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The Reliability of Single-Step and Double-Step
Quench and Partitioning Heat Treatments on an AISI
420A Low Carbon Martensitic Stainless Steel

S. BARELLA, A. GRUTTADAURIA, J.T.O. MENEZES, E.M. CASTRODEZA,
S.E. QUAINI, C. PELLIGRA, and E.A. MCNALLY

The microstructural and mechanical effects of various single-step (SS) and double-step (DS)
quench and partition (Q&P) heat treatments applied to an AISI 420A low carbon martensitic
stainless steel (MSS) has been studied. The goal with this work is to reach a total elongation (E
pct) of 12 pct and an ultimate tensile strength (UTS) above 1200/1300 MPa, but ultimately to
achieve a superior strength-ductility balance in comparison to its traditional Quench and
Temper (Q&T) counterpart. This is being done by retaining austenite within the steel’s
martensitic matrix at room temperature (RT) using novel SS and conventional DS Q&P heat
treatments. Considerable work has been done to optimize DS Q&P heat treatments, but little
has been done to understand the effects of removing a subsequent heating cycle through SS Q&P
heat treatments has on MSSs. With that being said, partitioning is performed at the same
quench interruption temperature for the SS Q&P heat treatments, and reheated to a higher
temperature for the DS Q&P heat treatments. Experimental investigations were carried out on
1 mm thick, sheet samples to increase the number of potential applications for this steel and
heat treatment. The microstructure of different SS and DS Q&P heat treatments was
investigated through X-ray diffraction (XRD) and transmission electron microscopy (TEM)
while mechanical property investigations were carried out using tensile and fracture toughness
testing. DS Q&P heat treated samples quenched to 130 �C and partitioned for industrially
relevant times of 10 and 30 minutes featured the highest values in terms of total elongation,
tensile strength and fracture toughness. The SS Q&P heat treatments, on the other hand, were
able to achieve improved mechanical properties to its Q&T counterpart. Overall, this work
opens up the possibility of increased MSS usage for reliable, thin-walled component production
with improved properties through Q&P heat treatment methods. The best results achieved in
this study are a UTS of 1585 MPa, E pct of 22 pct, and a fracture toughness of 77 kJ/m2. Their
lower total elongation of 9.6 pct is balanced by high tensile strength of 1812 MPa, ensuring
higher toughness compared to traditional Q&T samples.
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I. INTRODUCTION

QUENCH and partitioning of steels is a possible
method to create high-strength products with high
formability without significantly increasing steel weight,

production costs, and alloying elements. Quench and
partition (Q&P) steels can be obtained by single-step
(SS) and double-step (DS) heat treatments. The former
process removes a second heating cycle, resulting in
lower overall energy consumption, which is desirable
from an industrial perspective as financial and environ-
mental costs can be reduced. In comparison to tradi-
tional processes, a Q&P heat treatment allows
thin-walled components and structures to be produced
without affecting its structural integrity. It is important,
for example, for the automotive industry in which
lighter components improves fuel efficiency and reduces
greenhouse gas emissions.[1–5]

Q&P steels result in outstanding, tailorable properties
as a result of its composite-like microstructures con-
taining submicron, decarburized martensite (M) laths,
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carbon-enriched M plates, nanoscale retained austenite
(RA) thin-films and nanoscale transitional carbides.
Unfortunately, the successful development of Q&P heat
treated steels is not trivial because of the RA fraction
and its stability are controlled by the steel’s carbon (C)
content.[6–9] As proposed by Speer et al. in 2005,[10–13]

during a Q&P heat treatment, RA is deliberately
introduced within M laths or packets and then stabilized
thanks to the C migration from the supersaturated M to
RA.

To obtain higher fractions of RA in Q&P heat
treatments, alloying elements, such as; Mn and Si, are
required. The former is used to stabilize the RA and the
latter to retard carbide formation. C is also fundamental
for the martensite formation and the stabilization of the
RA in the partitioning step. Yet, a Q&P heat treatment
is a simple multi-step processing route suitable for any
quenchable metal. The first step in a Q&P heat
treatment is austenitization or intercritical annealing,
followed by quenching to an interruption temperature
between the start and finish temperatures of the marten-
sitic transformation (Ms and Mf, respectively). Inter-
rupting a quench at a temperature between the Ms and
Mf allows the fraction of M and RA within the structure
to be somewhat controlled. The Mf must be above room
temperature (RT) when performing a Q&P heat treat-
ment. In the case of SS Q&P heat treatments, the steel is
held at the quench interruption temperature for an ideal
partitioning time whereas, in DS Q&P heat treatments,
the steel is reheated to a temperature above the Ms for
an ideal partitioning time. With that being said, parti-
tioning time is also an important parameter in both SS
and DS Q&P heat treatments in order to enable
sufficient RA carbon enrichment and stabilization at
RT.[14] During deformation, the RA is expected to
transform into M, which ultimately can delay the onset
of necking and improve steel elongation through the
transformation induced plasticity effect (TRIP).[13,15–18]

The overall goal with Q&P heat treatments on marten-
sitic stainless steels (MSSs) is to reach a total elongation
(E pct) of 12 pct and an ultimate tensile strength (UTS)
above 1200/1300 MPa.[8,19–22]

Despite a lot research done on applying DS Q&P heat
treatments on carbon steels, only a few investigations
have been focused on applying a Q&P heat treatment to
MSSs.[23] For example, Tobata et al.[12] show the
increase in ductility of the Q&P AISI 410 grades of
about 5 pct in relation to its Quench and Temper (Q&T)
condition. Other works explain some mechanisms cor-
related to the microstructure evolution in Q&PMSSs. In
Reference [10] the authors have demonstrated the
presence of M3C in Q&P AISI 410 that can form after
a partitioning time of 10 minutes at 450 �C, but the
presence of Cr is also able to reduce the thermodynamic

activity of carbon. Other studies have demonstrated that
the effect of Cr is similar to that of Si and is able to
increase the amount of the RA.[24,25]

Potential applications for lightweight MSSs are in the
automotive sector, including parts requiring high energy
absorption in the elastic and low-plastic range, such as
automotive sub-frames and B-pillar reinforcements.[26]

In addition, automotive MSS components may be
suitable as deep-drawn parts. Applying a Q&P heat
treatment to MSSs can be advantageous, for example, in
battery-powered electric vehicles (BEV) in which a
battery holder can be designed as a deep-drawn shell
solution.[27] Moreover, a significant amount of space can
be occupied by a vehicle’s battery and complex design
procedures of the battery is required. MSSs offers the
ability for these batteries to be protected from environ-
mental corrosion, high temperatures, stone chips as well
as deformation, to prevent thermal collapse. Further-
more, sustaining crushes, especially for side and under-
floor intrusion, is a big challenge.[4] Other than the
automotive applications, Q&P heat treatments have
been applied to martensitic steels serving the aerospace
and defense industries.[28]

This work investigates the reliability of performing SS
and DS Q&P heat treatments on an AISI 420A low
carbon MSS with limited elongation properties. This
study was conducted using flat and thin samples which
can influence the measurement of bulk mechanical
properties but are fundamental in light weighting of
final components. An understanding of the structural
integrity of these steels requires an evaluation of both
their tensile mechanical properties and fracture tough-
ness, which were determined using testing standards. In
addition, microstructural characterization of the steel
was performed with X-ray diffraction (XRD) and
transmission electron microscopy (TEM).

II. EXPERIMENTAL PROCEDURE

A. As-Received Steel and Dilatometry

The chemical composition of the commercialized
AISI 420A low carbon MSS studied in this investigation
was determined using an Optical Emission Spectrometer
(OES) Sirio Analitix/Bruker Q4 Tasman 170, as shown
in Table I. The majority of experiments carried out in
this paper were performed using 1.0 mm thick, sheet
samples with the exception of dilatometry. After grind-
ing and polishing through standardized metallographic
procedures and chemical etching with Aqua Regia (1:1:1
H2O, HCl, HNO3), the as-received microstructure
revealed annealed equiaxed ferrite with a dispersion of
M23C6 spheroidized carbides.

Table I. AISI 420A Low Carbon MSS Chemical Composition (Wt Pct).

C Cr Si Mn Ni Mo Cu Ti S P Al V Co Nb Fe

0.21 13.23 0.54 0.32 0.2 0.02 0.18 0.006 0.001 0.031 0.001 0.087 0.01 0.01 bal.
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Before performing any SS and DS Q&P heat treat-
ments, dilatometry was performed to validate the
selected quench and partitioning temperatures. Cylin-
drical samples, 9.20 ± 0.05 mm in length and 4.0 mm in
diameter, were machined from 10.0 mm thick bars. The
samples were heated up at a rate of 20 �C/s to 900 �C or
1050 �C, held for 3 or 5 minutes, and then quenched
with helium at a rate of 80 �C/s to RT to obtain a
homogenized austenitic microstructure and to measure
Ac1 and Ac3. After that, the samples were heated to
1050 �C, quenched to either 130 �C or 200 �C, held at
that temperature for 1 minutes and then, depending on
the Q&P heat treatment, reheated to 450 �C or main-
tained at 200 �C to perform partitioning. According to
Wendler et al.,[17] the temperature to enable partitioning
of interstitial elements is at 450 �C, hence it’s use in this
study for DS Q&P heat treatments.

B. Q&P Heat Treatments

Q&P heat treatment temperatures were chosen based
off of ThermoCalc simulations and the dilatometric
analysis. The challenging SSQ&P heat treatment, desired
for potential energy savings, was investigated with a
focused goal of optimizing partitioning time rather than
temperature. Using ThermoCalc software, quench and
partitioning temperatures were found to coincide at
200 �C, making it also the partitioning temperature used
for SS Q&P experiments. Samples were first austenitized
at 1100 �C for 3 minutes to obtain a homogenized
microstructure and to dissolve Cr-rich carbides,[29–31]

then quenched to 200 �C in an oil bath. These samples
were held in the oil bath at 200 �C for partitioning times
varying from 1 minutes to 48 hours followed by a water
quench to RT, as illustrated in Figure 1.

Samples subjected to DS Q&P heat treatments were
also initially austenitized at 1100 �C for 3 minutes then
quenched and held at 130 �C or 200 �C for 1 minutes in
an oil bath. These samples were then reheated to 450 �C
in a salt bath solution, and partitioned in thus solution
for partitioning times varying from 1 minutes to 1 hour,
followed by a water quench to RT, as shown in Figure 2.
These Q&P heat treatments were performed using

Lenton UAF 14/27 and Carbolite HRF 7/22D furnaces
with an estimated error on the temperature control
of ± 5 �C. Thermocouples were used to maintain the oil
bath temperature to ± 3 �C. Table II lists all the SS and
DS Q&P heat treatment combinations tested and the
nomenclature of each Q&P heat treatment to be used
throughout the remainder of this paper. Only promising
combinations were used for further study after this
initial work.

C. Microstructural Analysis

X-ray diffraction (XRD) was used to determine which
SS and DS Q&P heat treatments result in a
detectable amount of RA for the purpose of TRIP to
be achieved during deformation to delay necking and
extend steel elongation. XRD was performed using a
Bruker D8 Discover with a DaVinci Design diffrac-
tometer equipped with an Eiger2 R 500K laboratory
area detector on cold-mounted cross sections of the
steels identified in Table II. These mounts were ground
using SiC papers from 400 to 2000 grit, and then
polished with 3 and 1 lm diamond suspensions in order
to remove cutting damage and ensure enhanced detec-
tion of the RA prior to XRD scanning. A cobalt source
in contrast to a copper source (kavg, Co = 1.79 Å versus
kavg, Cu = 1.54 Å) was used to avoid Fe fluorescence in

Fig. 1—Schematic representation of the experimental single-step (SS) Q&P heat treatments.
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this MSS. Triplicate measurements were made on
separate areas per cold-mounted sample operating at
35 kV and 45 mA rotating between 40 and 120 deg (2h)
at a step size (D2h) of 0.01 deg and dwell time of
240 seconds per step. The collected 2D frames were then
integrated with the aid of DIFFRAC.EVA software.
The RA volume fraction was calculated with TOPAS
software (Bruker AXS) using the (111), (200), and (220)

austenite peaks in accordance with the ASTM E975-13
standard.[32]

For the transmission electron microscopy (TEM)
examination, 2.0 mm diameter discs were punched and
electropolished from steel sheets mechanically ground to
a 100 to 120 lm thickness.[33] A thermo-scientific Talos
L120C TEM, equipped with a LaB6 filament operated
at 120 kV, was used.

Fig. 2—Schematic representation of the experimental double-step (DS) Q&P heat treatments.

Table II. SS and DS Q&P Heat Treatments

Heat Treatment Quench Temperature

Partitioning

Identification
Temperature Time

DS Q&P 130 �C (oil) 450 �C (salt bath) 1 min DS130-1
5 min DS130-5
10 min DS130-10
30 min DS130-30
60 min DS130-60

200 �C (oil) 450 �C (salt bath) 1 min DS200-1
5 min DS200-5
10 min DS200-10
30 min DS200-30
60 min DS200-60

SS Q&P 200 �C (oil) 1 min SS-1
5 min SS-5
10 min SS-10
30 min SS-30
60 min SS-60
8 h SS-8h
24 h SS-24h
36 h SS-36h
48 h SS-48h
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D. Mechanical Tests

Tensile testing was performed according to the ASTM
E8/E8M 16-a standard[34] in an MTS Alliance RT100
testing machine equipped with a tensile extensometer.
The crosshead speed was 1.0 mm/min. Standard 1.0 mm
thick, sheet samples with a width of 6 mm and a gauge
length of 32 mm were used, as shown in Figure 3(a).

Current standards for fracture toughness tests recom-
mend using samples with specific W/B ratios, allowing
the use of any sample thickness if the requirements for
testing are met, where W and B are the width and
thickness of the specimen, respectively. In this context,
fracture toughness tests were performed according to
ASTM E1820-20b[35] and BS 8571:2018[36] standards
using fatigue pre-cracked clamped SENT specimens, as
shown in Figure 3(b). The tests were carried out on an
MTS Landmark 370 servo-hydraulic testing machine
equipped with a 25 kN load cell, hydraulic grips, and an
MTS 632.02F-20 fracture extensometer. The samples
were fatigue pre-cracked in air at RT with an applied
frequency of 7 Hz and a load ratio of 0.1. The crack
growth resistance curves in terms of the J-integral were
determined using the unloading compliance technique.

The experimental results of the clamped SENT
specimens were assessed in accordance with ASTM
E1820-20b and BS 8571:2018a standards. The qualifying
region for the J-crack extension (Da) pairs of points was
defined according to the BS 8571-18a standard, which
recommends drawing an exclusion line parallel to the
ordinate axis intersecting the abscissa at 0.2 mm and
another one intersecting the abscissa at 0.2(W � a0),
where a0 denotes the initial physical crack length. From
the qualified data, a fitting procedure for the crack
growth resistance curve determination, in terms of
J-integral (J–R curve), was applied following the BS
8571-18a standard, and the initiation fracture toughness
was determined at the intersection of the fitted J–R
curve and the 0.2 mm crack extension auxiliary line
(J0.2). Checks for a possible qualification of J0.2 as JIc

according to the ASTM 1820 standard were performed
as follows:

B>10
J0:2
rY

; ½1�

where

rY ¼ YSþUTSð Þ
2

: ½2�

The corresponding KJ0.2 values calculated from J0.2
results as[35]

KJ0:2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

J0:2E

1� t2ð Þ

s

½3�

were also reported.

III. RESULTS AND DISCUSSION

A. Dilatometric Analysis of Q&P Heat Treatments

The martensite-to-austenite transformation during
heating is accompanied by a volume contraction, which
forms inflection points on dilatometric curves during
heating.[37] From the dilatometry results shown in
Figure 4, the Ac1 is 848 �C and the Ac3 is 900 �C. When
heating above the Ac3, the volume continues to increase,
which also corresponds to the progressive dissolution of
carbides in austenite as stated by Andrés et al.[38] After
carbide dissolution, it is necessary to hold the steel at the
austenitization temperature to enable sufficient carbon
diffusion and reduce the carbon concentration gradient
across phase boundaries. Thisminimizes the possibility of
carbide formation upon quenching and therefore reduces
the deleterious effect that carbides situated on phase
boundaries can have on the steel’s mechanical properties.
The austenitization temperature selected to encourage
carbon diffusion and obtain a uniform distribution of

Fig. 3—(a) Standard sheet-type sample for tensile tests; and (b) clamped single-edge-notched-tensile (SENT) samples for fracture toughness tests.
Nominal dimensions (in mm).
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carbon in the microstructure was set to 1100 �C since
higher temperatures could cause oxidation and degrada-
tion of the alloy.[39,40]

Investigations carried out on various holding times at
the selected austenitization temperature of 1100 �C
showed that the holding time does not affect the Ms

temperature,[41,42] however 3 minutes was used to avoid
excessive oxidation. Repeated heating and cooling cycles
on select samples did not show changes to the Ac1, Ac3,
Ms, and M fraction of this MSS. For the 1100 �C
austenitization temperature, the Ms was found to be
270 �C and the Mf 130 �C.[43]

For the AISI 420A low carbon MSS, holding at the
chosen quench interruption temperatures of 130 �C and
200 �C did not cause changes to the expected linear
thermal expansion graph as shown in Figure 5. This
indicates that these temperatures are appropriate for
partitioning as they do not cause undesired phase
changes in the alloy.

Koistinen and Marburger defined a relationship, as
stated in Eq. [3], to estimate the M fraction at a specified

quench temperature for a wide collection of steels with
0.3 to 1.1 wt pct C and RA of 0.6 to 18 vol pct. The
fraction of M transformed is proportional to the degree
of undercooling below Ms and is not dependent on time
because the martensitic transformation is
diffusionless.[44]

fm ¼ 1� e�am Ms�Tqð Þ; ½4�

where fm is the austenite fraction that transforms to
martensite upon quenching to a temperature Tq below
the Ms temperature and am is the rate parameter
(1.1 9 10-2).[3,42]

Using the Koistinen–Marburger relationship, less
than 43 pct RA fraction was detected for each quench-
ing interruption temperature, 200 �C and 130 �C, as
shown in Table III. As a result, theMs will be lower than
RT and no fresh M is expected to form in accordance
with Mola and De Cooman.[45] For this reason, enough
RA remains in the matrix after partitioning with the
expectation that toughness can be enhanced.

Fig. 4—Exemplificative curves: Ac1 and Ac3 temperatures found through heating ramps, Ms and Mf found through cooling ramps (dilatometry).

Fig. 5—Q&P dilatometry of samples quenched to 130 �C and 200 �C and then partitioned for 30 min (DS130-30 and DS200-30).
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B. Q&P Heat Treated Samples

1. XRD analysis
Using XRD, the highest RA levels were found in the

DS130 and DS200 samples partitioned for 30 minutes at a
partitioning temperature of 450 �C, as shown in Figure 6.
RA is maximized at this intermediate DS Q&P heat
treatment time because partitioning for less than 10 minutes
does not permit sufficient carbon diffusion for RA stabi-
lization, while partitioning for longer than 30 minutes
allows carbide precipitationwhich reduces theCavailability
for RA stabilization.[45] The overlap of error bars between
the DS130 and DS200 samples in Figure 6 are shown at
lower partitioning times (1 to 10 minutes), suggesting the
effect of RA content with slight modifications in quench
temperature at partitioning times, � 10 minutes, is negligi-
ble. Ultimately, similar amounts ofRAwere detected atRT
for both DS Q&P heat treatments at all partitioning times
tested. As stated by Mola and De Cooman,[45] the stabi-
lization of the RA can also be assisted by local carbon
enrichment, locking potential M nucleation sites at austen-
ite/martensite (A/M) boundaries, and by austenite lattice
defects formed as a result of the cooling rate.

As was expected, little to no RA in the SS Q&P heat
treated samples partitioned for from 1 to 60 minutes was
detected. This is because sufficient carbon enrichment and
subsequent long-range diffusion inRArequiresmore time

at the lower SS partitioning temperature of 200 �C. The
maximum amount of RA was found in the SS-8h sample,
with lower RA values for longer partitioning times.
RA XRD peaks belonging to the (111) family of all SS

and DS Q&P heat treatments with a considerable
amount of RA are shown in Figure 7. RA XRD peaks
belonging to the (200) and (211) families showed similar
trends in peak behavior at different partitioning times.
Table IV summarizes the total measured RA volume
fraction in vol pct, the calculated RA lattice parameter,
and the average carbon content in RA.
The RA lattice parameter and its respective carbon

content were calculated using the combined equations of
Ruhl and Cohen, and Dyson and Holmes.[46] The RA
carbon contents in the DS130-30 and DS200-30 samples
(0.99 and 0.9 wt pct respectively) suggests that the
chemical stability of RA is affected by quench temper-
ature. In terms of partitioning time, the 30 minutes heat
treatments allowed enough time for carbon to widely
diffuse through the RA lattice, promoting chemical
stability of RA, rather than forming carbides. However,
this greater variation in (111) peak shifting illustrated in
Figures 7(b) compared to (a), suggests that time has a
greater impact on chemical stability of RA in the DS
Q&P heat treated samples quenched at a higher tem-
perature (200 �C) versus those quenched at slightly
lower temperature (130 �C). Similarly, the SS Q&P heat
treated samples also showed a wide variability in (111)
peak shifting, as shown in Figure 7(c). The SS-8h
sample, quenched and partitioned at 200 �C, revealed
the highest carbon content of 1.54 wt pct out of all DS
and SS Q&P heat treatments tested.
The FullWidth atHalfMaximum (FWHM) in Table IV

of the (111) peak was determined using Origin 2020
software to assess peak broadening and to crudely calculate
the average RA crystallite size resulting from these Q&P
heat treatments using Scherrer’s equation.[47] Figure 7(c) as

Table III. Volume Fractions of RA (fA) and Martensite (fM)
During Different Quench Interruption Temperatures

fA fM Temperature (�C)

1.00 0.00 284.9
0.39 0.61 199.7
0.18 0.82 129.2

Fig. 6—Volume fraction of RA for all DS130, DS200 and SS Q&P heat treatments trialed. The error bars are plotted to a 90 pct Confidence
Interval. The SS-2 h sample showed the least amount of RA (~ 1 pct) and therefore was eliminated from further analysis.
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well as Table IV shows that the SS Q&P heat treatments
have the broadest peaks, andoverall smallerRAcrystallites
ranging from12.4 to 15.3 nm.By comparison, theDSQ&P
heat treated samples had calculatedRA crystallites ranging
from 20.1 to 28.0 nm in size. This larger size is likely due to
the higher partitioning temperature in the DS Q&P heat
treatments (450 �C vs. 200 �C). Higher partitioning tem-
peratures can enhance carbon diffusion, improving the
RA’s chemical stability but can also increase RA size
thereby reducing its mechanical stability. In the SS Q&P
heat treated samples, the quench and partitioning temper-
ature is 200 �C. Carbon diffusion at this lower partitioning
temperature is limited tonearbyRAand therefore leads toa
small fraction of stable RA in the microstructure.[48,49]

However, partitioning at the lower temperature of 200 �C,
maintains the high mechanical stability with RA’s small
crystallite size in the SS Q&P heat treated samples.

2. TEM investigation
A comparative assessment of nanoscale microstruc-

tural features between the SS and DS Q&P heat
treatments was performed on selected samples. The

chemical stability of RA is governed by the temperatures
and times used in the SS and DS Q&P heat treatments
while the mechanical stability of RA is governed by
morphology. Figure 8 shows TEM images for the
SS-24 h Q&P heat treated sample. As can be observed,
the M laths are organized parallel to each other. Despite
the known presence of RA at long partitioning times
detected with XRD, RA thin-films are homogeneously
distributed around M laths. The average film thickness
is< 50 nm and length £ 500 nm. At a 200 �C partition-
ing temperature, in which the SS Q&P heat treatment
was carried out, carbon is supposed to partition in the
RA or trapped at dislocations (Figure 8(e)) and grain
boundaries act as a reservoir for carbon atoms. During
partitioning, carbon diffuses from dislocations, causing
a dislocation recovery process. It is also possible, apart
from partitioning temperature, that the long partition-
ing times performed on the SS Q&P heat treated
samples enabled an increase in the M lath volume
fraction from the coarsening of these M laths and a
homogeneous distribution of RA.[21] Approximately
300 nm long, fine, and unevenly distributed carbides

Fig. 7—RA XRD peaks belonging to the (111) family with a considerable amount of RA: (a) DS130; (b) DS200; (c) SS; Q&P heat treatments.

Table IV. Summary of RA Detected and Its Corresponding Calculated Crystal Parameters for DS130 and DS200 Samples
Partitioned for 1 min to 1 h and for SS Samples Partitioned for 8 to 48 h

Time
(min)

RA (Vol
Pct)

RA Lattice Parameter
( _AÞ

C Content in RA (Wt
Pct)

Peak Center
(2h) FWHM

RA Crystallite Size
(nm)

DS130
1 19.09 ± 0.84 3.61 1.03 50.97 0.46 23.34
5 17.89 ± 1.55 3.60 0.96 50.96 0.48 22.05
10 20.12 ± 2.44 3.61 1.05 50.95 0.41 26.04
30 21.19 ± 2.21 3.60 0.99 50.92 0.38 27.82
60 19.39 ± 2.05 3.61 1.05 50.92 0.45 23.89

DS200
1 17.12 ± 2.19 3.60 0.96 50.72 0.46 23.17
5 17.88 ± 2.39 3.60 0.76 50.77 0.44 24.35
10 20.32 ± 1.47 3.60 0.94 50.99 0.40 26.44
30 24.06 ± 0.35 3.60 0.90 51.01 0.42 25.27
60 21.93 ± 4.21 3.60 0.80 51.00 0.51 20.77

SS
8 h 13.06 ± 3.82 3.62 1.54 50.84 0.86 12.37
24 h 7.89 ± 0.87 3.61 1.12 50.65 0.70 15.30
36 h 8.48 ± 2.29 3.61 1.11 50.92 0.70 15.26
48 h 8.60 ± 1.05 3.61 1.11 51.01 0.76 14.11

The full width at half maximum (FWHM) was calculated for the RA (111) peak. Similar trends in FWHM for the RA (200) and (211) peaks were
observed.
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are visible further from M laths having two principal
orientations. This is most likely because carbide forma-
tion is not favorable at this low partitioning

temperature. These nanoscale carbides observed could
be advantageous in increasing the steel’s yield strength.
The TEM analysis performed on the DS130-10

sample is shown in Figure 9. Figure 9(a) confirms that

Fig. 8—TEM imaging of the SS Q&P heat treated sample (SS-24 h): (a) grain organization at a low magnification; (b) lath with same
orientation, carbides precipitation, thin-film RA; (c) blocky austenite; (d) blocky RA at a low magnification; (e) Dislocations visible at a high
magnification the SS Q&P sample, probable retained austenite (darker zone).
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M laths are arranged in randomly oriented packets in
coarse grains, while unidirectional martensitic growth is
observed in fine grains. Within a packet, groups of laths

with small misorientations (~ 10 deg) are collectively
considered as blocks, whereas each group of laths is
considered as sub-blocks.[50,51] RA is mainly situated

Fig. 9—TEM imaging of the DS Q&P heat treated sample (DS130-10): (a) grain organization at a low magnification; (b) lath with same
orientation, carbides precipitation, RA thin-films; (c) blocky RA; (d) blocky RA at a low magnification; (e) Dislocations visible at a high
magnification in the DS Q&P sample, probable retained austenite (darker zone).
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among sub-blocks with a thin-film morphology
(Figures 9(a) and (b)). Apart from orientation, the growth
direction ofM lath is governed by the local stresses and the
subsequent energy balance between the chemical gradient
and strain energies. The M laths grow in directions that
minimize those stresses, as stated by Yeddu.[52,53]

The DS130-10 sample’s microstructure shown in
Figure 9 is mainly composed of M packets enclosed in
prior austenite grains, as can be seen in Figure 9(a).
Each grain presents a disorganized microstructure, while
globally the DS130-10 sample has a multi-scaled com-
position. M packets contain blocks and sub-blocks, in
which mostly plates with some laths are included. This is
the result of the first part of the Q&P heat treatment
from austenitization (1100 �C) to the chosen quench
interruption temperature (130 �C). Parallel M laths of
similar dimensions, as shown in Figures 9(a) and (d),
indicates that the local stresses induced by the marten-
sitic transformation were of the same magnitude and
direction. In the bottom right corner of Figure 9(b), a
non-uniform distribution of RA films surrounding an M
lath were observed. The average thickness of these RA
thin-films is< 50 nm and their length is approximately
500 nm. The block-type RA in Figure 9(c) measures
200 nm in width and 500 nm in length. RA is mostly
situated on grain boundaries (Figure 9(a)) and disloca-
tions (Figure 9(c)). Dislocations can form during the
martensitic transformation upon quenching and its asso-
ciated increase in volume generates dislocations in the
neighboring austenite. The TEM analysis is consistent
with Mola and De Cooman,[45] who stated that stacking
faults and dislocations are common observations in the
RA of Q&P heat treated samples (Figure 9(e)).

The presence of carbides within the martensitic matrix
is shown in the upper-left portion of Figure 9(b) which
formed during partitioning. These carbides were mea-
sured to be approximately 300 nm in length, making its

submicron size advantageous in terms of increasing the
steel’s yield strength, as stated by Wendler et al.[17]

The microstructure of the SS Q&P heat treated
samples differs from the DS Q&P heat treated samples
by the fact that M laths prevail and the whole structure
is more homogenous. The SS Q&P heat treated
microstructure presents a more homogeneous distribu-
tion of RA thin-films. The heterogeneity captured in the
TEM examination of the DS Q&P heat treated sample,
as shown Figure 9, is most likely a consequence of the
lower quench interruption temperature (130 �C vs
200 �C) and shorter partitioning times tested. Moreover,
in contrast to the SS Q&P heat treated samples,
tempered M prevailed in the DS Q&P heat treated
samples.
The carbon diffusion velocity in austenite is three

orders of magnitude smaller than that in M.[54] This
means that carbon leaves the M phase rapidly and
accumulates at the A/M boundary producing a segre-
gation of carbon atoms. This implies, and has been
experimentally shown previously with the use of in-situ
tensile testing coupled with EBSD,[55] that block-type
RA blocks less stable than thin-film RA in a DS Q&P
heat treatment. This explains the increased RA crystal-
lite sizes determined in the XRD analysis of Table IV. In
the SS Q&P heat treatment, RA remains along M laths.
Even though carbon in austenite diffuses at a generally
lower rate than in M, after 24 h of diffusion, thin-film
RA are carbon-enriched. Thin-film RA situated at grain
boundaries are at a particular advantage because carbon
already accumulates naturally in this area therefore
decreasing its length of diffusion in the RA. Carbides of
the SS Q&P heat treated samples are thinner than those
formed in the DS Q&P heat treated samples and are not
surrounded by dislocations. The inter-carbide spacing
was also measured to be shorter in the SS Q&P heat
treated samples.

Fig. 10—Stress–strain curves for select DS and SS Q&P heat treated samples.
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3. Tensile properties
Select engineering stress-strain curves of SS and DS

Q&P heat treatments as well as a conventional Q&T
heat treatment (at 400 �C for 15 minutes) of the AISI
420A low carbon MSS, for comparison, are reported in
Figure 10. The average values of yield strength (YS),
UTS and E pct, obtained from three samples for each
condition are listed in Table V. The strength-ductility
balance of each SS and DS Q&P heat treatment was
evaluated by the product of the UTS and E pct
(UTS 9 E pct) also shown in Table V. All stress-strain
curves in Figure 10 show continuous work hardening
from the YS up to the UTS, as observed typical in
high-strength Q&P steels.[23,56,57] Rather this continuous
work hardening behavior could be indicative of the
simultaneous activation of dislocation motion and TRIP
promoting improved ductility.[58]

The DS130-10 and DS130-30 samples showed similar
tensile mechanical properties. This is an expected result
from the similar RA volume fractions detected in the
XRD analysis, with the DS130-30 sample showing a
marginal improvement in E pct. These samples showed
the highest E pct from 21.2 to 22.4 pct out of all Q&P
heat treatments tested. This indicates that the RA
microstructural heterogeneity found through the TEM
analysis did not play a detrimental role in limiting the
steel’s E pct. On the contrary, the tempered M and the
possibility of gradual TRIP exhaustion of block-type
RA[55] within the DS130 Q&P microstructure improved
the steel’s E pct. In comparison, the DS200 Q&P heat
treated samples exhibited lower E pct compared DS130
Q&P heat treated samples (15.0/12.6 pct vs. 21.2/22.4
pct). However, this reduction in E pct is compensated by

a slight increase in UTS (1759/1847 MPa vs. 1585/
1584 MPa) maintaining a high strength-ductility bal-
ance of the steel.
The DS200-10 samples showed an E pct approaching

15.0 pct, while the DS200-30 samples showed an E pct of
12.6 pct, even though the DS200-30 samples showed a
slightly greater amount of RA in comparison with the
DS200-10 sample. The YS attained was approximately
800 MPa for both DS200 partitioning times tested.
Shorter partitioning times of the SS-1 and SS-5

samples exhibited the highest strengths, 1812 MPa and
1,790 MPa and lowest E pct, 2.6 and 3.6 pct, respec-
tively out of all SS and DS Q&P heat treatments tested.
Nevertheless, SS Q&P heat treatments were able to
achieve an E pct of 9.7 pct at long partitioning times (24
and 48 hours) with similar values of YS and UTS. It is
interesting to note that the SS-8 h samples resulted in
lower UTS and E pct values in comparison to the
SS-24h and SS-48h samples despite achieving the
highest RA volume fraction from the XRD analysis
in Table IV. It can be explained due to the higher
carbon enrichment of RA in this condition. However,
it is most reasonable to consider the sample partitioned
for lesser time, 24 hours, as the more efficient Q&P
heat treatment for industrial practices among the SS
Q&P heat treatments.
All DS Q&P heat treatments tested, showed a

significant improvement in E pct with a quite similar
UTS compared to the Q&T heat treated samples.
Compared to the 4.5 pct E pct exhibited by the Q&T
samples, the SS Q&P samples showed an E pct varying
from 2.6 to 9.7 pct while the DS Q&P samples showed
higher E pct values, varying from 12.6 to 22.4 pct.

Table VI. Experimental Fracture Toughness Values of Q&P and Q&T Samples

Heat Treatment SS-24 h DS130-10 DS130-30 DS200-10 Q&T (400ºC)

Sample No. I II I II I II I II I

J0.2 (kJ/m
2) 16.6 22.0 56.7 56.8 77.0 61.0 19.8 24.3 19.5

KJ0.2 (MPa m1/2) 61.9 71.3 114.4 114.5 133.3 118.6 67.6 74.9 67.1

Table V. Average Mechanical Properties of the SS and DS Q&P Heat Treated Samples

Heat Treatment YS (MPa) UTS (MPa) E Pct UTS (MPa) 9 E Pct

DS130-10 1082 1585 21.2 33,602
DS130-30 1093 1584 22.4 35,482
DS200-10 796 1759 15.0 26,385
DS200-30 792 1847 12.6 23,272
SS-1 1256 1963 2.6 5104
SS-5 1218 1984 3.6 7142
SS-8 h 1126 1641 8.4 13,784
SS-24 h 1188 1812 9.7 17,576
SS-48 h 1195 1790 9.7 17,363
Q&T (400 �C*) 1303 1565 4.5 7042

*Tempering temperature
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4. Fracture toughness
The experimental fracture toughness of J0.2 and KJ0.2

resulting from the different SS and DS Q&P heat
treatments, are listed in Table VI. The results from one
Q&T sample were also included as a reference. Checks
for the possible qualification of J0.2 as JIc according to
the ASTM 1820 standard were performed, and the
requirements related to the specimen thickness for
considering J0.2 as JIc were met. As a result, the reported
J0.2 values as defined by the BS 8571 standard were
considered to be the fracture toughness of the material,
which is a size-independent mechanical property. As can
be seen, the highest fracture toughness was attained by
the DS130 Q&P heat treated samples. The DS130-30
samples showed slightly higher J0.2 values in comparison
to the DS130-10 samples. The DS200-10 samples did not
exhibit high fracture toughness when compared with the
SS-24h samples, despite having a higher volume fraction
of RA, as shown in Table IV.

According to Tables IV and VI, the Q&P heat
treatments with the highest fracture toughness were
those with higher contents of RA (DS130-30 with 20 vol
pct of RA). Even though similar volume fractions of RA
were detected in the DS130-10 and DS200-10 samples,
the fracture toughness of the DS200-10 samples was
approximately half of that of the DS130-10 samples.
The DS200 Q&P heat treated samples presented higher
volume fractions of RA with respect to the SS Q&P heat
treated samples; however, interestingly, their fracture
toughness is comparable.

C. Discussion Summary

The microstructural and mechanical effects of SS and
DS Q&P heat treatments on an AISI 420A low carbon
MSS has been studied. Quench interruption tempera-
tures (130 �C and 200 �C) and holding times were
obtained by ThermoCalc simulations and dilatometry.
The final microstructure is composite-like comprised of
M laths, M plates, RA thin-films, as well as nanoscale
carbides. The amount of RA obtained experimentally is
lower than that predicted by the Koistinen–Marburger
relationship: the high Cr-level in this alloy may have
hindered carbon from diffusing to chemically stabilizing
RA, thus forming carbides and decreasing the thermo-
dynamic activity of carbon as estimated by Tsuchiyama
et al.[10] These carbides, as illustrated in Figures 8 and 9,
are 300 nm in length for both the SS and DS Q&P heat
treatments but in the former case their formation was
most likely hindered by the low partitioning temperature
of 200 �C. The formed carbides are predominantly
nanosized and, therefore, strengthen the alloy, as
reported by Tariq and Baloch.[8] Another factor that
can reduce the final RA volume fraction is the possibility
of fresh M formation after partitioning. The enrichment
of carbon in RA could have been impeded both by the
carbide formation and the low carbon diffusion velocity
in RA as stated in the TEM analysis.

From the DS130 and DS200 samples tested, it is clear
that a quench interruption temperature of 200 �C is too
high for an effective DS Q&P heat treatment as it
reduces the steel’s E pct and fracture toughness, as

shown in Tables V and VI, respectively. The volume
fraction of RA detected was similar for both quench
interruption temperatures (130 �C and 200 �C) of the
DS Q&P heat treatment, but the stability of RA is
evidently different. The higher quench temperature
forms an insufficiently widespread martensitic matrix
in the microstructure, which decreases the amount of
carbon available for partitioning into RA and increases
its size. The DS200 samples exhibited the lowest average
carbon content in RA and largest RA crystallite size as
shown in Table IV. This prevents the RA in the DS200
samples from being an effective toughening phase and
therefore activates TRIP rapidly upon straining.
Austenite stabilization is not only governed by its
uniform carbon enrichment, but also by local carbon
enrichment blocking potential M nucleation sites in the
bulk austenite and at A/M phase boundaries. This
mechanism is more common at low quench tempera-
tures, because of higher primary M fractions that
strengthen more RA.[45]

It is evident that even a small amount of RA,
introduced at short partitioning times is enough to
increase the strength-ductility balance of this steel. With
the DS Q&P heat treated samples, partitioning from 10
and 30 minutes at 450 �C, as shown in Table V, very
easily increased the strength-ductility balance by
approximately 3 times with 20 to 24 vol pct of RA
introduced in the microstructure, as noted in Table IV,
in comparison to the Q&T heat treated samples. For
example, the DS200-10 heat treatment exhibited a
strength-ductility balance of 26,385 MPa pct which is
4 times more than the Q&T heat treatment with a
strength-ductility balance of 7042 MPa pct. More
importantly, DS Q&P heat treating of this 1 mm thick,
sheet of MSS meets the general strength-ductility
balances (24,000 MPa pct £ UTS 9 TE £ 40,000 MPa
pct)[59] required by the US DoE for 3rd generation
Advanced High Strength Steels to be incorporated in
future vehicles. From Table V, and comparing the SS
samples partitioned for a short amount of time (SS-1
and SS-5, respectively) to the Q&T sample, the
strength-ductility balance is increased by approximately
the same.
A promising SS Q&P heat treatment for industrial

practice is the SS-24h treatment, which shows a high
strength-ductility balance of UTS, E pct, and UTS 9 E
pct of 1,812 MPa, 9.7, and 17,578 MPa pct, respec-
tively, as shown in Table V. The high UTS value is
probably related to the combination of a high quench
and low partitioning temperature, whereas the improved
E pct is due to the introduction of RA into the
microstructure of the steel. Ultimately, the SS Q&P
heat treatments performed on this MSS shows the
potential to achieve an E pct of 12 pct and strength-duc-
tility balance ranging from 14,000 to 17,000 MPa pct.
As stated previously, a high quench temperature leads

to form a greater amount of RA but, in this case, the
partitioning temperature in the SS samples is too low to
enhance the diffusion of carbon into RA, even with a
long partitioning time. This leads to reduced carbon
mobility in which only RA thin-films, as shown in
Figure 8, near M laths are chemically stabilized. The
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mechanical stability, on the other hand, of the RA is
maintained as a result of its small size, as crudely
assessed in Table IV and shown in Figure 8, after carbon
enrichment. The unstable RA not in the vicinity of M
laths in these SS Q&P heat treated samples becomes
fresh M after the final quench. As stated in Reference
60, this kind of M reduces the steel’s ductility.

The volume fraction of RA does not seem to play a
critical role in the fracture toughness. The reported
fracture toughness values may be influenced by the
distribution of RA in the microstructure, nanoscale
transitional carbides, and the fraction of fresh and
tempered M. The fracture behavior of both the SS and
DS200 samples was associated with the fresh M, which
did not have time to temper and was maintained as a
brittle phase. The fracture toughness values of the SS
and DS Q&P heat treated samples were comparable to
those of the Q&T samples tempered at 400 �C, 67 MPa
m1/2, and to those of Q&T AISI 420 steel found in the
literature (49 MPa m1/2).[61] In this case, RA balances
the effect of untempered M on the test results. In
contrast, the DS130 samples featured the highest frac-
ture toughness values, and the J0.2 and KJ0.2 of these
samples were almost double of the SS samples. The
DS130 samples showed similar RA volume fractions to
the DS200 samples, but the fraction of M formed during
quenching was higher in the former case. This allowed
the DS130 samples to present more carbon available for
RA chemical stabilization during partitioning. Indeed,
the carbon content in RA was slightly higher in this case
(Table IV). For these reasons, RA is more stable, and
the TRIP effect is delayed, thereby reducing the possi-
bility of crack tip embrittlement and low fracture
toughness.[52] Nonetheless, the most industrially rele-
vant partitioning times studied were between 10 and
30 min for the DS Q&P heat treated samples, as shown
in Figure 11. DS130 samples exhibited the highest values
in terms of the resulting E pct (22 pct), UTS
(1,585 MPa), and fracture toughness (J0.2 = 77 kJ/m2

and KJ0.2 = 133 MPa m1/2). Moreover, the current
limitations of the novel SS Q&P heat treatments
presented in this paper are related to the long partition-
ing time and low fracture toughness (J0.2 = 22 kJ/m2

and KJ0.2 = 71 MPa m1/2); however, the advantages are
linked to the low temperature and reduced number of
heating/transfer cycles.

IV. CONCLUDING REMARKS

In this study, several unique SS and DS Q&P heat
treatments were performed on a commercial AISI 420A
low carbon MSS to optimize its mechanical properties.
Based on the experimental results, the following con-
clusions can be drawn:

� The performed Q&P heat treatments proved to be
effective in retaining a significant volume fraction of
RA in MSSs. The DS Q&P heat treatments achieved
higher volume fractions of RA ranging from 17 to 24
vol pct, while the SS Q&P heat treatments achieved
volume fractions ranging from 13 to 8 vol pct. The

greatest chemical stability and smallest crystallite
sizes of RA, 1.54 wt pct C and 12 to 15 nm, was
attained with a SS Q&P heat treatment.

� Competitive mechanisms (i.e. carbide formation)
enhance the mechanical properties increasing the
strength for a precipitation mechanism phenomena.

� The RA within the martensite matrix was considered
the main cause of fracture toughness improvement
of this MSS subjected to Q&P heat treatments.

� The AISI 420A MSS subjected to all SS and DS
Q&P heat treatments maintain or improve the UTS
in comparison to its traditional Q&T heat treatment,
whilst improving its E pct.

� The DS130 Q&P heat treated samples partitioned
for industrially relevant times ensured the most
reliable MSS performance tested. These samples
achieved an E pct of 22 pct, UTS of 1585 MPa,
J0.2 = 77 kJ/m2 and KJ0.2 = 133 MPa m1/2, sug-
gesting that this treatment is promising for automo-
tive applications.

� The best conditions achieved of this novel SS Q&P
heat treatment resulted in an E pct of 8 to 10 pct,
UTS of ~ 1650 to 1800 MPa, J0.2 = 22 kJ/m2 and
KJ0.2 = 71 MPa m1/2. A low fracture toughness was
obtained at the cost of long partitioning time
(24 hours), yet a significant improvement in UTS*E
pct in comparison its traditional Q&T heat treat-
ment was attained (17,576 MPa pct vs. 7,042 MPa
pct). Ultimately, this work opens the possibility for
MSSs to reach an E pct of 12 pct and strength-duc-
tility balance ranging from 14,000 to 17,000 MPa pct

Fig. 11—UTS vs. E pct (a) and YS vs. KJ0.2 (b) chart for the
different heat treatment.
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with the advantage of a reduced number of heat-
ing/transfer cycles.
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