
 
 

Delft University of Technology

Controlling the work hardening of martensite to increase the strength/ductility balance in
quenched and partitioned steels

Findley, K.O.; Hidalgo Garcia, J.; Huizenga, R. M.; Santofimia Navarro, Maria

DOI
10.1016/j.matdes.2016.12.065
Publication date
2017
Document Version
Final published version
Published in
Materials & Design

Citation (APA)
Findley, K. O., Hidalgo Garcia, J., Huizenga, R. M., & Santofimia Navarro, M. (2017). Controlling the work
hardening of martensite to increase the strength/ductility balance in quenched and partitioned steels.
Materials & Design, 117, 248-256. https://doi.org/10.1016/j.matdes.2016.12.065

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.matdes.2016.12.065
https://doi.org/10.1016/j.matdes.2016.12.065


Materials and Design 117 (2017) 248–256

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Controlling the work hardening of martensite to increase the strength/
ductility balance in quenched and partitioned steels
K.O. Findley b,⁎, J. Hidalgo a, R.M. Huizenga a, M.J. Santofimia a

a Department of Materials Science and Engineering, Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands
b G.S. Ansell Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Martensite tempering was varied in a
quenched and partitioned steel.

• Work hardening behavior at small
strains depends on martensite disloca-
tion density.

• Tensile ductility is impacted by small
strain work hardening rate in Q&P
steels.

• The strength of martensite in Q&P steels
is reduced due to carbon partitioning.
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The role of retained austenite on tensile behavior in quenched and partitioned (Q&P) steels has been studied ex-
tensively, but the deformation behavior of martensite, which comprises themajority of Q&Pmicrostructures, has
received less attention. In this investigation, martensite properties were varied through heat treatment in a low
carbon Q&P steel consisting of retained austenite and martensite. Additional conditions were produced by
reheating the Q&P steel to 450 °C for 30 min or to 700 °C followed immediately by quenching. The reheated mi-
crostructures contained similar fractions of retained austenite as the non-reheated Q&P microstructures, but
reheating tempered the martensite, thereby decreasing martensite dislocation density. The reheated conditions
had a lower yield stress and initial work hardening rate than the non-reheated Q&P condition. However, the
reheated conditions had a greaterwork hardening rate at larger strains and greater uniform strain due to less sta-
ble retained austenite. Furthermore, the tensile strength of the condition reheated to 450 °C was nearly equal to
the non-reheated condition. In addition to retained austenite to martensite transformation, the early stage work
hardening rate ofmartensite is critical to ductility and is dependent onmartensite dislocation density, which can
be decreased through tempering.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Combinations of retained austenite and martensite have been pre-
dicted and experimentally shown to produce properties desired for
third generation advanced high strength sheet steels (AHSS) [1].
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Composition, in wt%, of the steel alloy used in the study.

C Mn Si Mo Al S P Fe

0.20 3.51 1.525 0.509 0.03 0.0079 0.006 Balance
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Matlock et al. [1] showed that austenite stability is also a critical factor in
flow behavior through a composite model that incorporated austenite
and martensite fractions as well as austenite stability. The model as-
sumes isostrain conditions and sufficient interfacial bonding between
the phases to avoid debonding. The work hardening behavior of the
composite, controlled by increases in dislocation density and retained
austenite tomartensite transformation, results in a larger uniform strain
than that achieved in the harder martensite by itself. The result is en-
hanced combinations of strength and ductility, specifically uniform
elongation.

Uniform elongation is related to the work hardening rate through
the instability criterion for necking:

dσ
dε

¼ σ ð1Þ

where σ is true stress and ε is true strain.Matlock et al. [1] noted the im-
portance of strain hardening rate as a function of strain onuniformelon-
gation. A high strain hardening rate at low strains has a similar effect as
a high yield strength; both result in reaching the instability criterion at
lower strain values, i.e. lower ductility. Therefore, it is advantageous
for ductility to maintain high strain hardening rates at large strain
values. Retained austenite stability directly influences the strain hard-
ening rate as a function of strain, in turn affecting the uniform elonga-
tion that can be achieved. The high initial work hardening rate in
martensite is also an important factor in composite austenite-martens-
ite microstructures but has not yet been considered in great detail.

Microstructures containing mixtures of austenite and martensite
can be produced through the quenching and partitioning (Q&P) process
[2,3]. The process is performedbyfirst austenitizing and then quenching
to a temperature below the martensite start temperature to form a
mixed austenite-martensite microstructure. Then, a holding step at
the quench temperature or a slightly elevated temperature allows for
carbon partitioning from martensite to austenite and stabilization of
the remaining austenite before a final quench. The resultingmicrostruc-
ture consists of austenite, martensite that formed during the initial
quench and was subsequently tempered in the partitioning stage, and
martensite that formed during the final quench. Carbon partitioning to
austenite is critical to stabilize austenite before the final quench and
also to provide increased stabilization against mechanical formation of
martensite during plastic deformation [3–9]. Since austenite stability
is one factor that controls uniform elongation, much of the research
on the Q&P process has focused on optimizing the fraction and stability
of retained austenite through variations in the quench and partitioning
step temperatures and times [10–14].

Tempering after the final quench is another route that can modify
the austenite-martensite microstructure. Most of the work on temper-
ing of Q&P steels has been performed on alloys with microalloy addi-
tions to obtain precipitate strengthening during the tempering step; it
is proposed that these carbides can also be used to control carbon distri-
bution [14–18]. Tempering can also change the deformation behavior
and strength of themicroconstituents, especially themartensite. Chang-
es in the strength of themartensite and austenite would be expected to
result in changes in the composite flow behavior. Additionally, temper-
ing could promote diffusion of carbon from martensite to austenite as
well as austenite decomposition into ferrite and carbides. These and
other changes in the microstructure can have prominent effects on de-
formation and flow behavior.

This paper explores the effects of reheating or tempering heat treat-
ments on tensile properties of a quenched and partitioned steel, with a
focus on the possibility of engineering the strain hardening rate of mar-
tensite to alter tensile deformation response, while the initial amount of
retained austenite does not vary significantly between conditions. In a
previous study byKoopmans et al. [19,20] aiming to analyze the thermal
stability of retained austenite in Q&P steels, a steel was subjected to var-
ious Q&P treatments and then reheated to temperatures up to 700 °C
and quenched immediately. For some of the Q&P heat treatments, the
reheating step resulted in little change in retained austenite volume
fraction and austenite lattice parameter, implying that the austenite car-
bon concentrationmaynot have significantly changedduring these post
Q&P heat treatments [19,20]. Thus, the alloy studied by Koopmans and
the specific Q&P heat treatments that lead to minimal variations in the
characteristics of the retained austenite upon heating are well suited
to study the effect of tempering on martensite microstructure and its
impact on tensile behavior.

2. Experimental methodology

2.1. Material and heat treatments

The composition of the steel alloy used in this study is provided in
Table 1. The steel was produced using a laboratory vacuum induction
furnace. After casting, the steel was hot rolled to a final thickness of
4 mm and then air cooled. Specimens with the geometry shown in
Fig. 1a were machined for dilatometry heat treatments and tensile
testing.

Heat treatments were performed with a Bähr 805 DIL A/D dilatome-
ter. A type S thermocouple spot-welded on the surface was used to
monitor and control temperature. A vacuum on the order of
10−4 mbar was used during heating or isothermal segments, and
helium was used as the cooling gas. The dilatometer can be configured
to heat treat a specimen as shown in Fig. 1 for subsequent tensile test-
ing. The heat treatments are summarized in Table 2.

The baseline quench and partitioning heat treatment, labeledQP220,
was previously shown [19,20] to result in amicrostructure consisting of
retained austenite, tempered martensite, and less than 2% as-quenched
martensite; the retained austenite volume fraction was approximately
9%. Fig. 1b shows the complete thermal history. The target quench tem-
perature of 220 °C, which varied by ±5 °C, is below the measured Ms.

temperature, which is 325 °C. After the heat treatment, there was
91 ± 3 vol% of martensite in the final microstructure.

Two different reheating treatments were performed on specimens
initially heat treated with the QP220 heat treatment. The objective of
the heat treatments was to alter the tempering conditions of the mar-
tensite while keeping the fraction of retained austenite similar to the
QP220 heat treatment. One heat treatment, labeled QP220-700,
consisted of the application of the heat treatment in Fig. 1b followed
by a ramp in temperature to 700 °C at a rate of 5 °C/s, and then an im-
mediate quench to room temperature. The peak temperature of
700 °C is above the Ae1 temperature, which is approximately 637 ±
12 °C in this alloy. This heat treatment was shown by Koopmans to re-
sult in a 1–2% decrease in the fraction of retained austenite including
the complete disappearance of the larger and blockier retained austen-
ite grains [19,20]. Furthermore, the austenite lattice parameterwas sim-
ilar to the QP220 condition. This latter result indicates the chemical
composition of the retained austenite in the QP220 andQP220-700 con-
ditions are similar. Significant tempering of the martensite presumably
occurred during the 700 °C reheating step. There is also the possibility of
ferrite to austenite reversion during reheating since the peak tempera-
ture is above the Ae1 temperature. However, the dilatometry results
do not indicate any significant formation of austenite upon heating or
austenite to martensite formation upon quenching from the peak
temperature.

An alternative reheating treatment, labeled QP220-450 was per-
formed as indicated in Fig. 1b and was designed to provide tempering
of the martensite but to a lesser extent than the QP220-700 condition.



Fig. 1. (a) Geometry of specimens used for dilatometry heat treatments and tensile testing. (b) Thermal history of the QP220 heat treatment and subsequent reheating of QP220-450 and
QP-700.
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The heat treatment included a reheat step to 450 °C with a hold of
30 min. This heat treatment was also based on the work of Koopmans
et al. [19,20] who showed that specimens from the selected alloy
reheated following the QP220 treatment showed little change in aus-
tenite fraction upon reheating to temperatures up to 500 °C.

In order to compare the degree of tempering in themartensite phase
in each condition, the same heat treatments were employed except the
first quench temperature was reduced to 25 °C to form an as-quenched
martensitic microstructurewith the likely presence of a very small frac-
tion of retained austenite. The rest of the thermal history was identical
to the subsequent steps of theQP220 heat treatment in the condition la-
beled QP25. Similarly, the effects of the reheating steps were simulated
by performing the QP25 heat treatment and then reheating to 450 or
700 °C for the same times as the QP220-450 and QP220-700 conditions;
these conditions are labeled QP25-450 and QP25-700, respectively.

2.2. Tensile testing

Tensile tests were performed on all heat treatment conditions with
an Instron testing frame and an extensometer with a 7.8 mm gauge
length. An engineering strain rate of 0.0009/s was applied. Tensile spec-
imenswere either pulled until failure or in the case of the QP220 condi-
tions, some tests were interrupted at various strain levels before the
onset of instability to evaluate retained austenite fractions as a function
of strain. Multiple tests were performed on the QP220 conditions, and
good repeatability was observed in the tensile behavior. One test to fail-
ure was conducted on each of the QP25 conditions.

2.3. Characterization

Both non-strained and strained specimens were polished down to
1 μm diamond for metallographic analysis and X-Ray diffraction
Table 2
Summary of heat treatment conditions performed on the as-received steel alloy.

Condition Heat treatment

QP220 Austenitize at 900 °C/180 s + Quench to 220 °C + Partition 400 °C/
50 s + Quench

QP220-700 QP220 + Reheat to 700 °C + quench
QP220-450 QP220 + Reheat to 450 °C/30 min + quench
QP25 Austenitize at 900 °C/180 s + Quench to 25 °C + Tempering at

400 °C/50 s, and quench
QP25-700 QP25 + Reheat to 700 °C + quench
QP25-450 QP25 + Reheat to 450 °C/30 min + quench
characterization. Scanning electron microscope (SEM) secondary elec-
tron images were obtained on QP220 specimens etched with 2% nital
using a JEOL JSM-6500F field emission gun scanning electron micro-
scope (FEG-SEM) operating at 15 kV. For the EBSD analysis, an Oxford
Instruments Nordlys II detector mounted in the same microscope was
used. The acceleration voltage was 20 kV, the beam current 1.2 nA, the
working distance was 25 mm, the tilt angle was 70°, and the step size
was 50 nm. Acquisition and post processing of Kikuchi patterns were
performed with Oxford Instruments Channel 5 software.

X-Ray Diffraction experiments were carried out to estimate the vol-
ume fraction, the lattice parameter, and dislocation density of different
phases after heat treatments. A Bruker D8 Advance Diffractometer
equipped with a Vantec position sensitive detector was used with Co
Kα radiation, an acceleration voltage of 45 kV and a current of 35 mA,
while the samplewas spinning at 30 rpm. Themeasurementswere per-
formed in the diffraction angle (2θ) range of 40°-130°, using a step size
of 0.042° 2θ, with a counting time per step of 3 s. This 2θ range covers
the {110}α, {200}α, {211}α,{220}α and the {111}γ, {200}γ, {220}γ,
{311}γ reflections. The volume fraction of retained austenite and the er-
rors in determining the retained austenite fraction were calculated by
the direct comparison method of aforementioned austenite and mar-
tensite peaks using the procedure described by Jatczak [21]. The x-ray
full width half maximum (FWHM) values of martensite peaks were
used to determine dislocation density of the tempered martensite,
using the modified Williamson-Hall method as detailed by HajyAkbary
[22]. The Nelson-Riley method [23] was used to determine the lattice
parameter in order to calculate the carbon concentration in tempered
martensite, χCα′, using [24]:

χCα0 ¼ 31 wt%=Å � aα0−aαð Þ ð2Þ

where aα’ is the lattice parameter of martensite and aα =2.866 Å is the
lattice parameter of a reference sample [25]. The effect of other alloying
elements such asmanganese and siliconwasnot considered. The carbon
concentrationwithin the austenite,χCγ, was determined from its lattice
parameter aγ, (in Å) as [26]:

aγ ¼ 3:556þ 0:0453χC þ 0:00095χMn þ 0:0056χAl ð3Þ

where xi, in wt% represents the concentration of the alloying element i.

Image of Fig. 1
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3. Results

3.1. Initial microstructures

A representative SEM image of the quenched and partitioned steel
microstructure in QP220 is shown in Fig. 2a. There is little difference be-
tween SEM images of the different conditions; they are all composed
primarily of fine lathmartensiticmicrostructures. Notably, thefine tem-
pered martensite microstructure was even retained in the QP220-700
condition. EBSD image qualitymapswith retained austenite highlighted
in red are provided in Fig. 2(b)–(d). There are blocky austenite grains in
the QP220 and QP220-450 conditions, but the amount of these blocky
austenite grains is substantially less in the QP220-700 condition. Pre-
sumably, there are also thin films of retained austenite present in all
of the conditions. The presence of austenite was verified by x-ray dif-
fraction. The image quality maps also indicate that all conditions have
fine martensitic microstructures.

X-ray diffraction was used to calculate volume fractions of retained
austenite, lattice parameter and carbon content ofmartensite, and dislo-
cation density of martensite. Representative XRD patterns and insets of
specific BCC peaks for comparison are provided in Fig. 3 for both the
QP220 and QP25 conditions. The results are presented in Table 3.
While the reheating step of the QP220-450 condition only slightly de-
creased the martensite dislocation density with respect to specimen
QP220, the reheating step to 700 °C of the QP220-700 condition signif-
icantly reduced the martensite dislocation density compared to the
QP220 condition. The dislocation densities in the QP25, QP25-450, and
QP25-700 conditions are also shown in Table 3 and will be discussed
later. The carbon concentration in martensite of the equivalent as-
Fig. 2. Representativemicrographs of QP220 conditions: (a) SEMmicrograph of QP220; (b)–(d)
450, and (d) QP220-700.
quenched and tempered conditions (QP25 conditions) is similar to the
QP220, QP220-450, and QP220-700 conditions.

3.2. Tensile properties

Tabulated values of 0.2% offset yield strength (YS), ultimate tensile
strength (UTS), uniform elongation (εu), and total elongation (εt) for
all conditions are provided in Table 4. The QP220 condition exhibits a
yield strength near 1000 MPa, an ultimate tensile strength of
1339 MPa, and a uniform elongation value of 8.8%. Reheating the
QP220 alloy to 700 °C (QP220-700) substantially reduces the yield
strength to near 700 MPa and the ultimate tensile strength to
1093 MPa; however, the uniform elongation is unchanged with respect
to the QP220 condition. The QP220-450 exhibits comparable strength
levels to the QP220 condition with a yield strength again near
1000 MPa and a slightly lower ultimate tensile strength of 1317 MPa
compared to QP220. The uniform elongation of 9.7% for the QP220-
450 condition is slightly higher than the other two conditions.

Engineering and true stress-strain curves of the QP220 conditions
are shown in Fig. 4a and b. The QP220 conditions have different work
hardening behavior as shown by both the engineering and true stress-
strain curves in Fig. 4. For example, while the QP220-450 condition
has similar tensile properties to the QP220 condition, the flow strengths
between the yield strength and tensile strength are lower for the
QP220-450 condition due to differences in work hardening behavior.
It is interesting to observe that similar tensile properties (strength, elon-
gation) can be achieved in a single QP steel composition but with very
different tensile flow behavior. Both the QP220-450 and QP220-700
conditions clearly have higher work hardening rates than the QP220
EBSD image qualitymapwith retained austenite highlighted red for (b)QP220, (c) QP220-

Image of Fig. 2


Fig. 3. Representative XRD patterns for (a) the QP220 conditions and (b) the QP25
conditions.
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condition at true strains greater than 0.015 up to the point of tensile
instability.

4. Discussion

The tensile flow behavior of the three QP220 alloys is affected by
both retained austenite stability and work hardening behavior of aus-
tenite and martensite. As will be shown, martensite has the largest in-
fluence in the early stages of plastic deformation, while retained
austenite to martensite transformation has a stronger influence in the
subsequent stages of deformation. Fig. 5a shows the work hardening
rate as a function of true plastic strain for all three alloys on a log-log
scale to emphasize the low strain values of work hardening rate, while
Fig. 5b shows the same plot on a log-linear scale to emphasize the larger
strain values. Aside from the work hardening rate behavior near the
Table 3
Austenite volume fraction (Vf (γ)), carbon content of austenite (χCγ), martensite dislocation den
cipitates (Vf (carbide)) of the QP220 and QP25 conditions before straining. In the QP25 conditi

QP220 QP220-450 QP220

Vf (γ) [%] 9 ± 3 10 ± 3 6.2 ±
χCγ [wt%] 0.91 ± 0.5 0.88 ± 0.5 0.89 ±
ρdis. [1015 m−2] 3.1 ± 0.5 2.1 ± 0.4 0.5 ±
χCα' [wt%] 0.11 ± 0.03 0.08 ± 0.02 0.04 ±
Vf (carbide) [%] 0.3 ± 0.9 0.7 ± 0.9 1.8 ±
yield point, the QP220 condition has the largest work hardening rate
in the early stages of deformation. After a true strain of approximately
0.015, thework hardening rate of theQP220-700 andQP220-450 condi-
tions becomes larger than that of QP220.

The fraction of retained austenite at several interrupted strain levels
is shown in Fig. 6. The fraction of retained austenite decreasesmost rap-
idly at small strains for all three QP220 conditions, but the rate of trans-
formation in the QP220 condition is smaller than the other two
conditions. Thus, the higher initialwork hardening rate inQP220 cannot
be due to a higher rate of retained austenite to martensite transforma-
tion. All three alloys have similar amounts of carbon in austenite as
shown in Table 3. Therefore, it is interpreted that the difference in aus-
tenite stability between the conditions is due to the differences in
strength in the surrounding martensite phase, which is presented in
more detail in a separate publication [27].

The difference in work hardening rate between the QP220 condi-
tions is due to differences in the martensitic microstructure. To further
emphasize this point, Fig. 7 shows thework hardening rate as a function
of true strain for the specimens that were heat treated to compare the
amount of tempering in the martensite during the heat treatments:
QP25, QP25-450, and QP25-700. The QP25 condition, representing the
martensite in the QP220 condition, has the largest work hardening
rate up to true strains slightly past 0.02. As can be seen in Table 3, the
QP25 condition also has the highest dislocation density of all the QP25
conditions. In the early stages of deformation, the work hardening rate
of this condition is high because of the large number of dislocation-dis-
location interactions, leading to the micro-yielding behavior typical of
as-quenched or lightly tempered lath martensitic steels. This micro-
yielding behavior is also the likely reason for the initial high work hard-
ening rate in the QP220 condition.

The degree of retained austenite to martensite transformation is
much greater during deformation of the QP220-450 and QP220-700
conditions than the QP220 condition. In fact, nearly all of the retained
austenite transforms to martensite in the QP220-700 condition at less
than 0.03 true strain, while approximately 6–7% of retained austenite
transforms to martensite in the QP220-450 condition compared to 4%
for the QP220 condition. This lower austenite stability correlates to the
higher work hardening rate in the QP220-450 and QP220-700 condi-
tions past a true strain of approximately 0.015 asmore freshmartensite
forms, which contributes to work hardening. In contrast, retained aus-
tenite transforms more gradually in the QP220 condition, resulting in
a lower work hardening rate at higher strains. However, even in the
QP220 condition, retained austenite to martensite transformation has
an influence on the work hardening behavior, which can be observed
by comparing the work hardening rate as a function of strain for the
QP220 and QP25 conditions. The work hardening rate of the QP25 con-
dition drops steadily to approximately 1550MPa at a true strain of 0.04,
while the rate of decrease in work hardening rate is lower in QP220 as a
function of strain and is above 3000MPa at a true strain of 0.04. Overall,
the work hardening rate of all three QP220 conditions is substantially
greater than their QP25 counterparts at true strains greater than 0.015.

The tensile behavior of the QP220 and corollary QP25 conditions is
compared more directly in Fig. 8. Fig. 8(a) shows the engineering
stress-strain behavior of the QP220 and QP25 conditions. The primarily
tempered martensite microstructure of the QP25 condition results in a
higher UTS than the QP220 condition. The QP25 tensile data can be
sity (ρdis), carbon content of martensite (χCα’), and estimated volume fraction of Fe3C pre-
ons, it is assumed that no austenite is present in the final microstructure.

-700 QP25 QP25-450 QP25-700

1.5 – – –
0.5 – – –

0.2 3.1 ± 0.4 2.3 ± 0.3 0.6 ± 0.2
0.01 0.11 ± 0.03 0.07 ± 0.03 0.05 ± 0.01

0.8 1.5 ± 0.9 2.2 ± 0.9 2.5 ± 0.9

Image of Fig. 3


Table 4
Average and standard deviation of tensile properties of the studied materials obtained
from the engineering stress-strain curves. The standard deviation of the total elongation
of the QP220 condition is not reported because of extensometer slippage in all but one
specimen in the post-uniform elongation region but is likely less than 2% based on the re-
sults from the other conditions. One test was performed on each of the QP25 conditions.

QP220 QP220-450 QP220-700 QP25 QP25-450 QP25-700

YS (MPa) 999 ± 50 1006 ± 10 697 ± 40 1203 1114 920
UTS (MPa) 1339 ± 4 1317 ± 2 1093 ± 10 1480 1317 1033
εu (%) 8.8 ± 0.8 9.7 ± 0.3 8.8 ± 0.7 4.1 5.6 7.4
εt (%) 21.9 23.6 ± 0.2 22.4 ± 1.5 20.5 18.1 23.9
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used to represent martensite in a composite model of the flow stress of
the QP220 condition, which initially contains approximately 91 vol%
martensite and 9 vol% austenite. However, the QP25 data provides a
vast overestimate of the flow properties of the QP220 condition. For ex-
ample, at a strain of 3%, the flow strength of the QP25 condition is
1475 MPa. Assuming isostrain behavior and approximately 90 vol%
martensite, the martensite would contribute 1328 MPa to the flow
strength, which is larger than the flow strength of 1295 MPa of QP220
at 3% strain. In other words, the strength of the QP220 condition
would be overestimated evenwithout accounting for the austenite con-
tribution to strength. This analysis suggests that the martensite in the
QP220 condition is not as strong as themartensite in theQP25 condition
in which the 50 s tempering heat treatment was meant to simulate the
partitioning component of the QP220 thermal history.

The XRD results in Table 3 indicate that the dislocation density and
solute carbon are similar in martensite in the QP25 and QP220 condi-
tions. Therefore, it is interpreted that the difference in martensite
strength is due to differences in carbide precipitation. In the QP25 con-
dition, there is 0.11 wt% carbon in solution, leaving 0.09 wt% carbon for
carbide precipitates. Similarly, there is 0.11 wt% carbon in solution in
martensite in the QP220 condition but the remaining carbon is divided
between austenite and carbides in the martensite. The XRD results re-
veal that indeed there is 0.91 wt% carbon in the austenite in QP220.
Using a lever rule calculation with the remaining solute content inmar-
tensite in each condition and assuming zero solubility for carbon in fer-
rite, the volume fraction of carbides is approximately 0.015 in the QP25
condition and 0.003 in the QP220 condition (Table 3). The SEM image in
Fig. 9 shows that the amount of carbide precipitation is significantly
higher in QP25 than in QP220 (Fig. 2a). The strengthening contribution
of these precipitates can be estimated using Gladman's equation for
Fig. 4. (a) Engineering stress-strain curves of the three QP220 con
Orowan looping of dislocations around precipitates in polycrystalline
alloys [28]:

Δσy ¼ 0:538Gbf1=2=X
� �

ln X=2bð Þ ð4Þ

where Δσy is the increase in yield strength, G is the shear modulus, b is
the Burgers vector, f is the volume fraction of particles, and X is the real
diameter of the Fe3C precipitates. For precipitate sizes up to 100 nm, the
amount of precipitate strengthening in the QP25 condition is between
80 and 150 MPa greater than the QP220 condition.

This difference in precipitate strengthening can account for the pos-
tulated strength differences in the lath martensite between the QP25
and QP220 conditions. For example, if the martensite in QP25 is
80 MPa stronger than the martensite in QP220, then the martensite
strength contribution would not fully account for the flow stress ob-
served in QP220 in a composite model. Using the flow stress of QP25
at 3% strain (1475 MPa), the flow stress of martensite in QP220 would
be 1395 MPa and would contribute 1255MPa of strength at an approx-
imate volume fraction of 0.9 in themicrostructure. The flow strength of
QP220 at 3% strain is 1295MPa. Thus, 40MPawould have to be contrib-
uted by austenite with an approximate volume fraction of 0.1, which
would imply austenite has a flow strength of approximately 400 MPa
at 3% strain. It is noted that this calculation is only provided as an exam-
ple and the exact contributions of each phase depend on more precise
values of Fe3C size and distribution. Overall, an important consideration
for Q&P microstructural design is that the martensite strength in Q&P
microstructures is less than a fully martensitic microstructure with the
same alloy composition.

Fig. 8(b) shows the engineering stress-strain curves for the QP220-
450 and QP25-450 conditions. Initially, the flow strength of the QP25-
450 condition, with a microstructure consisting of primarily tempered
martensite, is greater than that of the QP220-450 condition. Once
again, the flow strength of the QP25-450 condition is initially too high
to predict the martensite contribution to the QP220-450 flow strength,
though the additional tempering of the QP25-450 condition compared
to the QP25 condition results in a significant reduction in martensite
strength. As already noted, thework hardening rate of theQP220 condi-
tions is greater than the QP25 conditions at strains greater than 0.015.
Because of this higher work hardening rate, the UTS of the QP220-450
condition is nearly equal to the UTSof theQP25-450 condition, although
it is reached at higher strain values. These conditions show the impor-
tance of retained austenite to martensite transformation in maintaining
ditions. (b) True stress-strain curves for the same conditions.

Image of Fig. 4


Fig. 5.Work hardening rate as a function of true strain for the QP220, QP220-450, and QP220-700 conditions: (a) log-log scale (b) linear-log scale.
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a high work hardening rate and contributing to both enhanced strength
and uniform elongation.

Fig. 8(c), a plot of the engineering stress-strain curves of the QP220-
700 and QP25-700 conditions, more dramatically shows the influence of
austenite to martensite transformation during straining. Because of the
higher work hardening rate of the QP220-700 condition at larger strains,
the UTS of the QP220-700 condition exceeds that of the QP25-700 condi-
tion. All threeQP220 conditions show that instability is delayed compared
to their QP25 counterparts. The martensite in the QP25-700 condition
was heavily tempered as evident by the sharp yield point and overall
lower strength compared to the other QP25 conditions.

The QP25 tempered martensitic microstructures provide important
insight into the role of martensite in the work hardening behavior of
Q&P steels. The QP25 and QP25-450 tensile properties demonstrate that
the strength and initial work hardening rate of the martensite in the
QP220-450 condition is likely less than in the QP220 condition. However,
the UTS of the QP220-450 condition is nearly equal to the QP220 condi-
tion and the uniform elongation of the QP220-450 condition is greater
(Table 4). These strength and ductility properties correspond to the asser-
tion of Matlock et al. [1] that the work hardening rate as a function of
strain, which is influenced by retained austenite stability, is directly relat-
ed to the ultimate tensile strength andductility of steels containing signif-
icant fractions of retained austenite. The unique observation in the
present study is that the work hardening rate of the martensite can also
be engineered and impacts the ductility of martensite-austenite
Fig. 6. Retained austenite fraction as a function of true strain for the QP220, QP220-450,
and QP220-700 conditions.
composite microstructures. The fact that the austenite stability is greater
as a function of strain in the QP220 condition should promote sustained
high work hardening rates and enhanced ductility. However, the austen-
ite to martensite transformation effects are counteracted by the initially
high work hardening rate in the martensite, which leads to instability at
lower strains. Although the austenite stability in theQP220-450 condition
is lower, the initial work hardening rate in the QP220-450 condition is
also lower due to the degree of martensite tempering. The low initial
work hardening rate combined with work hardening from the austenite
tomartensite transformation results in a nearly equal strength and great-
er uniform elongation in the QP220-450 condition compared to the
QP220 condition, despite differences in martensite strength between
the two conditions.

5. Summary and conclusions

Reheating heat treatments were performed on a quenched and
partitioned steel, which resulted in variations in martensite tempering,
while preserving comparable fractions of retained austenite before de-
formation. An investigation of the tensile flow behavior of the alloys re-
vealed the following:

1) Reheating quenched and partitioned steels to both 450 °C (QP220-
450) and 700 °C (QP220-700) decreased retained austenite stability,
which led to greater work hardening rates at true strains above
Fig. 7.Work hardening rate as a function of strain for the QP25, QP25-450, and QP25-700
conditions.
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Fig. 8. Engineering stress-strain curves for (a) QP220 and QP25 conditions, (b) QP220-450 and QP25-450 conditions, and (c) QP220-700 and QP25-700 conditions.
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0.015 compared to a quenched and partitioned condition without
reheating (QP220). The work hardening rate in the QP220 condition
was higher at small strains due to a smaller degree of tempering of
the martensite in the microstructure. This difference in low-strain
work hardening behaviorwas also observed in as-quenchedmartens-
itic microstructures (QP25 conditions) that were tempered with the
same partitioning and reheating schedules as the QP220 conditions.

2) A comparison of the work hardening behavior of the QP220 and
QP25 conditions at larger strains shows that the work hardening
rates for the QP220 conditions are enhanced due to retained austen-
ite to martensite transformation, which results in the UTS of the
QP220-450 and QP220-700 conditions being equal to or exceeding
the UTS of their QP25 counterparts.

3) While the QP25 conditions were produced to estimate changes in
martensite strength due to the different thermal histories of the
Fig. 9. SEM image of lath martensite microstructure and carbides in the QP25 condition.
QP220 conditions, the strength of these temperedmartensite condi-
tions is larger than the strength of the martensite in the QP220 con-
ditions. The strength difference is primarily due to differences in
amount of carbide precipitation inmartensite. The dislocation densi-
ties and solute carbon amounts are similar inmartensite in the QP25
and QP220 conditions.

4) The QP220-450 condition has nearly the same UTS and slightly larger
elongation than the QP220 condition despite having very different
work hardening behavior. This comparison shows that the small
strain work hardening behavior, which is mostly controlled by
the martensite in the Q&P microstructures, can be influenced by
martensite tempering. While most studies of microstructural design
of Q&P steels focus on designing austenite stability for strength
and ductility, this study reveals that the early stage work hardening
behavior is also important and can be engineered by martensite
tempering.
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