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The transformation of retained austenite under mechanical load has a significant impact on the mechanical
properties of high-strength low-alloy steels and weld metals. Here, we have studied the stability of retained
austenite in a microalloyed, multipass high-strength all-weld metal using in situ high-energy X-ray diffraction
phase quantification during tensile loading. Two-dimensional phase maps were acquired before and after testing
to reveal the locally resolved distribution of strain-induced austenite transformation. Depending on the position
within the unstrained specimen, the amount of retained austenite varied between 1 wt.% and 6 wt.%. During
loading, the retained austenite remained largely mechanically stable within the macroscopic elastic regime.
Upon the onset of plastic deformation, a pronounced transformation of the metastable retained austenite
occurred. Plastic deformation was predominantly localized in areas which were not reheated during multipass
welding. In regions where reheating occurred, precipitation hardening from microalloying elements produced a
microstructure with significantly higher strength levels.

1. Introduction

Retained austenite (RA) is a decisive phase in steels that strongly
influences their mechanical properties [1]. Understanding the specific
behavior of this metastable phase across different steel grades under
various environmental and loading conditions is therefore essential. A
key factor defining the behavior of RA within the microstructure is its
stability, which depends primarily on chemical composition, size,
morphology, and the strain distribution within adjacent microstructural
constituents [2]. In advanced high-strength steels exploiting the
transformation-induced plasticity (TRIP) effect, C segregation to the
austenitic phase is intentionally promoted by alloying and optimized
heat treatments to stabilize a target fraction of RA down to room tem-
perature [3,4]. As an example, Qi et al. [5] reported a higher stability of
RA with increasing C and Mn enrichment in a medium-Mn steel.
Considering the influence of morphology on the stability of RA in
low-alloy steel grades, it is well established that blocky RA is less stable
than film-like RA. Moreover, blocky RA tends to transform into
martensite at relatively low stresses, which detrimentally affects
strength and toughness [6-8]. Consequently, many studies focus on heat
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treatments or alloying strategies to intentionally form film-like RA
[9-11]. Bhadeshia and Edmonds [7] even addressed this topic quanti-
tatively and reported that the ratio of the volume fraction of stable
film-like to unstable blocky RA must exceed 0.9 to achieve optimum
mechanical properties in low-alloy bainitic steels.

In high-strength weld metals and the heat-affected zone of high-
strength low-alloy steels, RA is typically only considered as part of
martensite-austenite constituents, owing to their significant influence
on mechanical properties [12-16]. However, our recent study [17] has
shown that up to 7 wt.% of RA can be locally present within multipass
high-strength weld metals both as part of martensite-austenite constit-
uents but also as stand-alone phase. Previous studies on high-strength
steels and weld metals have often underestimated this considerable
amount due to investigation methods that were limited to surface
analysis and the corresponding challenges of sample preparation
[17-19]. Building on the ability of high-energy X-ray diffraction
(HEXRD) to accurately quantify RA based on information from a large
sample volume, and thus without being affected by surface conditions
and sample preparation, the present study advances this understanding
by analyzing the stability of RA in a multipass high-strength weld metal.
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Fig. 1. a) RA phase map of the multipass high-strength weld metal derived from data of Reference [17], showing the position of the extracted tensile specimen and
the X-ray beam location for the in situ HEXRD investigation. b) Tensile specimen with the corresponding adaptor. ¢) Tensile testing machine at the synchro-

tron facility.

A tensile test was performed on a specimen extracted from the same
weld metal investigated by the authors in Reference [17], with simul-
taneous HEXRD measurements to analyze the stability of RA in situ. In
addition, two-dimensional HEXRD mappings were conducted before and
after testing to obtain locally resolved information on the behavior of RA
following deformation.

2. Methods

The investigated multipass weld metal was produced via gas metal
arc welding and comprises seven layers with three beads per layer. The
chemical composition is Fe-0.09C-0.5Si-1.5Mn-0.6Cr-0.5Mo-2.9Ni-0.2V
(wt.%) and the minimum yield strength is 1100 MPa in the multipass
welded condition. For further details about the welding procedure and
the microstructure the reader is referred to Reference [17]. The distri-
bution of RA across the multipass weld metal (derived from data of
Reference [17]) is given in Fig. 1a) together with the location of the
tensile specimen, which is 2.5 mm thick and 4 mm wide along most of its
length, narrowing to 3 mm at the notch. The geometry of the specimen
was designed such that the width of 3 mm is present exactly at the
location of the in situ HEXRD measurement, enabling the observation of
plastic deformation. Consequently, no strain can be determined from the
tensile test, as no gauge length with a constant width is present.
Furthermore, the geometry of the narrowed region of the specimen can
be considered as a notch, which produces a complex local stress field and
makes the test not comparable to standard tensile testing [20]. At the
end regions of the specimen, the contour widens to enable a form-fit
connection with an individually machined adapter, as shown in
Fig. 1b). This adapter-specimen connection allowed the integration of
the small weld metal region of interest into the tensile testing machine
illustrated in Fig. 1c).

Retained austenite [wt.%]

" reheated

)

2 mm

(b)

This 20 kN testing device was set up at beamline PO7b (PETRA III) at
the synchrotron facility DESY (German: Deutsches Elektronen-Synchro-
tron) in Hamburg, Germany [21]. The tensile test was performed with a
constant crosshead displacement of 8 x 10~% mm s™!. Simultaneously, a
monochromatic beam with an average energy of 87.1 keV was trans-
mitted through the specimen at the position marked in Fig. 1a). Dif-
fractograms were taken every 5 s which is equivalent to an increase of
stress less than 10 MPa during the elastic regime. In addition to the in situ
diffraction analysis during tensile testing, two-dimensional HEXRD
maps were recorded before and after testing the specimen. For the
post-test investigation, the fracture halves were simply clamped
together to approximate the original alignment. The specimen was
scanned in both x- and y-direction with a beam size of 0.5 mm x 0.5 mm.
All diffractograms were recorded using a PerkinElmer XRD 1621 flat
panel detector with 2048 x 2048 pixels, each with a pitch of 200 pm.
The setup was calibrated using a LaBg-powder-standard as reference
material. The following analysis was performed using the Python
package pyFAI [22] for azimuthal integration and the software Profex
[23] for Rietveld refinement.

3. Results

The RA scan of the specimen prior to testing is given in Fig. 2a). By
comparing this scan with the entire multipass weld metal in Fig. 1a),
which relies on data from Ref. [17], we can confirm the upper region at
the notch as the last bead. In Fig. 2b) the absolute RA values of the scan
in Fig. 2a) were subtracted by the values measured after the tensile test.
Consequently, Fig. 2b) represents a two-dimensional map of the RA
which mechanically transforms during tensile testing. According to this
image, up to 3.5 wt.% RA can vanish. The location of the most severe
transformation is in the notch region containing the last bead, marked
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Fig. 2. a) Two-dimensional RA phase map of the tensile specimen before applying the mechanical load. b) Two-dimensional map of the RA transformed during the
tensile test. The dashed lines indicate regions with the corresponding amount of transformed retained austenite. The cross marks the approximate location of the in

situ HEXRD measurement.
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Fig. 3. Stress over time curve with the in situ FWHM of the austenitic y220 peak and the in situ RA content.

by the grey dashed 2 wt.% threshold line. However, also in the
unnotched region a significant transformation appears as marked by the
black dashed 0.5 wt.% threshold line. This transformation only occurs in
the last bead region of the tensile specimen. In the region where the weld
metal is reheated by subsequent welding beads, as marked in Fig. 2a),
RA is almost completely stable in the notched and notch-free part, as
shown in Fig. 2b).

To correlate the RA transformation with the applied stress level
(determined as the force divided by the initial cross section) and the
macroscopic deformation regime (elastic or plastic), single-point in situ
HEXRD measurements during tensile testing were performed within the
region with the highest RA content. As shown in Fig. 2a), this region
corresponds to the last bead, which underwent plastic deformation
before fracture, as illustrated in Fig. 2b). Fig. 3 represents the corre-
sponding stress over time curve. The purple data set in this diagram
shows an overlay with the full width at half maximum (FWHM) of the
austenitic y290 peak, which was evaluated for a 10° segment parallel to
loading direction. This FWHM starts to increase at approximately 550
MPa, which is typically associated with the accumulation of lattice de-
fects and hence indicates the onset of plastic deformation [24]. This
onset is additionally confirmed by the subtle deviation in curvature of
the stress curve in the diagram. The blue data set shows an overlay with
the RA fraction. Below 550 MPa, only minor RA transformation occurs,
while a pronounced decrease is observed within the plastic regime. The
non-linear behavior up to frame 50 and the small kink observed in the
stress curve are a known characteristic of the used tensile testing ma-
chine and have been noticed in former research works [25-27].
Consequently, data up to this point were excluded from the analysis.

4. Discussion

The RA transformation in the last bead to the left and the right of the
notch (Fig. 2) can be attributed to the early onset of plastic deformation,
at approximately 550 MPa (Fig. 3). Since 815 MPa represents the highest
stress level before fracture, the region adjacent to the notch experiences
a macroscopic stress of 611 MPa due to the specimen geometry, which is
sufficient to initiate plastic deformation. In the reheated weld metal,
almost no RA transformation is observed in either the notched or the
notch-free region. This behavior results from the presence of micro-
alloying elements such as V, which promote precipitation hardening
during the reheating from subsequent beads [28,29]. For the present
alloy, a yield strength level above 1100 MPa is achieved in the multipass
weld metal using standard tensile testing [17], which is significantly
above the maximum stress of 815 MPa determined for the notched

1226

specimen in this study. According to Wang et al. [20], the presence of a
sharp notch generally reduces ductility but increases fracture strength.
Therefore, in the present case, the notched specimen would be expected
to exhibit a higher strength level compared to a standard tensile test
specimen. However, the early onset of plastic deformation in the last
bead, caused by the absence of precipitates, lead to the opposite
behavior here. These findings highlight the critical role of multipass
welding in weld metals strengthened with microalloying elements.
Single-pass welds exhibit a significantly lower yield strength which can
lead to drastic failures in service if this limitation is not recognized [28].

As reported in many studies, the stability of RA can have an immense
impact on the mechanical properties of steels. In low-alloy steels, the
preferred morphology of this crucial phase for promoting toughness is
film-like with a high stability [9-11]. In contrast, blocky RA is detri-
mental to toughness due to its early transformation under small strains
[6,11]. This early onset is presumed as a result of the lower constraint
and reduced C-content of blocky RA compared to film-like RA [6]. Of
particular interest is whether this detrimental transformation already
occurs within the macroscopic elastic regime or only after the onset of
plastic deformation. Such conclusions are extensively available for TRIP
steels, which contain a high amount of intentionally stabilized RA.
Blonde et al. [4] and Jimenez-Melero et al. [30], for instance, described
a significant transformation of austenite prior to the macroscopic yield
point. For the high-strength low-alloy weld metal investigated here,
such early transformation was observed only to a very small extent,
although blocky RA is present in the microstructure, referred to in our
previous work as stand-alone RA [17]. The dominant transformation
occurs mainly in the macroscopic plastic regime.

As the strength of high-strength low-alloy steels and weld metals
continues to increase, the presence of displacive microstructures with
RA becomes unavoidable. Consequently, a comprehensive understand-
ing and the control of RA morphology and stability are essential. An
example is the recent work of Moon et al. [9], in which an advanced
microstructure with film-like RA was achieved by intentionally alloying
of high-strength steel welds. However, numerous open research ques-
tions remain about RA in low-alloy steels and weld metals. The in situ
phase quantification performed in this study represents an important
step towards a deeper understanding of the RA stability, however, a
clear correlation with the microstructure is still lacking. In particular,
the transformation onset for specific RA morphologies needs to be
studied in more detail. It is of critical importance whether this onset
occurs already in the macroscopic elastic or in the plastic regime and to
what extent the specific morphologies transform during deformation.
Owing to its comparatively large size and consequent ease of detection,
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Fig. 4. Schematic representation of the methodological approach and the main findings of the present study.

blocky RA is often the focus of scientific studies, however, the in situ
behavior of film-like RA remains insufficiently understood.

5. Conclusions

The present study investigates the strain-induced transformation of
RA in a high-strength low-alloy weld metal by means of in situ HEXRD
measurements during tensile loading, complemented by phase maps
that reveal the distribution and evolution of RA. The RA remained
largely stable throughout the macroscopic elastic regime, up to stress
levels of approximately 550 MPa. At higher stresses, plastic deformation
and RA transformation were initiated mainly within the last bead of the
multipass weld metal. The reheated region remained largely unaffected,
presumably due to the higher local yield strength caused by precipita-
tion hardening. Within the notched region, the last bead area showed a
pronounced decrease in RA fraction during tensile testing, from almost
5 wt.% before the tensile test to less than 1.5 wt.% after.

This study presents one of the first frameworks addressing the sta-
bility of RA in low-alloy weld metals with yield strength levels exceeding
1100 MPa. It emphasizes the importance of this metastable phase, out-
lines several open research questions, and proposes directions for future
works. Furthermore, the results demonstrate the critical role of multi-
pass welding when microalloying elements are employed in welding
consumables to achieve effective precipitation hardening. A schematic
summarizing the methodological approach and the main findings is
illustrated in Fig. 4.
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