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Abstract

By means of high-energy synchrotron X-ray diffraction, the interplay between martensite and
retained austenite phases in steel during the application of stress has been analyzed.
Martensite properties were varied through controlled reheating heat treatments in a low
carbon Quenched and Partitioned (Q&P) steel consisting of retained austenite and martensite.
The reheating treatments significantly altered martensite strength while keeping the same
fractions of retained austenite as the non-reheated Q&P microstructures, resulting in different
degrees of stress partitioning and work hardening of the individual microconstituents. Results
of this study show that the strength ratio between the different phases in the microstructure
plays a crucial role in the onset and rate of mechanically induced decomposition of retained
austenite. Consequently, the strength ratio between phases controls the yielding and work-

hardening of the material.



Keywords: Multiphase steels, Austenite stability, Martensite strength, Work-hardening,
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1. Introduction

Multiphase combinations of metastable austenite embedded in low carbon lath martensite are
currently the epitome of optimizing both strength and ductility [1-7] in steels. These materials
benefit from mechanically-induced transformation of metastable austenite into martensite,
which contributes to increased plastic deformation and simultaneously increases strength [8-
10]. Therefore, most studies of microstructural design of multiphase steels focus on designing

austenite stability and volume fraction for optimum strength and ductility.

Several factors such as chemical composition, grain size and morphology have been
extensively demonstrated to influence the mechanically stability of the retained austenite [5,
11-14]. Nevertheless, an increasing number of studies point towards a crucial role of the
phases surrounding retained austenite, not only in the mechanical stability of retained
austenite, but also in the mechanical response of the material as a whole [15-20]. Thus,
Findley et al. [21] identified that martensite strength controls the early stages of work
hardening behaviour in austenite/martensite microstructures. Their results also suggested that
martensite strength has an important effect on work-hardening at high plastic strains,
regulating the work-hardening of individual phases and the retained austenite transformation.
However, in these studies the precise contribution of the surrounding martensite in the

material work hardening is not fully isolated from other affecting factors.

Recent developments in in-situ high energy synchrotron diffraction (SXRD) and neutron
diffraction have enabled to identify the role of different microstructural components on
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deformation and transformation behaviour of multiphase steels [1, 9, 22-24]. In the present
study, SXRD was employed to continuously monitor the fraction of retained austenite and
strain/stress partitioning between retained austenite and martensite during tension testing. The
same materials developed in [21], in which martensite with different strength levels was
obtained without significantly affecting the other microstructural features, were used in the
present this study. This experiment allowed to unravel the effect of martensite strength in the
mechanical stability and work-hardening behaviour of austenite/martensite microstructures
and to precisely assess the complex interplay between austenite and martensite during the

application of uniaxial tensile stress.

2. Experimental Methodology
2.1 Materials

The chemical 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. Three different thermal cycles,
detailed in Figure 1a, were selected according to previous works [21, 25]. They are labeled as
LT, MT and HT referring to low, medium and high degree of tempering of the martensite in
the microstructure, respectively. LT is a conventional quenching and partitioning heat
treatment (Q&P), leading to an austenite/martensite microstructure in which primary
martensite formed during the first cooling step is weakly tempered during a subsequent
partitioning step at 400 °C for 50 s. MT and HT are reheating treatments to different
temperatures from the LT baseline treatment with the objective of further tempering the
martensite to greater extents. Figure 7a schematizes three different fine-grained
austenite/martensite microstructures specifically created by application of the tailor-made heat
treatments. This scheme is based on previous microstructure characterization that can be

found elsewhere in [24]. Metastable austenite films are embedded in a lath martensitic matrix.



All microstructures have approximately equivalent fraction, size and morphology of the
different microconstituents and austenite chemical composition as shown in Table 2. The only
significant difference is the degree of tempering of martensite resulting in different martensite
strength due to differences in carbon content, carbide fraction and dislocation density. To
schematically highlight the degree of martensite tempering, the parameter carbon content
multiplied by dislocation density is created and coded in grey scale in Figure 7a.

2.2 Sample Preparation

Specimens with the geometry shown in Figure 1b were machined for dilatometry heat
treatments parallel to the rolling direction (RD) of the sheet material. Accurate temperature-
controlled heat treatments were performed with a Bahr 805 DIL A/D dilatometer. A type S
thermocouple spot-welded on the surface was used to monitor temperature. A vacuum on the
order of 10 mbar was used during heating or isothermal segments, and helium was used as

the cooling gas.

After heat treatments, flat tensile specimens were extracted from the previous geometry as
shown in Figure 1c. These specimens had a gauge length of 10 mm and a square cross-section
of 1.5 mm of width and thickness. Specimen surfaces were ground to 2000 grit silicon carbide

sand paper.

2.3 High-energy Synchrotron X-ray Diffraction Experiment

The in-situ SXRD experiments were performed at the ID11 beam line of the European
Synchrotron Radiation Facility (Grenoble, France). A monochromatic X-ray beam of
wavelength of A = 0.15582 A and a beam size of 400 x 400 pm? illuminated the sample in
transmission geometry as schematized in Figure 2a. The large amount of analyzed material
enabled a statistical representation of the microstructure to be analyzed. The diffracted beam
was recorded onto a two dimensional (2D) CCD detector (FRELON) placed 301.7 mm behind

the sample. This configuration allowed the characteristic diffraction rings of the {hkl} planes



of the face centered cubic (fcc) austenite (y) and body centered cubic (bcc) martensite (o”)
phases to be captured as indicated in Figure 2b. The relevant instrumental parameters
(specimen-detector distance, coordinates of the beam center and the inclination of the detector
with respect to the direct beam) were determined using a CeO, calibrant (NIST SRM 674b)
placed on the top of the specimen. In addition, Si powder (NIST 640c) was shaped in a
specimen with the same dimensions as the gauge of the tensile specimen to determine and
correct instrumental broadening.

An Instron/NPL electro-thermal mechanical testing (ETMT) machine was used to study
the mechanical response. 2D diffraction patterns were continuously recorded during tensile
tests with an exposure time of 0.1 s, having an effective measurement interval of 0.7 s. The
fast acquisition rate of the XRD diffractogram during in-situ tensile experiments allowed for
precise tracking of austenite fractions and different phase strains at intervals of approximately
4 MPa. The stress was applied along the y-direction, the x-ray beam travels along the x-
direction and the z-axis is vertical (Figure 2b). A load control mode at a constant stress rate of
3.9 MPa/s was used to better track the elastic part and the transition to plastic regime of the
strain stress curve. In load control, specimens broke almost immediately after maximum
uniform elongation was achieved; thus, the development of necking was avoided. The
specimen total elongation to failure was determined by correcting crosshead displacement for
machine compliance effects.

2.4 Analysis of the Diffraction Data

The obtained 2D diffraction patterns at different loadings were analysed using the FIT2D
software package [26]. The dark current signal was subtracted and the detector flat field
corrected. Afterwards, 2D diffraction patterns were integrated along the scattering angle (26)
over selected azimuth angles (»), so that one-dimensional diffraction patterns (intensity vs.
26) were obtained. Austenite {200}y and {220}y and martensite {200}a’ and {211}a’

reflections, either weakly overlapping or non-overlapping, were fitted to a pseudo-Voigt
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function after background removal. Then the peak position, the integrated peak intensity and
the peak width were determined. Diffraction peaks from stress-induced martensite developed
during tensile testing were overlapped with that from primary tempered martensite and small
fractions of fresh martensite inherent of the unstrained material. Thus, distinguishing different
martensite types was difficult and only the combined peak profile from different martensite

were considered to determine the different peak parameters.
Strain and stress evolution in individual {hkl} planes

Individual {hkl} plane-strain (&5,;) can be obtained from the relative change of dy;:

eprr = (dppr — d?zkl)/dgkl (1)

where dg,, and dp,, correspond to the lattice plane spacing at a given load step and at the

unloaded situation, respectively, and are obtained from the Bragg’s relation.

Variations in &y, with applied stress originate from several contributions, which are

separated in this work in two components, the anisotropic (%) and isotropic (59) strains

based on Blonde et al.[22, 27]:

_ oani iso
Enkl = €nkl T Enki (2

efil depends on the lattice plane orientation, and thus has an anisotropic effect. The planes
with their normal vector oriented along the loading direction (axial) are in tension, and the
planes with their normal vector oriented perpendicular to the loading direction (radial) are in
compression. The response of the axial (]|) and radial (1) orientations were evaluated by
integrating 2D diffraction patterns in azimuth angles (see Figure 2a) # = 0°+10° and 5 =

90°+10°, respectively. The orientation dependence of the strain is defined by the Poisson ratio



= —e* /el For cubic single crystals, the orientation-dependent variation in elastic strain by a

tensile stress o is characterized by the cubic elastic anisotropy factor Ay,

h2k%+12k2+h?1?
Akl = s @)
1 . 1
% = Y =811 —2 [511 — 812 — 5544] Ank (4)
1 i+ 1
% = % =S+ [511 —S12 — 5544] Ak (5)

where Epy, is the elastic modulus of the crystallographic plane and S;; are the elastic
compliances. A compilation of material elastic parameters can be found in Table 3. The {200}
planes for both austenite and martensite are the most compliant. There was no large difference
among all the elastic parameters regardless of phase and heat treatment. Using the Hooke’s
law, the tensile stress developed in individual crystallographic planes, a4, can be calculated

as follows:

1
Epki
(A+vpr) (1=2vpk)

Ok = (A + v el + 2V} (6)

I _ 1l _ —
where epy; = €11, Ep = €22 = €33

Interplanar distances, and by extension lattice parameter, are also affected by the interstitial
carbon concentration. When austenite mechanically transforms, this transformation takes
place preferentially in grains with lower carbon concentration because of lower stability. The
higher carbon concentration in the untransformed austenite is reflected in a higher average
austenite lattice strain. Moreover, the volume expansion accompanying the austenite to
martensite transformation is developed parallel to {220}y; thus, the newly formed martensite
phase inside the parent austenite grain compresses the untransformed residual austenite [24].

All the aforementioned effects will have an isotropic effect on strain, i.e. will be independent

of plane orientation with respect to the load. 559 can be calculated by [22, 27]:



&g = lema + Vgi"lkl]/(l +v) (7

Austenite phase fractions

The evolution of the integrated intensity of the different {h k I} reflections provides
information about changes in phase fractions and/or texture due to grain rotation into
preferential directions or preferential mechanical transformation of austenite grains oriented
in particular directions. Neglecting the presence of carbides and considering that only

martensite and austenite phases are present in the microstructure (f,, + f, = 1), the volume
fraction of austenite (f,) is obtained from the ratio of measured integrated intensities (I) of

austenite and martensite peaks to the R-value [28]:

4
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The parameter, R, depends upon interplanar spacing (dnq), the Bragg angle, 6, crystal
structure, and composition of the phase being measured and is calculated from basic
principles [29]. It is assumed that the austenite fraction value is not affected by the presence
of mechanically induced martensite, because the sum of the structure factors of overlapped
individual martensite peaks is practically identical to that of the combined martensite peak.
The integrated intensities of individual reflections were obtained from the integration of the
diffraction ring over all azimuth angles to avoid texture effects expected during the

application of stress.

Average carbon content in austenite

The carbon concentration within austenite during strain application, yc, was determined
from its lattice parameter a,, (in A) as [29]:

a, = 3.556 + 0.0453 )¢ + 0.00095 yy,, + 0.00564; 9)



where y;, in wt.%, represents the concentration of the alloying element i. a, is calculated from
the equation [22]:

a, = gy, (1 +£%9) (10)
where ay, is the austenite lattice parameter before the application of strain and is determined
from the {200}y peak position , dg (ni1y, With the formula for cubic crystals:
ayo = do yVhZ + k% + 12 (11)

The austenite lattice is compressed preferentially in the direction normal to{220}y
[24, 30] due to the volume expansion of the freshly formed martensite within austenite, which
explains the shift to compressive strain in the isotropic strain of {220}y planes in Figure 3.
The carbon concentration in austenite was therefore estimated only by considering the
isotropic strain of {200}y and assuming the isotropic strain is mainly affected by an increase
of carbon concentration in solid solution in this particular plane, whereas the effect of lattice

compression due to new martensite formation was considered negligible in this plane [30].

Identification of phase yielding

X-ray diffraction captures only elastic deformation through the change in the distance
between lattice planes. The occurrence of plastic behavior and thus the yielding of different
phases, however, can be still identified in several ways with SXRD:

1. Peak broadening: It is widely accepted that plastic deformation is accompanied by
massive multiplication of dislocations acting as Frank-Read sources and consequently by
significant changes in the dislocation structure and density. Crystal lattice distortions, mainly
caused by dislocations, determine the diffraction peak width. Therefore, the occurrence of
plastic deformation can be resolved by the observation of diffraction peak broadening. Figure
4 shows the peak broadening evolution of different martensite and austenite peaks as a

function of applied stress. At low applied stress, negligible peak broadening is observed, but



peak broadening becomes obvious near the yield stress or as austenite destabilizes and starts
transforming. Two factors should be considered in the application of this method to the
present materials: 1) Peak broadening of austenite can be influenced by a reduction of grain
size (diffraction domain) as retained austenite transforms, 2) Mechanically induced martensite
has a high carbon concentration in solid solution and dislocation density compared to that of
the primary tempered martensite, affecting the peak broadening. Both factors are not expected
to have a large influence on the peak broadening until a considerable amount of retained
austenite to martensite transformation occurs. Still, austenite transformation into martensite
may occur before the yielding of any of the phases.

2. Peak intensity: when texture is evolved with plastic deformation, the fraction of grains
oriented in a particular direction may vary, which is reflected in the intensity of the peaks. As
an example, the intensity of {200}a’ planes oriented parallel to the load direction with stress,
depicted in Figure 5, decreases at a certain stress indicating yielding. A similar trend is
observed in {211}a’. In the case of austenite peaks in all specimens, the observed decrease of
peak intensity cannot be directly related to grain rotation, and thus yielding, because it is
mainly associated with mechanically-induced transformation of austenite into martensite.

3. Stress/strain partitioning: Austenite/martensite microstructures behave as a composite
material with the martensite acting as the matrix phase. At the onset of plastic flow of the soft
phase, the tangent modulus of the soft phase decreases, offering less resistance to
deformation. A relaxation of plane stress deviating from linear behavior indicates that a phase
is yielding. Additional plastic deformation induces a plastic misfit which must be
accommodated by an increased elastic strain in the hard phase to satisfy the deformation
compatibility. As a result, the stress will be transferred more rapidly to the hard phase, and

stress partitioning occurs between different phases.

10



Peaks broadening, peaks intensity and stress/strain partitioning are analyzed together to
identify yielding of individual phases. Moreover, to support the experimental identification,
the yield stress of austenite is theoretically estimated in this work from the empirical equation

adapted from [31]:

0.46

ol = 15.4(44 + 23x¢ + 1.3x5; + 0.94 ), + =)

(12)

where x; and d,, are the concentration (wt.%) of element j (j= C, Si, Mo) in retained austenite
and the grain size of retained austenite respectively. To have an idea of the magnitude order of
the vyield strength in present materials, Eq.12 is used considering that the content of
substitutional elements in the austenite is similar to the nominal composition of the steel, the
carbon content is 0.88 wt.% and the grain size is 200 nm. Under these assumptions, the yield

stress of retained austenite is estimated to be 920 MPa.
3 Results and discussion

3.1 Measurements in unstrained specimens

SXRD measurements in unstrained specimens enabled to determine initial microstructure
parameters, which are shown in Table 2. Initial austenite fraction is similar in the three
specimens. As mentioned in section 2.3, lattice parameter is calculated from {200}y reflection
as it is mainly affected by the composition of austenite. Table 2 shows that the average carbon
content in austenite is equivalent in LT, MT and HT specimens as calculated from Eq. 9. The
carbon concentration in martensite, y.,,, IS calculated based on its lattice parameter, a,,

according to [32]:
Xar = 31Wt.%/A (ay — ay) (13)

where a, = 2.866 A is the lattice parameter of a reference sample [33]. A reduction of

carbon content in martensite is observed from LT to HT in Table 2, which is in accordance
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with an increase of fraction and size of carbides as detailed in [21, 25]. Table 2 also indicates
that the width of the {200}a’ and {211}a’ peaks in the unloaded condition narrows 35 £ 1 %
from LT to MT and 70 £ 1 % from LT to HT. The decrease in martensite peak broadening is
indicative of reduction of lattice distortion in martensite and is congruent with the decrease in
martensite dislocation density measured with one dimension XRD and EBSD in [21]. Table 2
shows that {200}y and {220}y austenite peaks narrow around 30 + 2 % from LT to MT and
20 £ 4 % from LT to HT. The analysis of austenite and martensite peaks in one dimension
XRD measurements in [21, 25] indicates a weak decrease of austenite peak width in the
unloaded condition as the severity of tempering increases (20% from LT to HT on average)
compared to a more obvious reduction of peak width in martensite (60% from LT to HT on
average), which is in agreement with current observations. In the present steel
microstructures, it is reasonable to assume that strains are introduced in austenite by the
formation of martensite and due to the mismatch between austenite and martensite thermal
expansion during heating and cooling process [30, 34]. These compressive hydrostatic strains,
which are believed to favour the stability of austenite [34], might not have a large influence in
the dislocation density of austenite but affect the peak broadening. Moreover, these strains are
likely partially recovered during tempering or reheating. Therefore, comparing the peak width
of austenite and martensite of the different specimens in the unstrained condition, it is
assumed that there is a small decrease of dislocation density in austenite from LT to HT
specimens compared to the reduction of dislocations in martensite. This assumption is in
concordance with slow recovery of austenite compared to fast martensite recovery observed

by Wang et al. [35].

3.2 Macroscopic mechanical behaviour

Figure 6a shows the macroscopic true stress-strain (o-¢) curves of specimens subjected to LT,

MT and HT heat treatments. Each data point on the curves represents a X-ray diffraction
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measurement. Table 4 contains the relevant parameters that characterize tensile behaviour of
the different specimens. The flow behaviour and tensile parameters were consistent with Ref
[20]. The LT specimen exhibits a yield strength (cy02) near 1000 MPa, an ultimate tensile
strength (UTS) of about 1400 MPa, and a uniform elongation (UE) value of 0.08. The MT
exhibits comparable strength levels to the LT condition with a slightly lower yield strength
(950 MPa) and similar tensile strength (1400 MPa). The uniform elongation of the MT
condition (11%) is slightly higher than the other two conditions. Reheating the LT material to
700 °C (HT specimen) substantially reduces the yield and the ultimate tensile strength, 650
MPa and 1180 MPa respectively; however, the uniform elongation (9%) is practically

unchanged with respect to the LT specimen.

Differences in the work-hardening rate are evident observing the true strain-stress curves of

Figure 6a. For a more detailed analysis, the instantaneous work-hardening rate nj,. =
In (%) / In(&;;1/¢€;) with strain is shown in Figure 6b. Both the MT and HT conditions have

higher work-hardening rates than the LT condition at true strains greater than 0.015 up to the
point of tensile instability. It is interesting to observe that similar tensile properties, measured
in MT and LT specimens, can be achieved with different flow behaviour due to differences in

work-hardening behaviour.

3.3 Effect of martensite strength on flow stress

The isotropic and anisotropic strains with applied stress of different phases and plane
orientations are depicted in Figure 3. Anisotropic lattice strains, tensile in character in planes
oriented in the axial direction and compressive in character in planes oriented in the radial
direction, increase linearly at low applied stress and thus are associated with elastic
deformation of different phases. At higher applied stresses, a deviation from linearity is

observed in most of the planes, which is evidence of the development of plastic strains.

13



Isotropic strains become evident coinciding with transformation of austenite. While in {200}y
planes, isotropic strains increase in tension, isotropic strains in {220}y tend to increase in
compression with applied stress. Isotropic strain in {200}a’ increases in tension to a lesser
extent compared to {200}y and barely changes in {211}a’ as applied stress increases. These
results are in agreement with common observations in mechanical induced transformation of

austenite [24].

The stress calculated using elastic strain of specific lattice planes of austenite and
martensite as a function of applied stress is depicted in Figure 7b. The yield strengths of
austenite oyy and martensite oya are plotted in Figure 7a. The strength of martensite,
evaluated through the yield point, varies in the three microstructures, whereas austenite has a
similar strength in all three conditions. The yield strength of martensite is 1150 MPa, 929
MPa and 740 MPa in LT, MT and HT specimens respectively. The strength of the martensite
is reduced with the severity of the tempering due to a reduction of the dislocation density and

carbon in solid solution.

In contrast, austenite dislocation density, grain size and solute content are not
significantly affected during the applied heat treatments. There is a slight reduction of the
yield strength of austenite as the severity of tempering increases; the austenite yield strength
is 990 MPa, 890 MPa 870 MPa for LT, MT and HT specimens, respectively. These values are
in good agreement with that estimated from Eq. 12. The decrease of the strength of austenite
is attributed to partial recovery. It is worth noting that yield stress values of austenite, higher
than typical for fully austenitic microstructures, can be a consequence of stress triaxiality

induced by the constraints from the surrounding martensite [36].

Overall, the three heat treatments produced three distinct variations in strength ratio

between martensite and austenite: the strength of martensite is higher than austenite (LT),
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austenite and martensite have similar strength (MT), and the strength of austenite is higher

than martensite (HT).

The fraction of austenite with applied stress is shown in Figure 7c. The differences in
mechanical stability of austenite in the different microstructures can be attributed to the
strength of martensite. Comparing the stress at the onset of decomposition and decomposition
ratios of austenite in different microstructures, it is concluded that austenite surrounded by a
stronger martensitic matrix (LT) is mechanically more stable than austenite surrounded by a
weaker martensite (HT). If the strength of martensite is higher than or equal to that of the
austenite, austenite begins to decompose after yielding (LT and MT) and the transformation is
said to be strain-assisted. Moreover, the transformation accelerates when the martensite
yields, suggesting that martensite prevents austenite from decomposition when martensite is

still in the elastic deformation regime (LT).

If the strength of martensite is lower than that of austenite (HT), transformation of
austenite occurs at stresses well below the austenite and martensite yield stress. The
transformation is thus stress-assisted. The austenite (FCC) to martensite (BCC) transformation
is accompanied by volume expansion, which causes deformation of the surroundings, i.e.
primarily the martensite. In HT, low martensite strength facilitates the volume expansion
associated to the onset of the transformation. Moreover, hydrostatic compressive stresses
resulting from the martensite formation, as proposed by Allain et al. [34], are likely reduced
with increasing tempering severity in HT. This explains the early onset of austenite to
martensite transformation in HT. These results demonstrate that the strength of the

surrounding phase is a critical factor in the stress level for the onset of transformation.

The work-hardening rate as a function of stress, commonly known as a Kocks-
Mecking plot, is displayed in Figure 7d. The anelastic pre-yield region, shadowed in grey in
Figure 7d, is characterized by a rapid decrease in the work-hardening rate with stress. An
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inflection is observed at the end of the anelastic region, marking the transition to plastic
deformation [37]. For multiphase materials in the present study, the transition is gradual,
indicating continuous yielding. The transition to the plastic regime is mainly controlled by the
martensite yielding in all microstructures, as it is the dominant phase. The observed work-
hardening behavior of the steel beyond the yield point is affected by mechanically-induced
formation of martensite and work-hardening of individual phases through dislocation
movement and multiplication. These mechanisms depend on strain/stress partitioning

between the different phases.

Figure 8 shows the evolution of average carbon content in austenite with austenite fraction. In
the LT specimen, the average carbon content continuously increases when the fraction of
austenite is reduced, indicating that the carbon is not homogeneous across the austenite. Low
carbon content austenite is softer and has low stability [38]. Hence, it yields and decomposes
first. The remaining untransformed austenite is stronger and more stable. The carbon content
in austenite does not vary significantly in MT and LT specimens with decreasing fractions of
austenite. This indicates that carbon distribution is homogeneous in austenite and thus the
contribution of carbon to the strength and stability of austenite does not vary as the austenite

transformation progresses.

The effect of strength ratio between austenite and martensite phases on the mechanical

response is further discussed next:

1. In the LT microstructure as shown in Figure 7a, martensite is the least tempered
among all microstructures and the yield strength of martensite is initially higher than that of
austenite. When austenite yields, martensite is still in the elastic regime and does not
contribute to the work hardening. Moreover, austenite transformation is prevented before the
yielding of martensite due to the effect of strong martensite as previously discussed. Hence,
the strain is partitioned to austenite, which rapidly work hardens and compensates for the
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initial stress difference between austenite and martensite (approx. 100 MPa). The increase of
carbon content in austenite with applied stress (see Figure 8) also contributes to reduced
strength difference between phases. Once martensite yields, the difference in the work
hardening capacity between austenite and martensite [38] makes the stress more equally
partitioned in both phases. All these factors explain the low stress partitioning between
austenite and martensite in the LT specimen, as shown Figure 7b. The increase of carbon
concentration in austenite with austenite transformation and the low plastic deformation
capacity of martensite slow down the further transformation of austenite resulting in low
decomposition rates as depicted in Figure 7c. This limits the contribution of austenite
decomposition to the uniform elongation and work-hardening of the material, moderating the
ductility of the material despite the high strengths that are achieved. This is clearly seen in the

evolution of instantaneous work-hardening rate with true strain of LT specimen in Figure 6.

2. Similar strength of martensite and austenite (MT microstructure in Figure 7a) results
in higher ductility and high strength levels of the steel. The decrease of dislocation density
and carbon in solid solution decreases the flow strength of martensite, i.e. its capacity to
plastically deform and accommodate volume expansion due to austenite transformation
increases. Austenite severely destabilizes when martensite yields and high austenite
decomposition rates are maintained during the plastic flow (Figure 7c); thus, there is a larger
impact of the austenite mechanically-induced transformation on the uniform plastic
elongation compared to the LT condition. The decomposition rate at high stresses decreases,
which is likely due to strengthening of martensite, increase of average carbon concentration in
austenite, and decrease of the austenite grain size. Moreover, hard freshly-formed martensite
from austenite decomposition further contributes to the strengthening and work-hardening of
the steel. The high austenite transformation rates at the beginning of the plastic deformation

and the fact that freshly formed martensite is stronger and has high work hardening rate [38],
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might cause stress to preferentially partition to martensite as shown in Figure 7b. It is worth
noting that for martensite, the peak broadening is more severe in the MT condition (see Figure
4), which suggests higher work-hardening of the martensite compared to LT or HT
conditions. Moreover, the carbon in austenite remains unaltered in this stress interval, and
thus it is not affecting the strength of austenite as in LT condition. The stress difference
between austenite and martensite phases progressively reduces coinciding with a decreasing

in the austenite transformation rate.

3. An increase of the severity of tempering (HT microstructure in Figure 7a) further
reduces the dislocation density and carbon content of martensite. In this condition, the
strength of austenite exceeds that of martensite. Austenite rapidly decomposes before
macroscopic yielding of the microstructure. In Figure 7c¢ for the HT microstructure, half of the
austenite is already transformed at the onset of plasticity making the contribution of austenite
transformation to uniform strain less effective than the other conditions. However, the highly
tempered martensite with low yield strength in HT specimen contributes to more uniform
elongation and work-hardening compared to that obtained when the strength of phases is more
alike (MT microstructure). The work-hardening of austenite and mechanically induced
martensite formed at early stages enhance uniform elongation. Moreover, stress is strongly
partitioned to austenite as depicted in Figure 7b, even more than the stress partitioned to
martensite in the MT condition. The internal stress generated by the plastic misfit strain from
transformation contributes to the increased work-hardening, which delays the onset of plastic
flow instabilities [1]. Nevertheless, more severely tempered soft martensite leads to low

strength.

Conclusions
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In-situ high-energy synchrotron X-ray diffraction allowed monitoring of the behaviour of
individual phases during application of stress to steels consisting of martensite/austenite
microstructures in which the strength ratio between martensite and austenite was varied by
three different levels of tempering: low tempering, medium tempering and high tempering.
Several novel findings related to deformation of multiphase steels were extracted from this

study:

1) The strength ratio between the martensite and austenite governs the mechanical
performance of the steel by controlling the stress partitioning between the microconstituents
and regulating the decomposition of retained austenite with deformation. The work-hardening
of the individual microconstituents and the decomposition rate of the retained austenite

dictates the work-hardening of multiphase steels.

2) The austenite yield strength may become comparable and higher than the martensite yield
strength with increasing tempering. The stress partitions to the austenite with increasing strain
in this condition, even more than the stress partitions to martensite for the medium tempering

condition.

3) The extent of work hardening in the martensite is greater in the medium tempering
condition than the low tempering condition, which affects the stress partitioning and results in

the most optimal combination of strength and ductility of the three evaluated conditions.
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Fig 1 (a) Thermal history of different materials used in this study. (b) Drawing of the
specimen dimensions heated at dilatometer and (c) tensile specimen geometry used in the in-

situ SXRD experiments.
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Fig 2 (a) Schematic of the tensile test where the different axis, loading and X-ray beam
direction and relevant angles are indicated. (b) Characteristic 2D-diffraction rings captured in
CCD detector, where arrows indicate the phase and the {hkl} planes.
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Table 1 Composition, in wt. %., of the steel alloy used in the study.

C
0.20

Al
0.03

Mn
3.51

Si
1.525

Mo
0.509

S P
0.0079 0.006

Fe
Balance

Table 2 Initial microstructure parameters (unstrained specimen): austenite fraction (fy),
carbon content (yc) and full width half maximum (FWHM) of different phases and
crystallographic planes obtained from synchrotron. p refers to density of dislocations.

LT MT HT

f, 0.14+1 0.14+1 0.12+1

xcr (Wt.%) 0.88+0.02 0.90+0.02 0.90+0.02
FWHM,09, (20/°)  0.0109+0.0007 0.0081+0.0008 0.00880.0010
FWHM,2, (20/°)  0.0140+£0.0007 0.0090+0.0007 0.0111+0.0009
2ce (WE9%6) 0.11 +0.05 0.08 +0.05 0.04 + 0.05
FWHM g0, (20/°)  0.0238+0.0003 0.0159+0.0004 0.0072+0.0008
FWHM,11¢ (26/°)  0.01504£0.0006 0.0098+0.0008 0.0045+0.0010
po (10" m?) [25] 3.1+05 2.1+0.4 05+0.2

Table 3 Elastic parameters of different crystallographic {hkl} planes of austenite and
martensite phases in LT, MT and HT specimens: elactic modulus (E), Poisson ratio (v), elastic
compliances (Sij).

Austenite Martensite
Enki Vhil Enki Vhi
(200} {220} {200} {220} (200} {211} {200} {211}
LT 162 214 0.39 0.35 154 217 032 0.24
MT 154 222 0.31 0.22 160 212 032 0.27
HT 158 219 0.37 0.32 158 210 031 0.25
Su S12 Saa Sn Si2 Sua
LT 6.2 24 111 6.5 -2.1 9.6
MT 6.5 -2.0 9.0 6.2 -20 105
HT 6.3 -2.3 10.3 6.3 -20 10.3

Table 4 Summary of tensile properties extracted from the strain-strength curves: 0.2% offset
yield strength (ovyg2), ultimate tensile strength (UTS), uniform elongation (UE), of the studied
materials obtained from the true strain-stress curves. oyp, is compared with the yield stress
obtained from Kocks-Mecking plots, oykm , according to [37].

oy2 (MPa) oym (MPa) UTS (MPa) UE (%)

LT 1039 1025 1402 7.9
MT 918 929 1417 10.9
HT 663 741 1179 9.0
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