


austenite grain (PAG) boundaries and impede the grain bound-
ary mobility, which is known as the solute drag effect.[7,8] Since
the PAG size is a crucial parameter influencing the microstruc-
ture evolution during subsequent cooling, grain refinement may
have multiple effects.[9] The PAG boundaries serve as nucleation
sites during phase transformations. A smaller PAG size provides
larger grain boundary area, which leads to a higher density of
nucleation sites and faster phase transformation kinetics, partic-
ularly for pearlite.[10] However, in a study on a hypoeutectoid
steel by Aranda et al.[11] it was reported that larger PAGs result
in a higher volume fraction of pearlite due to the absence of
nucleation sites for proeutectoid ferrite. Moreover, it is also
known that segregated elements can suppress the nucleation
and growth rate of ferrite and pearlite.[12,13]

Considering displacive phase transformations, it has been
found that the martensite formation rate increases with smaller
austenite grains during the first degrees of undercooling below
the martensite start temperature.[14] However, by observing the
entire transformation process, displacive transformation in gen-
eral should be enhanced by a larger PAG size and take place
already at lower cooling rates.[15] Another perspective is that a
smaller PAG size lowers theMs temperature by stabilizing the aus-
tenite phase, leading to faster martensitic transformation kinetics
due to enhanced driving forces at higher undercooling.[16–18]

Despite extensive research on phase transformations, the spe-
cific role of tramp elements for themicrostructural development of
modern advanced steels with complex hierarchical structures is
not fully understood yet. These steels were developed relying on
steel production processes resulting in very low amounts of tramp
and trace elements. Therefore, existing studies primarily focus on
alloying elements, while the effects of tramp elements are less
explored. However, this knowledge is of great importance for
maintaining the steel’s quality throughout the transformation to
a CO2-reduced steel production with high recycling rates.

Consequently, in this work, the impact of tramp elements on
the phase transformation behavior of a hypoeutectoid wire rod
steel grade is investigated and the resulting microstructure is char-
acterized by the utilization of advanced methods. Additionally, the
PAG size at high temperatures is quantified. Its potential impact
on phase transformations is thoroughly assessed. The study aims
to provide new insights into how tramp elements and prior aus-
tenite grain size shape the microstructural evolution, ultimately
contributing to a deeper understanding of steel processing and
performance.

2. Experimental Section

2.1. Alloying Concept

A hypoeutectoid wire rod steel was utilized to study the influence
of tramp elements on the phase transformations during heat
treatments. The reference alloy was produced via the BF route
and compared to trial alloys casted with increased concentration
of tramp elements. These alloys imitate the EAF steel production
and its increased scrap usage. The elevation of tramp elements
was estimated once at a medium level and once at a high level of
tramp elements. The main alloying elements of the three alloying
variants are shown in Table 1.

In Table 2, the deviation of the tramp element contents relative
to the reference alloy is displayed. In the alloy with a medium
level of tramp elements, Cr, Ni, Cu, Mo, and Sn were elevated,

while in the alloy with a high level of tramp elements, Co, P, and
N were additionally increased.

2.2. Heat Treatment

The heat treatment shown in Figure 1 was applied on all three
alloying variants. The evolved microstructures after the heat
treatment, including cooling with 10 °C s�1 were analyzed to
gather information about the present phases. Additionally, the
same heat treatment was performed while exposing the material
to a high-energy X-ray diffraction (HE-XRD) beam, allowing the
phase evolution to be monitored throughout the entire tempera-
ture range. Furthermore, the PAG size after a holding period of
10min at 1100 °C was determined for all investigated alloys.

Table 1. Main alloying elements of the investigated wire rod steel grade for
the reference alloy from BF and the trial alloys with increased levels of
tramp elements.

Alloying variants [wt%]

C Si Mn

Reference 0.62 0.27 0.64

Medium level 0.62 0.25 0.64

High level 0.62 0.26 0.65

Table 2. The elevation of tramp element concentrations relative to the
reference alloy for the trial alloys in its medium level as well as high
level variants.

Alloying variants [Δppm]

Cr Ni Cu Mo Sn Co P S N

Medium level 280 340 510 140 60 – – – –

High level 600 730 940 380 280 80 40 – 40

Figure 1. Heat treatment was applied to the investigated alloys. The
microstructures are examined after the heat treatment (red point), and
the PAGs are analyzed at 1100 °C after a holding period of 10min (blue
point).
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2.3. Dilatometry

Dilatometry samples with a length of 10mm and a diameter of
5mm were machined from the center of the straightened wire
rods. They were heat-treated in a quenching dilatometer
DIL805A (TA Instruments) with an inductive heating system.
All heating cycles were performed under vacuum conditions.
Helium was used as a cooling agent. The temperature was mea-
sured with a type S (Pt-Pt10Rh) thermocouple at the surface of
the samples. The phase transformation temperatures were deter-
mined from the dilatometry curves using the tangent method.[19]

2.4. Microstructural Analysis Techniques

The longitudinal sections of the heat-treated specimens were
examined with a Zeiss Axio Imager M2 optical microscope
(OM) after Nital etching (3% HNO3 in ethanol). This etching
technique provided clear contrast between the present phases
and hence, it was possible to determine the fraction of displacive
phases in the material by using stereological analysis. OM
images were evaluated within the integrated ZenCore software
following the ASTM E 112-13 standards.[20] To gain deeper
insight, the microstructure of the same samples was investigated
using a Tescan Clara scanning electron microscope (SEM)
equipped with an electron backscatter diffraction (EBSD) detec-
tor from Oxford Instruments. The SEM images of the etched
microstructure were taken in secondary electron mode, working
at an acceleration voltage of 10 kV. The samples for EBSD analy-
sis required electropolishing in order to obtain reliable patterns.
The measurements were performed using a working voltage of
20 kV and a step size of 60 nm. For the EBSD measurements of
the quenched microstructure, in order to reconstruct the PAGs
and estimate the grain size in the bulk, a step size of 250 nm was
used. The data analysis was done with the Aztec Crystal software
provided by Oxford Instruments.

Hardness measurements were conducted with a QNess Q10 A
+ from QATM. A Vickers indenter was used with a force of
98.1 N (HV10); otherwise, the standard parameters for Vickers
hardness testing were used.[21] The mean values of the hardness
represent the average of ten indents distributed over the polished
sample surface.

2.5. In Situ High Energy X-ray Diffraction

HE-XRD experiments were conducted at the P07 beamline
at PETRA III of Deutsches Elektronen-Synchrotron (DESY) in
Hamburg, Germany. In situ measurements were conducted via
a customized dilatometer integrated in the beamline. The prepa-
ration of the dilatometer samples, the temperature measurements,
and the heat treatment conditions were performed in the same
way as described in section 2.3. Samples were irradiated with
monochromatic X-ray radiation with an energy of 87.1 keV
(λ= 1.4235 nm) collimated to a size of 0.2� 0.2mm. Prior to
the measurements, the experimental configuration was calibrated
on a NIST (National Institute of Standards and Technology) stan-
dard LaB6 powder (SRM 660b). Resulting 2D diffraction patterns
were subsequently radially integrated in PyFAI-based software[22]

to obtain 1D 2⊖-intensity diffractograms.

2.6. High-Temperature Laser Scanning Confocal Microscopy

The phase transformations and PAGs are additionally investi-
gated in situ utilizing a high-temperature laser scanning confocal
microscope (HTLSCM, VL2000DX-SVF17SP-Yonekura). This
experimental setup enables the application of a specific heat
treatment to a sample material while simultaneously monitoring
the surface continuously. PAGs become visible through thermal
etching at elevated temperatures. Additionally, phase transforma-
tions during cooling can be visualized, i.e., the formation of mar-
tensite. The heating of the sample surface works with an infrared
furnace and the simultaneous imaging with a violet laser diode
(408 nm) providing an excellent depth resolution. A vacuum in
the chamber is created, and subsequently it gets purged with Ar
to achieve a neutral atmosphere for operation. With additional
He supply, cooling rates up to 100 °C s�1 can be achieved.

3. Results

3.1. Influence of Tramp Elements on Microstructural

Development

The microstructures of the materials in their initial condition
before and after the heat treatment (shown in Figure 1) were
examined using OM. The initial microstructures of the three
alloying variants all consist of pearlite with a small amount of
grain boundary ferrite (Figure 2a–c). No significant differences
were observed at this resolution. However, clear changes are
evident when comparing the microstructures after the heat
treatment (Figure 2d–f ). In addition to the ferritic-pearlitic
microstructure, a second microstructural constituent developed,
which is appearing bright under the OM. These bright regions
are attributed to martensite as it is known to be less attacked by
the used etchant (Nital). Based on this observation, the trend
shows an increasing fraction of martensite, starting from the ref-
erence material (≈0.1%), followed by the alloy with a medium
level (≈1.2%), and then the alloy with a high level of tramp ele-
ments (≈7%). The observed differences in the microstructure
suggest that even the relatively low amount of tramp elements
promotes the formation of displacive phases.

The cooling curves of the dilatometry measurements at a cool-
ing rate of 10 °C s�1 are illustrated for the investigated alloy var-
iants in Figure 3a. A detailed analysis in Figure 3b reveals that as
the concentration of tramp elements increases, the austenite-to-
pearlite transformation shifts progressively to lower tempera-
tures. A difference of about 38 °C is observed for the start of
austenite decomposition between the reference alloy and the trial
alloy with a high level of tramp elements. This behavior indicates
that tramp elements significantly influence the transformation
kinetics. In Figure 3c it is shown that the martensite start tem-
perature (Ms) remains consistent in a range of � 5 °C across the
different alloying variants, suggesting that the addition of tramp
elements does not significantly alter the onset of martensite for-
mation in this case. However, a notable difference in the curva-
ture of the cooling curve is observed in the alloy with a high level
of tramp elements. This distinct curvature change is indicative of
a higher martensite fraction in this alloy, further confirming the
impact of increased tramp element concentrations on the
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transformation behavior and the hardenability of this steel grade.
According to existing CCT diagrams, bainite is also expected to

form at a cooling rate of 10 °C s�1.[23] However, its fraction
appears to be too low to be distinctly identified in both the

OM images and the dilatometry curves.
To validate the observed changes in microstructure through

mechanical properties, hardness measurements were performed.
The results presented in Figure 4 indicate that an increase in hard-

ness is already evident before the heat treatment is applied, which
can be attributed to a solid solution strengthening effect.

Furthermore, the higher measured hardness of the trial alloy with
higher hardness after the heat treatment reflects the higher frac-

tion of martensite as well as the more pronounced solid solution
strengthening effect due to the increasing concentration of tramp

elements. In absolute values, an increase of about 35HV is mea-

sured by comparing the reference alloy and the trial alloy with a
high level of tramp elements, whereas the difference was much

smaller before the heat treatment (≈15HV). The trial alloy with
medium level of tramp elements lies right in the middle of the

other two alloys in both cases.
Further inspection of the evolved microstructural constituent

after the heat treatment were carried out with SEM and EBSD for

the trial alloy with high level of tramp elements. A highly mag-

nified OM image was captured (Figure 5a), where specific fea-
tures were selected (marked with blue rectangles) for detailed

examination in SEM. Primarily, a dark microstructural constitu-
ent in the center of a martensitic island was visualized in the

SEM (Figure 5b). While cementite usually appears bright in
SEM, ferrite can be identified as the dark phase (vice versa to

bright-field OM images). Therefore, this microstructural constit-
uent is identified as bainite, characterized by ferrite plates and

interplate carbides, as described by Bhadeshia for upper bain-
ite.[24] In Figures 5c–d, sharp interfaces between the individual

constituents are depicted. The SEM images reveal that the pearl-
ite, which surrounds the martensite islands, does not exhibit a

typical lamellar structure but instead forms in a degenerated

manner.[25] The martensite is only slightly affected by the etch-
ant, but its block-like structure is still clearly visible in the SEM

images and distinguishable from pearlite and bainite. Figure 5e
illustrates a second type of bainite, characterized by a smooth

transition from the area where pearlite is present. This bainite
grows as a bundle of ferrite and carbide plates, extending into

the martensitic island. In summary, the microstructure is deter-
mined as martensite combined with small amounts of upper

bainite surrounded by degenerated pearlite.[25]

When cooling a steel with 0.6 wt.% at relatively high rates,

retained austenite (RA) can also be expected within the micro-
structure, since theMf temperature lies below room temperature

(RT).[26] This is the reason why a martensitic island of the alloy
with a high level of tramp elements was further investigated with

EBSD. In order to localize the region of interest for EBSD char-
acterization, the martensitic regions were first identified using

the backscattered electron (BSE) detector (Figure 6a). In the

inverse pole figure (IPF) map (Figure 6b), fine martensite blocks
are visible exhibiting nearly identical orientations. Bainitic

sheaves and surrounding pearlite can also be identified, accord-
ing to the labels of Figure 6b. In Figure 6c, the phase map of the

measurement is represented, showing that most of the micro-
structure is identified as a body-centered cubic (BCC) crystal

structure. However, RA in form of small islands between the
martensite blocks or at the edges of bainite sheaves was also

detected. Therefore, it can be concluded that tramp elements

Figure 2. In a–c) OM images of the initial states before the heat treatment for the reference alloy and the trial alloys with medium and high levels of tramp
elements, respectively, are presented. All of them exhibit a pearlitic microstructure with grain boundary ferrite. The microstructures after the heat treat-
ment with a cooling rate of 10 °C s�1 again for d) the reference alloy, e) the alloy with medium level, and f ) the alloy with high level of tramp elements are
shown. In this case, the martensite fraction increases from the reference material to the alloy with a high level of tramp elements, indicating a correlation
with the amount of tramp elements present.
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not only increase the fraction of displacive phases but also con-
tribute to the presence of RA within these phases. In conclusion,
the island-like displacive microstructural constituent of the trial
alloy with high level of tramp elements contains not only mar-
tensite, but also small fractions of bainitic sheaves as well as RA.

3.2. Phase Development During Heat Treatment

The phase evolution during the heat treatment was investigated
for the three alloying variants in detail by in situ HE-XRD. Using
this technique, the beam continuously interacts with the material
subjected to a heat treatment (Figure 7a) in a dilatometer, while
the detector records the diffraction intensities.[27] Those intensi-
ties can be displayed in the form of a diffractogram, as for exam-
ple shown in Figure 7b for the reference material. At RT, distinct
ferrite (α) peaks can be observed, along with some faint cement-
ite peaks (all peaks not indicated as α or γ) originating from the
cementite lamellae in pearlite. Upon reaching the AC3 tempera-
ture, the microstructure transforms into austenite (γ) and
remains stable during the holding period at 1100 °C. For the

Figure 3. Dilatometry cooling curves for a cooling rate of 10 °C s�1 for the investigated alloys are presented in a). Panel b) shows the enlarged region of
the austenite-to-pearlite transformation (γ! αþ Fe3C), which shifts to lower temperatures as the concentration of tramp elements increases. Panel
c) depicts the enlarged region around Ms temperature. The curvature below Ms shows a distinct change only for the alloy with a high level of tramp
elements, confirming the presence of a higher martensite fraction.

Figure 4. The hardness of the investigated alloys before and after the heat
treatment. A noticeable trend of increasing hardness with the addition of
tramp elements is evident even prior to the heat treatment. This trend
becomes more pronounced in the heat-treated samples exposed to a cool-
ing rate of 10 °C s�1.
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reference material, the microstructure appears to revert to its ini-
tial state during cooling down to RT. From the microstructural
characterizations in the previous sections, it is already known
that displacive phases, along with RA, evolve at this cooling rate.
However, distinguishing martensite and bainite from ferrite or

pearlite on the basis of XRD data is challenging and the RA con-
tent appears to be too low to be detected here. By comparing the
diffractogram with those of the trial alloy with a medium level
(Figure 7c) and the one with a high level of tramp elements
(Figure 7d), it can be also observed from the HE-XRD data that
all alloys consist of the same microstructure before the heat treat-
ment. Furthermore, throughout the holding process, no unex-
pected changes are observed in the alloys with elevated tramp
element content, which assures that all three alloy variants start
with a fully austenitized microstructure prior to cooling. After cool-
ing, the alloy withmedium level of tramp elements shows the same
pattern of peak intensities as the reference alloy. However, for the
alloy with high level of tramp elements, it appears that, in addition
to the ferrite and cementite peaks, faint austenite peaks persist until
RT, which further indicates the presence of RA.

The comparison of the conditions before and after the heat
treatment in Figure 8a–c reveals that the peak patterns for the
reference alloy align quite well. In contrast, for the trial alloys
with medium and high level of tramp elements, the peaks at

the diffraction angles corresponding to the austenite peaks
become increasingly prominent in the diffractograms after the
heat treatment. For the magnified diagrams around the γ-200
peak (Figure 8d–f ), it is evident that the intensity of this peak
in the alloy with high level of tramp elements is much stronger
than in the reference alloy or in the alloy with medium level of
tramp elements. In the medium level alloy, the peak intensity
remains insufficient to determine a reliable absolute value for
the RA content and is likely close to zero. Conversely, for the alloy
with a high concentration of tramp elements, the RA content is
calculated to be ≈1.5% after the heat treatment. This is a further
confirmation that displacive transformation is promoted by the
addition of tramp elements, as RA forms alongside martensite.
Therefore, the greater the amount of displacive transformation,
the more RA occurs, even if the same heat treatment is applied.

3.3. In Situ Observation of Phase Transformations and Prior

Austenite Grains with HTLSCM

Finally, a HTLSCM was utilized to follow the development of
microstructure during the heat treatment. The advantage of this
experimental setup is that it allows in situ monitoring of phase
transformations during cooling as well as the growth of PAGs at
high temperatures by recording a video of the sample’s surface.

Figure 5. In a) an OM image of a martensitic region is shown. In b–e) certain areas, marked with the blue rectangles, are examined more in detail in the
SEM.

Figure 6. a) SEM image of a region containing displacive microstructural constituents, b) the corresponding IPF grain orientation map, and c) the phase
map of the same area.
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The PAGs become visible due to thermal etching of the grain
boundaries as it is shown in Figure 9a–c. These images show
the PAG structure at 1100 °C after the holding period of 10min.
The size of these PAGs is crucial for the subsequent phase trans-
formations during the cooling process. Additionally, the formation
of bainite and martensite can be observed due to their different
formation temperatures. It can be observed that bainite grows
in sheaves, which form around 420 °C, directly from the PAG
boundaries. The martensite first appears at around 250 °C (MS)
in an irregular manner. The observed MS temperature aligns well
with the value obtained from dilatometry (see Figure 3). The final

images at RT are demonstrated in Figure 9d–f. Here, the surface
after cooling at a rate of 50 °C s�1 is shown. Significant amounts of
bainite and martensite, which appear dark in the images, can be
clearly detected already for the reference alloy at this cooling rate
as shown in Figure 9d. With increasing amount of tramp elements
even higher fractions of the surface is covered by the displacive
microstructure, as follows from Figure 9e and Figure 9f. The videos
directly showing the differences in phase transformation kinetics
for the three alloys are available as Supporting Information.

Furthermore, the thermally etched PAGs directly before cool-
ing are analyzed more in detail. In order to calculate the area of

Figure 7. In a) the applied heat treatment in the dilatometer during the in situ HE-XRD measurement is shown, which can be directly correlated to the
corresponding diffractograms from HE-XRD for b) the reference alloy, c) the trial alloy with medium level, and d) the alloy with high level of tramp
elements. Between the reference and the alloy with medium level, no differences in the peak intensity patterns are observed here; both show ferrite
(α) and cementite peaks before and after heat treatment at the expected diffraction angles 2θ. In the alloy with a high level of tramp elements faint
austenite peaks (γ) are detected, most prominent for the γ-200 peak, after the heat treatment indicating RA.
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Figure 8. The diffractograms of the microstructure before and after the heat treatment for a) the reference, b) the trial alloy with a medium level, and
c) with a high level of tramp elements. Panels d–f ) display the magnified diagrams at the positions of the red rectangles, respectively. It can be seen that
the intensities of the austenite (γ) peaks increase with the addition of tramp elements after cooling with 10 °C s�1, confirming the presence of RA.

Figure 9. The PAGs for a) the reference, b) the alloy with medium level, and c) the alloy with high level of tramp elements are shown after a holding period
of 10min directly before cooling. Panels d–f ) show the sample surfaces at RT after cooling at 50 °C s�1 for the three alloys, respectively, illustrating the
trend of the investigated steel grade toward higher martensite fractions.
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each grain, the black grain boundaries are recognized by OpenCV
image analysis modules[28] utilized within a Python code. The rec-
ognized grains are marked with random colors for better visuali-
zation (Figure 10a–c). It is important to exclude grains, which pass
over the image edge as they would distort the average grain size.
The corresponding ASTM grain sizes as well as the diameters are
calculated as described in ASTM E112.[20] From this planimetric
grain analysis, an average grain size as well as a grain size distri-
bution is obtained (Figure 10d–f ). It has been found that the aver-
age diameter, Davg, of the PAGs decreases with the elevation of
tramp element concentration. For the alloy with high level of tramp
elements, a decrease by 18 μm in comparison to reference alloy has
been determined. By comparing the grain size distributions, it
appears they shift toward higher ASTM grain size numbers, indi-
cating smaller grain sizes, progressing from the reference through
the alloy with medium level to the alloy with high level of tramp
elements. Even to the naked eye, it is evident that the fraction of
small grains increases in the alloy with a high level of tramp ele-
ments, indicating a tendency toward abnormal grain growth.
Consequently, the average grain size values do not fully capture
this difference. The distinction becomes even more pronounced
when comparing the grain size distributions.

To validate the HTLSCMmeasurements, EBSD analyses were
performed on quenched microstructures, and prior austenite
grains were reconstructed. The reconstructed grain sizes were
found to be slightly smaller than those obtained via HTLSCM,
but the trend regarding the tramp elements has been found
to be correct, as indicated by the average diameters (DEBSD) in
Figure 10. This confirms that the trend to smaller, prior austenite

grain sizes observed at the surface by thermal etching, is repre-
sentative of the bulk microstructure as validated by consistent
results from the alternative method and corroborated by findings
reported in the literature.[29–31] Moreover, thermal etching
proved highly effective for this material, with minimal evidence
of ghost traces observed. Moreover, no discernible surface distor-
tion appears to have affected the accuracy of the measurements.

4. Discussion

While phase transformations in steels have been widely studied,
the influence of tramp elements, such as Cu, Sn, and Co on the
microstructural evolution of advanced steels remains insuffi-
ciently understood. Moreover, conventional alloying elements
such as Cr, Ni, and Mo, when unintentionally introduced
through scrap, can also induce significant alterations in the
microstructural development of low-alloyed steels. The gap of
this knowledge stems from the fact that the development of these
steels has traditionally relied on production routes that minimize
the presence of tramp and trace elements. As a result, prior
research has predominantly concentrated on the role of inten-
tional alloying elements, however, the importance to understand
the effects of unintended residuals get more important for the
transition to scrap-based steel production. In the present study,
this critical issue is addressed through a systematic investigation
of the effects of tramp elements on microstructural evolution.
The resulting insights are comprehensively analyzed and dis-
cussed in the following sections.

Figure 10. The evaluated PAGs are presented for a) the reference alloy, b) the alloy with a medium level, and c) the alloy with a high level of tramp
elements after a 10min holding period. The corresponding grain size distributions as well as the average grain diameters from HTLSCM (Davg) as well as
from EBSD (DEBSD) are directly below these images in panels d–f ). Additionally, a kernel density estimation fit[49] (solid line) is applied to the distributions
for better visualization.
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4.1. Promotion of the Formation of Displacive Phases by

Tramp Elements

It is well established that elements such as Cr and Mo enhance

the hardenability of steels by shifting the transformation kinetics
in CCT diagrams toward longer timescales.[6] This phenomenon
has been predominantly documented at concentrations above
1 wt% while its effects at lower concentrations, specifically below
0.1 wt% (as in the alloys investigated in this study), remain less
thoroughly explored. However, it is important to note that other
tramp elements such as Cu and Ni are inducing similar effects
like Cr and Mo on hardenability.[6] Thus, it is likely that the

cumulative presence of tramp elements drives the microstruc-
tural changes observed after heat treatment, as illustrated in
Figure 2d–f. In particular, the alloy with a high level of tramp
elements exhibits an increased fraction of displacive transforma-
tion products, ≈7% higher compared to the reference alloy.

This trend is further corroborated by the results of the corre-
sponding hardness measurements, which are shown in Figure 4.

The observed increase in hardness can be attributed to the higher
volume fraction of displacive phases after the heat treatment.
However, even in alloys exhibiting purely pearlitic microstruc-
tures, a measurable increase in hardness is evident. This sug-
gests a solid solution strengthening effect induced by the
tramp elements. Hence, the mechanical response of the alloys
with increased levels of tramp elements appears to result from
a synergistic contribution of both solid solution strengthening

and the increased fraction of displacive transformation products.
The solid solution strengthening effect must also be considered
in relation to phase transformations, as it may influence the
nucleation conditions for martensite, as outlined by Ghosh
and Olson.[32] These observations suggest a more complex inter-
play between chemical composition and transformation kinetics
than previously assumed, challenging the traditional focus

on higher-concentration effects. Further supporting this, a
decreased interlamellar pearlite spacing, likely driven by minor
Cu, Mo, and Cr additions, could enhance strength that has been
mostly recognized at higher concentrations as well.[33,34]

In general, increasing the concentration of certain elements is
also intended to modify the stability range of austenite and
thereby influence its decomposition behavior. In the case of aus-
tenite stabilizers, this results in the formation of transformation

products at lower temperatures. The lower transformation tem-
perature significantly reduces the diffusion mobility of carbon
and other elements. Consequently, the formation of diffusion-
controlled microstructures such as pearlite is suppressed, while
the transformation to harder, displacive structures like bainite or
martensite is favored.[35] This interpretation is consistent with
the experimental observations for the investigated alloys contain-

ing elevated levels of tramp elements, where an increase in tramp
element concentration (particularly of austenite-stabilizing ele-
ments such as Cu, Ni, Co, and N[35,36]) corresponds to a reduc-
tion in the pearlite transformation temperature (Figure 3).
Therefore, this observation can once again be correlated with
the increased fraction of displacive phases in alloys containing
higher levels of tramp elements.

Furthermore, elevated levels of RA observed via HE-XRD

(Figure 8) underscore the role of tramp elements in modulating

phase stability. It is reported by Pierce et al.[37] that not only Cr,
but also Ni, decelerate the kinetics of austenite decomposition,
leading to higher amounts of RA. The stability of RA in TRIP
steels also appears to improve with Cu additions.[38] This aligns
well with the observations in this work, as Cr, Ni, and Cu con-
centrations are increased in the alloys with medium and high
levels of tramp elements, in which rising RA content has been
detected. Hence, the findings of this study complement existing
studies, but extend their relevance into previously unexplored
compositional ranges.

Another important factor to consider is the segregation of certain
elements to prior austenite grain boundaries, which can suppress
pearlite nucleation, a phenomenon predicted by Yan et al.[12] via
computational modeling. However, also experimental evidence
has shown that for example Cu reduces the grain boundary energy
of austenite, thereby decreasing both the nucleation rate and growth
kinetics of ferrite.[13] Another tramp element, prominent for segre-
gation and particularly temper embrittlement of steel, is Sn.[39,40]

With increasing Sn content, and the associated enhanced segrega-
tion, significant microstructural changes are observed during the
austenite-ferrite transformation. Specifically, the pearlite fraction
decreases, and instead of forming polygonal ferrite, the microstruc-
ture exhibits a higher prevalence ofWidmanstätten ferrite.[41] These
findings further support the notion that tramp elements promote
displacive transformationmechanisms at the expense of diffusional
phase formation. Hence, it is also demonstrated how tramp ele-
ments, particularly Sn and Cu, could affect grain boundary chem-
istry and phase nucleation kinetics. Together, these findings
illustrate that even trace amounts of tramp elements can have out-
sized effects on microstructure evolution, warranting greater con-
sideration in steel design.

4.2. Refinement of Prior Austenite Grains Due to Solute Drag

The segregation of tramp elements to the PAG boundaries could
influence phase transformation not only directly, but also indi-
rectly by decreasing the prior austenite grain size due to impedi-
ment of the grain boundary mobility. This phenomenon is
referred to as the solute drag effect, which is confirmed when
an increase in solute concentration leads to a retardation of grain
boundary movement and, consequently, inhibits grain growth.[7]

This study reveals a clear solute drag effect associated with tramp
elements, leading to substantial refinement of PAGs (Figure 10).
A reduction in PAG size is observed with increasing concentra-
tions of tramp elements. In this context, P and Sn are of particu-
lar importance, as they are among the most prominent elements
known to segregate to grain boundaries. Therefore, they are sig-
nificantly contributing to the refinement of the austenite grain
structure, as previously reported in the literature.[8,42] While
grain refinement is generally associated with accelerated pearlite
transformation due to increased nucleation sites,[12] the data of
this study shows that in alloys with high tramp element content,
despite their smaller PAG sizes, displacive transformation is
actually favored. This suggests that the observed reduction in
PAG size (approximately by 20 μm when comparing the refer-
ence alloy to the alloy with a high level of tramp elements)
has a relatively minor effect on the phase transformation behav-
ior compared to the more pronounced influence of changes in
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chemical composition. This indicates that the influence of ele-
ments such as Cu and Sn on PAG boundary energy plays a sig-
nificantly greater role in altering phase transformation behavior
than the effect of the PAG size itself.

However, the refinement of PAGs also leads to a stabilization
of the austenitic phase, which could contribute to the decrease of
the pearlite transformation temperature. Moreover, a consequent
reduction of MS temperature is expected, which accelerates the
transformation kinetics of martensite.[17] However, as shown in
Figure 3c, MS remains largely unaffected by increasing tramp
element concentrations, and consequently, shows no significant
dependence on PAG size as well. Several empirical formulae are
available to estimate the effect of chemical composition onMs.

[43]

These formulae suggest that C and Mn content exhibit the most
significant influence, seemingly overshadowing the effect of the
low concentrations of tramp elements such as Cr, Mo, Cu, and Ni
in both the trial alloy with medium and high levels of tramp ele-
ments. Another possibility is that the C content of the investi-
gated steel is already too high to have an influence on MS, as
this effect is less pronounced with increasing C content.[16]

Nevertheless, it can be inferred that the solute drag effect, while
contributing to a reduction in PAG size, is not sufficiently pro-
nounced to influence the phase transformation behavior to a sig-
nificant extent. This challenges conventional assumptions about
grain size effects and indicates that compositional influences,
particularly boundary segregation effects, dominate over kinetic
considerations in this context.

4.3. Potential Challenges for Alloy Design

In the transition toward CO2-reduced steel production, the steel
industry faces several significant challenges. One of the key
issues arises from the increased use of scrap in EAF processes,
which results in a feedstock composition heavily influenced by
the intended steel grade. This is particularly critical for steel types
with stringent limits on allowable impurity levels. Oxygen injec-
tion during processing creates oxidizing conditions, but metallic
impurities such as Cu, Sn, Cr, and Ni cannot be effectively elim-
inated because they have a higher nobility than Fe. Therefore, the
control of these elements relies on careful adjustment of the
charge composition, often achieved through the targeted addi-
tion of low-residual materials such as direct reduced iron
(DRI) or pig iron.[44] Consequently, it is crucial to understand
the tolerance of specific steel grades to impurity levels, particu-
larly in the form of tramp elements, before such additions begin
to significantly alter key characteristics, such as phase transfor-
mation behavior during processing. The current study demon-
strates that the addition of tramp elements promotes
displacive phase transformations (Figure 2). However, a distinc-
tion remains between the medium level and the high level alloy-
ing conditions, indicating a concentration-dependent effect. This
suggests that regulating the concentration of tramp elements
through controlled dilution of scrap with DRI or pig iron could
allow for compositions that do not significantly alter phase trans-
formation behavior. Achieving this, however, requires a compre-
hensive understanding of how individual and combined tramp
elements influence phase transformations. The results of the
present work represent an important first step in this direction.

An alternative approach to mitigate displacive transformations
induced by elevated tramp element concentrations is to modify
process parameters, such as reducing the cooling rate during proc-

essing. However, in the case of pearlitic microstructures, slower
cooling rates result in increased interlamellar spacing, which is
typically associated with a reduction in mechanical strength.[45]

This adverse effect can be mitigated by making use of the inter-
lamellar spacing, reducing the influence of specific tramp ele-

ments.[33,34] Therefore, while adjusting cooling conditions may
offer a degree of control, it also involves trade-offs that must be
carefully considered in relation to the targeted material properties.

A detailed understanding of the effects of tramp elements may
enable their strategic use in future alloy and process design. For
instance, they could potentially be exploited to tailor the harden-

ability of a given steel grade or to benefit from the associated
refinement of the PAG size.[46,47] Moreover, the concept of coun-
teralloying could be applied by compensating for the presence of
tramp elements through tailored adjustments in the concentra-
tions of other key alloying elements, such as reducing the carbon

content, while still achieving the desired hardenability.[48] This
approach could offer new flexibility in alloy design under increas-
ingly variable scrap-based compositions.

5. Summary and Conclusion

In this work, a hypoeutectoid wire rod steel was utilized to exam-

ine the effect of tramp elements on the microstructural evolu-
tion, particularly focusing on the formation of displacive
phases. The heat treatment behavior of the alloy from BF produc-
tion was compared to that of trial alloys with intentionally
increased tramp element concentrations.

Although all three investigated alloys had similar ferritic-pearlitic

initial microstructures and were subjected to identical heat treat-
ments, the alloys with higher amount of tramp elements showed
significantly higher amounts of martensite after cooling to RT.
Also dilatometry curves showed a clear kink at the Ms temperature
for the alloy with high level of tramp elements. Furthermore,

continuous shift of austenite-to-pearlite transformation to lower
temperatures with increasing austenite-stabilizing tramp element
concentrations (Cu, Ni, Co, and N) is demonstrated.

Hardness measurements revealed that alloys with higher con-
centrations of tramp elements exhibited increased hardness lev-
els. This enhancement in hardness can be most likely attributed

to solid solution strengthening, which could alter the conditions
for phase transformations.

Detailed SEM analysis revealed that the evolved displacive
microstructural constituent, which is promoted due to the addi-
tion of tramp elements, not only consists of martensite but also
contains fractions of bainite as well as RA.

The HE-XRD technique was employed to monitor the micro-

structural evolution throughout the entire heat treatment pro-
cess. While no significant differences were observed during
heat treatment itself, a clear trend emerged after the process
was completed. Specifically, the amount of RA increased propor-
tionally with the concentration of tramp elements. This confirms

that the presence of these elements influences the stability of RA
and its evolution alongside martensite.
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Observations using HTLSCM further reinforced the conclu-
sion that increasing tramp element concentrations promote mar-
tensite formation. It was found that the PAG size at 1100 °C
decreased with increasing tramp element content. This grain
refinement is likely due to a solute drag effect, where tramp
elements restrict grain boundary movement during high-
temperature exposure. The segregation of elements, such as
Sn, Cu, or P can suppress the nucleation and reduce the growth
rate of diffusion-controlled phases, such as ferrite or pearlite.

Ultimately, the alteration in phase transformation behavior
results from the interplay between changes in chemical compo-
sition and the consequent modification of PAG size. The enrich-
ment of tramp elements expands the martensite region in CCT
diagrams and lowers critical cooling rates for displacive transfor-
mations. This leads to a higher martensite fraction in alloys with
increased tramp element content. Simultaneously, these ele-
ments are very likely contributing to a reduction in PAG size.
This refinement of grain structure usually promotes the forma-
tion of pearlite by increasing the density of nucleation sites.
Consequently, while the solute drag effect reduces PAG size,
its impact on phase transformation behavior is minimal or
not significant enough to induce substantial changes.

In summary, the observed reduction in PAG size due to
increased concentrations of tramp elements has a minor effect
on phase transformation behavior. In contrast, the influence of
elements like Cu and Sn on PAG boundary energy as well as
the austenite-stabilizing effect of Cu, Ni, Co, and N plays a much
more significant role in altering phase transformation behavior. In
order to clearly distinguish the effects of chemical composition
and PAGs, future investigations need to include alloys with the
same tramp element concentrations but varying PAG sizes or
vice versa. Nonetheless, this study provides clear evidence of
the influence of tramp elements on phase transformation behavior
and PAG development.
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