.19.2a and b. The greatest TE

levels were measured for specimens quenched t6Q@dd the lowest UE levels were measured in

specimens quenched to 175 °C. In general, UE aniéVéts increased with increasing Pt. Figure A.49.3
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shows that specimens quenched to 175 and 200 9@Gitexhsimilar YS/UTS level evolution with
increasing Pt whereas specimens quenched to 225HiBited significantly lower YS/UTS levels.
Figure A.19.3b shows that quenching to 200 °C teduh the greatest UTS-TE levels and that UTS-TE

levels increased with increasing Pt for all the QTs
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Figure A.19.3 (a) Ratio of yield strength and ulitentensile strength and (b) product of ultimatsile
strength and total elongation for the 0.3C-3Mn-M@afby specimens as a function of
partitioning time for quench temperatures 175, 200, °C.

A.20: Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.3C-3MnMoAl Alloy

Figure A.20.1 shows the evolution of retained auggdractions and austenite carbon content of
the 0.3C-3Mn-Moal alloy specimens as a functiopantitioning time for QTs 175, 200 and 225 °C.
Similar retained austenite fractions were meastoedll the specimens for all the QTs up to a P3@5.
Increasing partitioning time from 30 to 60 s resuft a decrease in retained austenite fractiosanmples
guenched to 200 °C and austenite fraction remaiasively unchanged even up to 300 s of partitignin
For samples quenched to 175 and 225 °C, the maxiaustenite fractions are measured after 60 s of
partitioning followed with a decrease in austefriéetions with increasing Pt. The greatestévels for
specimens quenched to 175, 200 and 225 °C are me€aaiter 10, 300 and 60 s of partitioning,

respectively.
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Figure A.20.1 (a) Retained austenite fractions @)custenite carbon contents of the 0.3C-3Mn-
MoAl alloy specimens as a function of partitionitmge for quenching temperatures
175, 200 and 225 °C.

A.21: Effect of Partitioning Temperature on Tensile Propeties of the 0.2C-Cu Alloy

Figure A.21.1-Figure A.21.3 show the evolutionarigile properties as a function of Pt for three
different partitioning temperatures and a complisteof tensile properties for the 0.2C-Cu allog given
in Appendix B. UTS levels of 1136-11512 MPa andl&&els of 8-15 pct were obtained for this alloy.
For a PT of 350 °C YS first decreased up to 60 anfitioning and increased significantly with
increasing Pt, as shown in Figure A.21.1a. At PT&00 and 450 °C YS increased with increasing @t an
greater YS levels were observed after partitiomnd00 °C. UTS levels decreased with increasing PT
and Pt, as shown in Figure A.21.1b. Maximum UE Ieweere measured after 30 s of partitioning for all
the PTs and similar trends were observed for TEl$eexcept for samples partitioned at 400 °C which
exhibited the greatest TE levels after 300 s dfifpaming, as shown in Figure A.21.2. Figure A.21.3
shows that YS/UTS ratios decreased with decreadirggand the greatest UTS-TE levels on average

were obtained in samples partitioned at 450 °C.

153



1200 | T T T T T T 1600 | T T T T T T

1150 = — 1500 — n

S 1400 — —

1050 , - L %\\Q
?'/7" T 1300 — =]

1000 ,, - i \ |
al .

050 I | 1200 |- N .

000 Ll L v L1 Ly oo Ll L b
0 50 100 150 200 250 300 0 50 100 150 200 250 300

1100

(a) (b)

Figure A.21.1 (a) 0.2 pct offset yield strength @ndultimate tensile strength of the 0.2C-Cu alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400 and
450 °C.
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Figure A.21.2 (a) Uniform and (b) total elongatiafrthe 0.2C-Cu alloy specimens as a function of
partitioning time for partitioning temperatures 3800 and 450 °C.
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Figure A.21.3 Effect of partitioning temperature (@) ratio of yield strength and ultimate tensile
strength and (b) product of ultimate tensile stteramd total elongation as a function of
partitioning time for the 0.2C-Cu alloy.

A.22: Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.2C-Cu Alloy

Figure A.22.1 shows the evolution of retained anigtdractions and austenite carbon content of
the 0.2C-Cu alloy specimens as a function of paniihg time for PTs 350, 400 and 450 °C. Retained
austenite fractions reached a maximum after 30pswditioning for samples partitioned at 350 and
400 °C whereas for samples partitioned at 450 Atxeimum was reached after 10 s of partitioning.
Samples partitioned at 400 and 450 °C exhibitedimam C levels after 30 s of partitioning while for

samples partitioned at 350 °C a maximum was obdeafter 10 s of partitioning.
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Figure A.22.1 (a) Retained austenite fractions @)custenite carbon contents of the 0.2C-Cu alloy
specimens as a function of partitioning time fortiganing temperatures 350, 400 and
450 °C. The red dashed line shows alloy carbonectmgvel.

A.23: Effect of Quenching Temperature on Tensile Properts of the 0.2C-Cu Alloy

Figures A.23.1 through A.23.3 show the effect of @iltensile properties of the 0.2C-Cu alloy.
QTs 295 and 320 °C had similar YS evolution wittreasing Pt. For both QT'’s, YS increased up to 60 s
of partitioning and remained relatively unchangediénger partitioning time. For the QT of 345 °GY
initially decreases with increasing Pt from 10 @s3followed by an increase with increasing Pt fi&0n
to 300 s. UTS levels decreased for all QT's wittréasing Pt. On average, UTS levels increased with
decreasing QT and the greatest UTS levels wereureghafter 10 s of partitioning for all the QTs.€Th
maximum UE and TE levels were measured after 1@n8060 s of partitioning for QTs of 295, 320 and
340 °C, respectively. YS/UTS ratios decreased imitheasing QT, on average, and the greatest UTS-TE

values were measured after 60 s of partitionirgy @ of 345 °C.
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Figure A.23.1 (a) 0.2 pct offset yield strength @bdultimate tensile strength of the 0.2C-Cu alloy
specimens as a function of partitioning time foelch temperatures 295, 320 and

345 °C.
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Figure A.23.2 (a) Uniform and (b) total elongatimfirthe 0.2C-Cu alloy specimens as a function of
partitioning time for quench temperatures 295, 826 345 °C.
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Figure A.23.3 (a) Ratio of yield strength and ulitmtensile strength and (b) product of ultimatesile

A.24:

strength and total elongation of the 0.2C-Cu a#leya function of partitioning time for
guench temperatures 295, 320 and 345 °C.

Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.2C-Cu Alloy

Figure A.24.1 shows the evolution of retained anigtdractions and austenite carbon content of

the 0.2C-Cu alloy specimens as a function of paniitg time for QTs 295, 320 and 345 °C. Similar

retained austenite fractions were measured faoaidlitions except for a QT of 295 °C partitioned fo

60 s at 400 °C, which exhibited significantly loverstenite fractions. Carbon contents measured in

austenite for all the QTs as a function of Pt wetatively similar. The greatest &vels were measured
after 10, 30 and 300 s pf partitioning for QTs 3320 and 295 °C, respectively.
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Figure A.24.1 (a) Retained austenite fractions @)custenite carbon contents of the 0.2C-Cu alloy
specimens as a function of partitioning time foewching temperatures 295, 320 and
345 °C. The red dashed line shows alloy carbonectmevel.

A.25: Effect of Partitioning Temperature on Tensile Propeties of the 0.2C-CuNi Alloy

Figures A.25.1 through A.25.3 show the evolutionesisile properties as a function of Pt for
three different partitioning temperatures and apete list of tensile properties for the 0.2C-CwiNoy
are given in Appendix B. UTS levels of 1153-1562dvihd TE levels of 7-15 pct were obtained for this
alloy. For a PT of 350 °C the maximum YS was meadafter 10 s of partitioning whereas for PTs 400
and 450 °C maximum YS levels were measured afterad@ 60 s of partitioning. UTS levels decreased
with increasing PT and Pt and the greatest UTS9devere measured at a PT of 350 °C. UE and TE
levels increased with increasing PT. On averageglfahe PTs, UE and TE increased up to 60 s of
partitioning and remained relatively unchanged wotiger partitioning time. YS/UTS ratios generally
increased with increasing PT and Pt with the excoepif samples partitioned at 450 °C for 300 s for
which the YS/UTS ratio decreased. The greatest UE3evels were measured for samples partitioned at
450 °C.
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Figure A.25.1 (a) 0.2 pct offset yield strength &ngdultimate tensile strength of the 0.2C-CuNowl|
specimens as a function of partitioning time fortiganing temperatures 350, 400 and

450 °C.
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Figure A.25.2 (a) Uniform and (b) total elongatiafithe 0.2C-CuNi alloy specimens as a function of
partitioning time for partitioning temperatures 3800, and 450 °C.
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Figure A.25.3 Effect of partitioning temperature (@ ratio of yield strength and ultimate tensile
strength and (b) product of ultimate tensile stteramd total elongation as a function of
partitioning time for the 0.2C-CuNi alloy.

A.26: Effect of Partitioning Temperature on Retained Ausenite Fractions and Austenite Carbon
Content of the 0.2C-CuNi Alloy

Figure A.26.1 shows the evolution of retained auggdractions and austenite carbon content of
the 0.2C-CuNi alloy specimens as a function ofipaning time for PTs 350, 400 and 450 °C. The
greatest retained austenite fractions were measiitexd60, 10 and 30 s of partitioning for PTs 3800
and 450 °C, respectively. For PTs 400 and 450 %featte carbon content increased up to 60 s of
partitioning and with longer partitioning @mained relatively unchanged for a PT of 400 A€ a
decreased for a PT of 450 °C. For a PT of 350 °dgv&ls first decreased with increasing partitignin

time up to 60 s followed by an increase with longgititioning time.
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Figure A.26.1 (a) Retained austenite fractions @)custenite carbon contents of the 0.2C-CuNi
alloy specimens as a function of partitioning tifoepartitioning temperatures 350,
400 and 450 °C. The red dashed line shows alldyoracontent level.

A.27: Effect of Quenching Temperature on Tensile Properts of the 0.2C-CuNi Alloy

Figures A.27.1 through A.27.3 show the effect of @iltensile properties of the 0.2C-CuNi
alloy. For a QT of 260 °C YS levels increased viittreasing Pt up to 60 s followed by a decreask wit
longer Pt. For a QT of 285 °C the YS levels gemgintreased with increasing Pt and for the QT of
310 °C YS levels decreased with increasing Pt. {@Thdt significantly affect the UTS levels. Both UE
and TE levels increased with increasing Pt for QfT2885 and 310 °C while maximum UE and TE levels
for a QT of 260 °C were measured after 30 s ofitaning. YS/UTS ratios generally decreased with
increasing QT and the greatest UTS-TE levels werastred in the samples quenched to 310 °C and
partitioned at 400 for 300 s.
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Figure A.27.1 (a) 0.2 pct offset yield strength @ndultimate tensile strength of the 0.2C-CuNowll
specimens as a function of partitioning time foegch temperatures 260, 285 and

310 °C.
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Figure A.27.2 (a) Uniform and (b) total elongatiithe 0.2C-CuNi alloy specimens as a function of
partitioning time for quench temperatures 260, 288 310 °C.
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Figure A.27.3 (a) Ratio of yield strength and ulitentensile strength and (b) product of ultimatsile
strength and total elongation of the 0.2C-CuNiya#is a function of partitioning time for
guench temperatures 260, 285 and 310 °C.

A.28: Effect of Quenching Temperature on Retained Austete Fractions and Austenite Carbon
Content of the 0.2C-CuNi Alloy

Figure A.28.1 shows the effect of quenching tenmpeeaon retained austenite fractions and
austenite carbon content for the 0.2C-CuNi allay. §Ts of 260 and 285 °C the greatest retained
austenite fractions were measured after 10 s ¢itipamg while for samples quenched to 310 °C the
greatest RAf levels were measured after 300 s iitipaing. For QTs 260 and 310 °C the greatest C
levels were measured after 300 s of partitioningenor the samples quenched to 285 °C a maximum in

the C levels was observed after 60 s of partitioning.
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Figure A.28.1 (a) Retained austenite fractions @)custenite carbon contents of the 0.2C-CuNi
alloy specimens as a function of partitioning tifmequenching temperatures 260, 285
and 310 °C. The red dashed line shows alloy cacbatent level.
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APPENDIX B: TENSILE PROPERTIES, RETAINED AUSTENITE FRACTIONS AN D AUSTENITE CARBON CONTENTS

The tables in this appendix present the obtainedage tensile properties, austenite fractions asteaite carbon contents for the

investigated alloys.

Table B.1 Tensile Properties, Retained Austenigetions and Austenite Carbon Contents for the W.3G4An Alloy

0.3C-1.5Mn
QT PT Pt YS uTsS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 994 1493 10.0 8.5 14922 0.67 8.6 0.78
30 1059 1433 9.5 6.7 13588 0.74 12.5 1.34
242 350 60 1139 1356 8.4 5.4 11329 0.84 11.1 0.84
300 1175 1362 6.7 3.6 9091 0.86 10.1 1.13
10 1150 1497 10.2 7.2 15306 0.77 13.0 0.85
30 1228 1410 7.3 4.3 10301 0.87 10.1 0.90
215 400 60 1280 1424 7.8 4.0 11157 0.90 10.5 0.92
300 1278 1401 6.2 3.2 8672 0.91 7.3 1.19
10 1179 1417 10.7 8.2 15192 0.83 11.4 0.88
30 1240 1389 8.8 6.1 12182 0.89 9.5 1.37
242 400 60 1211 1336 6.8 3.9 9087 0.91 8.4 1.20
300 1172 1300 7.4 4.8 9567 0.90 8.4 1.43
10 1120 1452 12.2 8.7 17636 0.77 14.2 0.90
65 400 30 1242 1385 9.1 5.4 12585 0.90 12.7 1.18
60 1228 1353 7.2 4.0 9687 0.91 11.6 1.14
300 1239 1357 7.0 3.7 9462 0.91 8.2 1.20
10 1260 1378 9.7 5.8 13338 0.91 9.5 1.39
242 450 30 1245 1319 9.8 6.3 12947 0.94 10.2 1.13
60 1198 1293 10.0 6.3 12867 0.93 8.5 1.20
300 1180 1227 9.5 6.2 11616 0.96 0.9 -
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Table B.2 Tensile Properties, Retained Austenigetions and Austenite Carbon Contents for the . &GAn Alloy

0.4C-1.5Mn
QT PT Pt YS UTS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 1155 1865 9.3 7.1 17271 0.62 8.6 1.09
30 1033 1708 10.4 8.0 17682 0.60 11.1 1.13
225 350 60 1157 1586 111 8.0 17667 0.73 16.4 1.23
300 1327 1522 7.5 3.9 11426 0.87 13.3 1.1%
10 1238 1628 11.5 9.3 18718 0.76 15.8 0.96
200 400 30 1352 1543 9.9 6.8 15233 0.88 15.3 1.16
60 1368 1550 8.1 4.7 12528 0.88 11.6 1.29
300 1356 1510 7.5 3.8 11284 0.90 115 1.18
10 996 1674 11.4 8.4 19008 0.60 11.0 0.81.
30 1233 1456 12.3 8.5 17959 0.85 14.8 1.36
225 400 60 1293 1435 7.0 3.8 10004 0.90 17.4 1.28
300 1286 1380 7.7 3.9 10601 0.93 115 1.45
10 1037 1639 12.5 10.2 20518 0.63 13.9 1.01
30 1213 1478 12.9 9.5 19040 0.82 14.5 1.24
250 400 60 1267 1441 10.0 6.6 14360 0.88 17.4 1.33
300 1286 1390 7.3 3.9 10148 0.92 12.6 1.46
10 1218 1405 14.8 11.4 20723 0.87 16.9 1.08
30 1285 1378 14.0 8.5 19353 0.93 17.9 1.29
225 450 60 1229 1341 12.3 7.7 16516 0.92 215 1.26
300 1189 1270 8.0 5.7 10107 0.94 4.2 -
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Table B.3 Tensile Properties, Retained Austenigetions and Austenite Carbon Contents for the GBIG-Alloy

0.3C-5Mn
QT PT Pt YS UTS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 989 1874 9.6 7.4 18035 0.53 10.7 0.54
30 967 1791 10.4 8.3 18622 0.54 16.4 0.17
110 350 60 988 1718 12.0 9.3 20633 0.58 16.5 0.21
300 1054 1637 17.0 13.7 27852 0.64 21.5 0.49
10 976 1733 9.8 7.4 17002 0.56 15.1 0.11
30 1051 1620 14.5 10.7 23454 0.65 18.8 0.39
8 400 60 1092 1598 17.0 13.8 27221 0.68 18.2 0.45
300 1201 1542 19.0 17.3 29370 0.78 17.2 0.49
10 992 1721 11.8 9.2 20373 0.58 13.1 0.60
110 400 30 1022 1615 14.7 11.2 23741 0.63 17.4 0.23
60 1115 1578 17.2 154 27168 0.71 18.7 0.32
300 1123 1547 20.5 17.4 31750 0.73 25.4 0.46
10 993 1780 10.7 8.4 18997 0.56 13.0 0.29
30 973 1713 12.3 11.0 20992 0.57 16.9 0.25
135 400 60 917 1701 13.9 13.2 23605 0.54 23.5 0.55
300 993 1613 15.8 14.7 25536 0.62 27.5 0.42
10 1012 1643 14.3 11.2 23513 0.62 15.3 0.36
110 450 30 1145 1565 19.3 17.0 30262 0.73 22.4 0.44
60 1178 1482 20.0 17.6 29699 0.79 23.8 0.59
300 1058 1523 18.2 15.4 27648 0.69 27.9 0.33

168



Table B.4 Tensile Properties, Retained Austenigéetions and Austenite Carbon Contents for the @BI@-Mo Alloy

0.3C-3Mn-Mo
QT PT Pt YS UTS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 1099 1770 9.0 6.9 16009 0.62 10.5 0.58
30 1094 1634 104 7.5 16938 0.67 14.4 0.45
175 350 60 1125 1585 11.4 8.3 17992 0.71 15.9 0.62
300 1172 1485 12.0 8.8 17796 0.79 16.7 0.74
10 1205 1618 10.3 7.3 16645 0.74 111 0.20
30 1326 1571 9.4 6.2 14769 0.84 14.0 0.44
150 400 60 1318 1519 9.9 6.2 15076 0.87 12.2 0.59
300 1303 1476 9.5 5.6 13966 0.88 13.1 0.70
10 1071 1700 8.7 6.6 14723 0.63 15.3 0.55
30 1002 1537 13.9 10.6 21433 0.65 19.3 0.63
175 400 60 1006 1486 17.7 13.1 26319 0.68 18.8 0.88
300 1143 1421 16.1 11.9 22935 0.80 20.7 0.78
10 968 1676 10.0 7.6 16738 0.58 13.5 0.74
30 1003 1535 12.2 9.5 18727 0.65 17.0 0.65
200 400 60 1015 1483 134 10.9 19836 0.68 17.4 0.74
300 1114 1427 17.1 125 24336 0.78 20.4 0.70
10 973 1548 11.6 9.3 18022 0.63 19.2 0.64
175 450 30 963 1454 13.6 10.7 19796 0.66 19.9 0.67
60 1024 1418 15.4 12.0 21880 0.72 22.1 0.66
300 921 1436 14.8 12.3 21305 0.64 19.9 0.61
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Table B.5 Tensile Properties, Retained Austenigetions and Austenite Carbon Contents for the @BIG-MoAl Alloy

0.3C-3Mn-MoAl
QT PT Pt YS UTS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 1171 1783 8.9 6.6 15872 0.66 9.4 0.19
30 1052 1672 10.7 8.1 17862 0.63 14.5 0.26
200 350 60 973 1650 12.4 9.3 20471 0.59 17.7 0.60
300 1126 1449 14.0 10.6 20343 0.78 16.7 0.72
10 1055 1675 11.5 8.4 19292 0.63 12.4 0.95
30 1041 1517 13.7 10.7 20773 0.69 19.3 0.57
175 400 60 1133 1463 154 12.0 22571 0.77 21.8 0.57
300 1146 1413 16.3 12.0 23085 0.81 20.2 0.75
10 1121 1716 11.5 8.8 19670 0.65 14.9 0.56
200 400 30 1089 1549 13.7 10.5 21140 0.70 19.1 0.63
60 1094 1482 15.8 12.5 23404 0.74 16.0 0.82
300 1244 1431 17.9 13.3 25553 0.87 16.4 0.92
10 993 1619 11.8 9.1 19060 0.61 13.8 0.66
30 936 1533 13.9 11.2 21228 0.61 18.0 0.62
225 400 60 904 1505 15.0 12.4 22631 0.60 22.1 0.77
300 774 1478 16.6 14.1 24504 0.52 22.0 0.64
10 948 1552 14.0 11.4 21749 0.61 18.7 0.72
200 450 30 1036 1451 16.7 13.9 24203 0.71 17.7 0.71
60 1129 1406 18.0 14.9 25283 0.80 20.0 0.79
300 1120 1397 18.4 15.3 25671 0.80 17.5 0.84
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Table B.6 Tensile Properties, Retained Austenigetions and Austenite Carbon Contents for the @G\ loy

0.2C-Cu
QT PT Pt YS UTS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 1022 1510 8.3 5.9 12575 0.68 6.3 1.18
30 990 1413 9.3 6.4 13106 0.70 12.6 0.53
320 350 60 983 1357 9.0 6.2 12209 0.72 10.6 0.57
300 1099 1299 8.5 4.9 11008 0.85 9.1 0.83
10 971 1365 10.8 7.9 14746 0.71 12.4 0.32
30 1088 1275 10.0 6.8 12751 0.85 11.4 0.61
295 400 60 1145 1268 9.1 5.3 11505 0.90 7.9 0.85
300 1133 1220 9.9 5.7 12027 0.93 8.1 0.97
10 975 1371 9.6 6.9 13135 0.71 12.7 0.23
30 1029 1273 10.8 7.4 13737 0.81 12.9 1.14
320 400 60 1074 1246 10.7 6.9 13316 0.86 12.0 1.05
300 1080 1188 11.0 6.9 13036 0.91 8.0 0.99
10 987 1410 9.2 6.7 13023 0.70 10.9 1.11
30 945 1261 11.8 8.2 14882 0.75 13.0 0.78
345 400 60 958 1210 12.6 8.7 15206 0.79 11.3 1.01
300 1075 1184 11.6 7.5 13773 0.91 8.3 0.89
10 985 1245 12.6 9.2 15683 0.79 13.1 0.92
320 450 30 1033 1173 15.3 10.7 17978 0.88 10.4 1.05
60 1045 1152 14.0 9.8 16101 0.91 9.9 0.90
300 1049 1137 11.6 8.3 13159 0.92 5.6 0.71
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Table B.7 Tensile Properties, Retained Austenigetions and Austenite Carbon Contents for the @20 Alloy

0.2C-CuNi
QT PT Pt YS uTsS TE UE UTS-TE  YS/UTS RA C
(°C) (°C) (s) (MPa) (MPa) (pct) (pct) (MPa-pct) (MPa-MPa) (vol pct) (wt pct)
10 1054 1530 8.7 6.2 13355 0.69 8.3 0.69
30 973 1442 9.6 6.9 13795 0.67 10.3 0.67
285 350 60 960 1403 9.6 7.0 13459 0.68 13.5 0.50
300 1028 1273 9.9 6.5 12645 0.81 11.5 0.75
10 947 1398 111 8.2 15489 0.68 14.2 0.56
30 999 1297 12.1 8.5 15646 0.77 12.0 0.70
260 400 60 1093 1250 11.6 7.7 14491 0.87 12.3 0.84
300 1072 1187 11.1 6.9 13158 0.90 10.7 0.97
10 967 1456 9.9 7.3 14476 0.66 14.9 0.66
285 400 30 945 1313 11.4 8.2 14979 0.72 13.3 0.76
60 982 1241 12.4 8.7 15335 0.79 13.9 0.97
300 1023 1173 131 9.0 15314 0.87 12.6 0.95
10 1057 1549 8.0 5.7 12432 0.68 10.4 0.79
30 970 1392 10.7 7.7 14913 0.70 11.9 0.81
310 400 60 926 1299 10.9 7.8 14101 0.71 131 0.70
300 882 1161 14.2 10.3 16517 0.76 13.8 0.97
10 890 1311 11.1 8.1 14578 0.68 14.3 0.69
30 920 1195 14.9 11.2 17763 0.77 15.1 0.85
285 450 60 996 1171 14.8 11.1 17314 0.85 13.9 0.93
300 892 1158 14.4 11.0 16689 0.77 11.2 0.72
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