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Abstract:  

Knowledge of phase transformation kinetics is a key point in designing steel grades, in particular 

modern high-performance grades, highly sought-after in energy and transportation applications. 

The design space for these grades is highly multi-dimensional given the numerous potential 

alloying elements. The characterization techniques that are usually relied on to assess 

transformation kinetics, such as metallography or dilatometry, are highly time consuming, due to 

their limitation to either a single transformation time or a single composition per experiment. The 

high-throughput approach showcased here overcomes those limitations by combining 

compositionally graded samples with time- and space-resolved in situ X-ray diffraction, yielding 

full kinetic records over a range of compositions in a single run. Its application to low-alloy steel 

required addressing specific challenges related to the reactivity and thermodynamics of the 

material. The transformation of austenite into ferrite was chosen to illustrate its benefits. Using 

the rich resulting database, the transformation mechanism was examined quasi-continuously 
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across sections of the composition space. Neither the paraequilibrium, nor the local equilibrium 

with negligible partitioning model, nor a transition from the former to the latter is applicable over 

the whole range of investigated conditions. Instead, the observed kinetics were explained by 

accounting for the solute drag exerted on the mobile interface. This work is a major contribution 

in accelerating the design of future low-alloy steel grades, involving the transformation of 

austenite into ferrite or any other transformation to which the present high-throughput 

methodology can be adapted.  

Keywords: Steel; High-throughput characterization; Synchrotron X-ray diffraction; 

Combinatorial metallurgy; Phase transformations 

 

1 Introduction 

Steel is a critical material for modern society. It is by far the most produced type of structural 

metallic alloy, about 30 times more in weight than the second-ranking aluminum alloys [1]. It is 

all the more important because it holds a key role in addressing two of the most pressing 

challenges faced today: climate change and natural resource exhaustion. Steel is ideally suited 

for numerous transportation and energy applications given the abundance and the even 

distribution of most of its base minerals [2,3]. Its other key advantage is its unmatched 

versatility, as subtle tuning of its composition and its thermomechanical processing can yield a 

wide range of microstructures and corresponding mechanical properties [4]. In order to reach 

increasingly ambitious environmental targets, there is a strong demand for this range of 

properties to be expanded even further, notably in terms of strength and ductility [5]. In the 

recent past, innovative microstructure designs such as dual phase (DP) and transformation 

induced plasticity (TRIP) grades contributed to this endeavor [6]. Manufacturing these grades 



 

 

relies on precise knowledge of phase transformation kinetics. For over 50 years, the latter have 

been investigated using conventional experimental methods such as metallography or 

dilatometry, which are extremely time-consuming as it typically takes months to characterize a 

few compositions. Alternatively, they can be estimated using models, but these require refining 

and calibrating with plenty of experimental data before they can be applied to practical cases 

with sufficient accuracy. Consequently, there is a strong appeal to novel methods for high-

throughput measurement of phase transformation kinetics, which could dramatically speed-up 

the development of future high-performance grades [7–10]. 

The resource intensity of traditional kinetic investigations arises from the need to quantify the 

microstructure of the large number of individual samples required to finely comb both the 

transformation time and temperature, and more importantly, the composition space. Commercial 

low-alloy steel grades commonly include four or more alloying elements from about a dozen 

usual ones (B, C, N, Al, Si, Ti, V, Cr, Mn, Ni, Cu, Nb, Mo, W…), resulting in a many-dimension 

design space. Designing enhanced-recyclability grades involves an even more complex space as 

trace elements from scrap metal must be accounted for as well [11]. High-throughput approaches 

have been proposed as a solution to carry out rapid investigations of multidimensional 

composition spaces [12–15]. The crux of these methods is largely the sample fabrication routes 

on which they rely. In the context of structural materials, diffusion couples and multiples present 

the advantages of microstructures and sizes suited for the simulation of industrial processes and 

for a wide range of characterization techniques [16]. Of particular interest is their suitability for 

characterization by space- and time-resolved synchrotron X-ray diffraction, which enables the 

quantitative mapping of the phase fractions along the composition gradient. Combined with the 



 

 

appropriate sample environment, such experiments can produce measurements of transformation 

kinetics over wide ranges of composition in a single experiment. 

The application of this high-throughput methodology requires a number of conditions to be met 

by the compositionally graded specimens and the synchrotron experimental station. First, the 

composition gradient must extend over a distance several orders of magnitude larger than both 

the typical mass transport distance of the studied transformation and the size of the synchrotron 

beam. This ensures that the influence of the gradient on the studied transformation can be 

neglected. Second, the composition gradient must be strictly unidirectional. Combined with the 

first point, this allows a unique composition to be associated with each diffraction data point. 

Third, the sample must be maintained in an inert atmosphere during the experiment. This 

safeguards the metallic sample from oxidation and is especially important in the case of low-

alloy steel, which is sensitive to decarburization as well [17]. Fourth, diffraction conditions 

should lead to circularly symmetric diffraction patterns exhibiting continuous, homogeneous 

Debye-Scherrer rings, which can be used to quantify phase fractions reliably. Finally, the 

detector acquisition rate and the translational velocity of the stage should be sufficient to capture 

all the stages of the considered transformation kinetics across all compositions within the 

gradient. While the former is usually well within the capabilities of modern equipment, the latter 

tends to be at the limit of commercially available parts, of the order of 1 mm.s-1 for precisions of 

the order of 1 µm.  

In the present study, all the afore-listed requirements were met with compositionally graded low-

alloy steel samples in order to investigate the most ubiquitous transformation in steel processing 

[18–21], that of face-centered cubic austenite into body-centered cubic ferrite, and map its 

kinetics in the composition-temperature space. The outcome of the method is illustrated by 



 

 

presenting the final results in two example systems, Fe-C-Ni and Fe-C-Ni-Mo. This type of 

information is critical in determining if and how prospective grades can be processed. 

Additionally, the harvested data was analyzed along calculation results based on the formalism 

associated to three different transformation mechanisms. The high density in the composition 

space of these datasets is leveraged to discuss the general validity of those mechanisms. 

2 Material and Methods 

2.1 Fabrication of diffusion couples 

The samples used in this study were cast, hot-rolled and homogenized at 1200°C for 18 h and 

their initial compositions are provided in Table 1. The workflow for diffusion multiple 

fabrication consists of three steps as shown in Supplementary Fig. 1: solid-state diffusion 

bonding using uniaxial hot compression, high-temperature diffusion/decarburization to generate 

the substitutional composition gradients, re-carburization, and finally, grain size refinement. 

Since this study aims at exploring the effect of substitutional elements on intercritical ferrite 

growth in low-alloy steel, the diffusion multiples should contain gradients of composition for the 

substitutional elements with (ideally) a constant carbon content. Using the base alloys listed in 

Table 1, diffusion couples containing one substitutional element gradient were created by joining 

one binary Fe-C alloy and one ternary Fe-C-X alloy. Diffusion couples containing opposite 

gradients of composition can also be generated by coupling Fe-C-X1 and Fe-C-X2, where X1 and 

X2 are two different substitutional elements. 



 

 

Table 1: Chemical compositions (wt. %) of the different base alloys used to fabricate the 

compositionally graded samples. 

 C Si Mn Mo Cr Ni Al Other Fe 

Fe-C 0.26 0.01 0.004 <0.002 <0.002 <0.002 0.003 <0.002 Bal. 

Fe-C-0.2Mo 0.26 0.019 0.004 0.21 <0.002 <0.002 0.003 <0.002 Bal. 

Fe-C-1Ni 0.26 0.02 0.004 <0.002 <0.002 1.05 0.003 <0.002 Bal. 

 

Base alloy blocks of dimensions 15 × 15 × 7 mm3 were prepared from one binary alloy Fe–

0.26C (all compositions are given in wt. %) and two ternary alloys Fe–0.26C–X (X: 0.2Mo or 

1.0Ni). Couples were made by assembling and processing two of these blocks together, as 

depicted in Supplementary Fig. 1. To this end, both mating surfaces were ground, polished, and 

finished down to 1 μm diamond paste using standard metallographic techniques. Solid-state 

bonding between different alloys was achieved using uniaxial hot compression, during which the 

samples were held together under a compressive stress of 20 MPa at 900°C for 1 h, in an 

Ar/2% H2 atmosphere at 5 mbar, using a custom-made compression device. During this step, the 

couples were wrapped in tantalum foil to shield them from residual oxygen and minimize 

sticking to the grips. 

The next step consisted in generating composition gradients of substitutional elements using 

diffusion at high temperature. The treatment must be carried out at a temperature where the alloy 

is single-phased and where the substitutional elements present sufficient mobility to form 

millimeter-sized gradients. These conditions are met in the high-temperature ferrite single-phase 

range. Given the initial carbon contents of the alloys of this study (0.26 wt. %), they could not be 

fully ferritized before liquid starts to form. To circumvent this obstacle, the diffusion treatment 



 

 

was carried out in a decarburizing atmosphere, yielding carbon-free samples with millimeter-

scale composition gradients. Subsequently, carbon was reintroduced in those samples as required 

using gaseous carburizing in a CO/CO2 mixture. 

The decarburization/diffusion treatments were carried out at temperatures between 1400°C and 

1460°C depending on the composition of the base alloys, during 72 h, as can be seen in 

Supplementary Fig. 2. The furnace tube was continuously flushed with a 1000 sccm flow of 

Ar/2% H2 and was kept at a 1.3 bar pressure. This pressure, higher than atmospheric, was used to 

prevent oxygen leaks in the furnace chamber and avoid oxidation. The samples were then 

carburized to 0.2 wt. %C at 1100°C for 72 h in a CO/2% CO2 carburizing atmosphere, at a 1 bar 

pressure, and under a total gas flow of 204 sccm. The re-carburized samples were treated at 

1300°C for 2 h in dry Ar to homogenize the carbon content over the whole sample. 

Supplementary Fig. 3 shows examples of the obtained composition profiles after the 

decarburization and re-carburization treatments of a diffusion couple between a binary Fe-C 

alloy and a ternary Fe-C-1Ni alloy and between two ternary systems Fe-C-1Ni and Fe-C-0.2Mo. 

The carbon content is measured along the gradients using electron probe microanalysis (EPMA) 

and was found to be about 0.2 wt. %. This carbon content is representative of commercial grades 

of advanced high strength steel (AHSS). Results show substitutional composition gradients 

several millimeters long in both cases. Such an extent is well suited for diffraction measurements 

using a typical 200 µm synchrotron X-ray beam, resulting in several dozen composition points 

per couple. Moreover, the composition profiles are continuous and without local fluctuations, 

which is necessary to accurately associate a unique chemical composition with each high-energy 

X-ray diffraction (HEXRD) measurement. 



 

 

The obtained average grain size after the prolonged high-temperature treatments (72 h at 1400°C 

+ 72 h at 1100°C) was 4-7 mm, which is not suitable for X-ray diffraction experiments. Plastic 

deformation should be used with caution to refine the microstructure by recrystallization, since 

an inhomogeneous through-thickness distribution of strain can cause a perturbation of the 

concentration gradient [17]. One way to refine the grain size without plastic deformation is to use 

rapid cycling heat treatments [22]. To this end, samples were first austenitized at 880°C for 

1 min in a salt bath then water quenched to obtain a fully martensitic structure, as shown in 

Supplementary Fig. 4. Then, the samples were treated at 880 ̊C for 7 seconds followed by water 

quenching and the operation was repeated 5 times. The rapid cycling heat treatments allowed 

reducing the average grain size of the diffusion couples to 200 – 250 μm. To further refine the 

microstructure, diffusion couples were cold rolled with the rolling direction perpendicular to the 

composition gradient, to avoid any change in the composition gradient. Prior to the cold rolling 

step, samples were tempered at 660 ̊C during 5 h to generate a ductile microstructure. To avoid 

inhomogeneity of deformation, only 20 % of reduction was applied on the diffusion couples in a 

single pass. At the end, samples were treated at 900 ̊C for 1 min to recrystallize the 

microstructure. As a result, the new average grain size after rapid cyclic heat treatments and cold 

rolling was about 50-80 μm, which is well suited to the X-ray diffraction experiments and for the 

study of ferrite precipitation. 

2.2 High-energy X-ray diffraction experiments 

In situ high-energy X-ray diffraction experiments were performed at the beam-line P21.2 of the 

DESY PETRA III synchrotron in Hamburg, Germany, using an energy of 82 keV 

(λ = 0.1512 Å). The high-energy beam allows working in transmission mode. To maximize the 

number of grains in the illuminated volume, a beam size of 1 × 0.08 mm2 (80 μm along the 



 

 

concentration gradient, 1 mm perpendicularly) was used. The Debye-Scherrer diffraction rings 

were collected using a high-resolution 2D VAREX 4343CT detector with a 10 Hz acquisition 

rate placed 1 m away from the sample. NIST Standard Reference Material silicon 640d [23] and 

pyFAI software [24] were used to calibrate the measurement system. Cylindrical samples, 

30 mm in length and 3 mm in diameter, were machined out of the diffusion couples. The sample 

environment for the in situ experiments consisted of a radiative furnace [25] with atmosphere 

control and sample rotation capabilities. The used rotation speed was 5 rotations/s. The rotary 

sample holder minimizes the potential effects of texture and coarse grain size on the diffraction 

patterns. Heating required for the thermal schedules shown in Fig. 1a was achieved by a set of 

lamps surrounding the sample and the temperature was regulated using a spot-welded type-S 

thermocouple. A high-purity (N60) argon flow was used to shield the sample and prevent 

decarburization and oxidation during the experiments. A schematic diagram of the experimental 

setup can be found in Fig. 1b, along with side and in-axis pictures in Fig. 1c and Fig. 1d, 

respectively.  

The sample and furnace configuration minimized the temperature gradient over the scanned 

composition profile of the diffusion couple. This thermal gradient was evaluated in situ for the 

Fe-C/Fe-C-Ni couple. To this end, the control thermocouple was welded at the ternary Fe-C-1Ni 

composition end, providing a direct measurement at this point. The temperature at the binary Fe-

C composition was estimated by matching the fraction calculated with the ThermoCalc software 

package with the TCFE9 database to that observed experimentally after 900 s. This temperature 

can be used as a measurement since the transformation is known to proceed until equilibrium 

values are reached in the binary system [26]. As a result, a gradient of about 1.5°C/mm was 



 

 

found between the two extremities of the composition gradient. This value was assumed to hold 

for the Fe-C-Ni/Fe-C-Mo couple. 

In order to gather time- and space-resolved ferrite growth kinetics during heat treatments, the 

compositionally graded samples were translated continuously along the composition gradient. 

The samples were scanned over several millimeters by continuous, vertical translation of the 

furnace at a 1 mm/s velocity. The exact position of the stage was tracked at all times using a pair 

of linear variable differential transformers (LVDTs). Diffraction patterns were continuously 

recorded during the entirety of each run with an acquisition time of 0.1 s. In this configuration, 

diffraction patterns were recorded every 5 to 10 s for each composition along the gradient. 

The details of the heat treatments for in situ HEXRD experiments were as follows. The 

compositionally graded samples were heated to 910°C at 10°C/s and held at this temperature for 

30 s to reach full austenitization, which was checked using the diffraction patterns recorded 

during this step. Samples were then rapidly cooled down at 60°C/s to an inter-critical 

temperature (between 730°C and 775°C) and held at this temperature for 15 min to follow the 

transformation of austenite into ferrite. Finally, samples were cooled to room temperature at 

60°C/s. The protective atmosphere associated to a thermal schedule strictly limited to the needs 

of the experiment allowed reuse of the same graded sample, notably for the investigation of 

multiple temperatures. This limited the number of samples required for mapping transformation 

kinetics in a given composition range. The obtained Debye-Scherrer diffraction rings, as 

illustrated in Supplementary Fig. 5, were converted to classical 2θ-intensity diffractograms, as 

shown in Supplementary Fig. 6, by circular integration using the pyFAI software package [24]. 

Rietveld refinement was used to determine phase fractions using the FullProf software package 

[27]. The typical absolute observational error based on this procedure is estimated at about 1 %. 



 

 

The evolution of ferrite fraction as a function of time across a diffusion couple between Fe-C and 

Fe-C-Ni treated at 730°C is shown in Supplementary Fig. 7. The observed oscillations in ferrite 

fraction correspond to the sample translation along the nickel gradient. In accordance with the 

high-throughput logic of the method, the obtained ferrite fractions must be sorted as function of 

composition. To this end, each fraction data point is first associated to a stage position by using 

the data from the LVDTs, which can be seen in Supplementary Fig. 8. Next, this positional 

information is converted into a compositional one using EPMA measurements, presented in 

Supplementary Fig. 9. This leads to Supplementary Fig. 10, where each curve corresponds to the 

evolution of ferrite fraction as a function of time for a specific nickel composition. Considering 

the beam size of 80 µm used during the HEXRD experiments, the variation of nickel 

composition within the beam is about 0.018Ni, about 2 % of the maximum content. The result 

clearly brings out the effect of nickel content on the ferrite growth kinetics. Ferrite growth rates, 

as well as the ferrite fractions reached at the plateau, decrease with increasing nickel content. 

This dependency of ferrite growth rate on nickel composition was obtained using a single 

experiment illustrating the importance of high-throughput methods on providing rich databases 

that can be used to understand phase transformation kinetics in steels. 

Finally, the grain size of the parent austenite that underwent the transformation is needed for 

accurate interpretation of the data. It was measured at the end of the HEXRD experiments, 

continuously throughout the gradient by metallography, assuming that all ferrite nucleates at 

prior austenite grain boundaries. To this end, post mortem samples were cut in half length-wise 

and hot mounted before being ground on SiC paper and polished with diamond paste, down to a 

1 µm finish. The ferrite/martensite microstructure resulting from the in situ experiment was 

revealed by etching the samples with a 4 % potassium metabisulfite aqueous solution.  



 

 

2.3 Models of the transformation of austenite into ferrite 

To analyze the data, the experimental growth kinetics is compared with the predictions of the 

different theoretical models: paraequilibrium (PE), local equilibrium with negligible partitioning 

(LENP), and solute drag. The input data for the models are carbon and nickel contents measured 

using EPMA, temperature and parent austenite grain size. 

LENP and PE calculations were carried using the ThermoCalc software package with the TCFE9 

and MOB2 databases. Parent austenite grains were assumed spherical with a thin (100 nm) initial 

ferrite nucleus at the grain boundaries. 

Solute drag modeling was carried out using a revision of the three-jump model developed by 

Zurob et al. [28]. The name of the model stems from its discrete representation of the 

transformation interface using four atomic layers. A key feature of Zurob’s model is the choice 

of two parameters: the binding energy of the substitutional element at the interface and its trans-

interface diffusion coefficient. These two parameters are not known experimentally and 

generally used as fitting parameters. 

According to Zurob’s approach [28], the diffusion coefficients D1 and D3, corresponding to the 

first and last jumps, were taken as the diffusion coefficients of element X in ferrite Dα and in 

austenite Dγ, respectively. For the intermediate jump, the diffusion coefficient D2 was 

systematically taken as the geometrical average of Dα and Dγ. As a result, the interface diffusion 

parameter is not considered as a fitting parameter, unlike in previous studies [29]. The only 

fitting parameter used in the present study is thus the interaction parameter between elements Fe 

and X at the interface. It is important to note that this parameter does not control the segregation 

behavior of element X at the interface alone. The segregation tendency is expressed with the 

combination of the different interaction parameters such as the Fe-X, Fe-C and X-C parameters. 



 

 

The interaction parameter of carbon at the interface was adjusted to -50 kJ/mol to capture the 

significant segregation of carbon at the interface, observed notably by atom probe tomography 

[30]. The interactions between X and Fe, and between C and Fe are controlled using the 

thermodynamic parameters in the ThermoCalc database LFe,X:Va and LFe,C:Va, respectively. 

Changing either or both of these parameters results in a modification of the substitutional solute-

carbon (X-C) Wagner interaction parameter ϵXC in the boundary[31], which represents the 

interaction between solute X and carbon in the dilute solution model. To account for this change, 

the Wagner coefficient was calculated both in austenite and in the interface, then the LFe,X:C,Va 

parameter of the interface was adjusted to reproduce the same Wagner interaction value as in 

austenite. As a result, only the LFe,X:Va parameter is used as a fitting parameter. For quaternary 

systems, the Wagner interaction coefficient between X1 and X2 ϵX1X2 was also modified to obtain 

the same value as in austenite. Indeed, this parameter is affected by changes in the LFe,X1:Va and 

LFe,X2:Va, thermodynamic parameters [31]. Thus after modifying them appropriately, the Wagner 

interaction coefficient between X1 and X2 was calculated in both austenite and the interface. The 

parameter LX1,X2:Va of the interface was adjusted to capture the same X1-X2 Wagner parameter as 

in austenite. It was found, using this approach, that quaternary cases can be modeled using the 

LFe,X:Va parameters determined from the corresponding ternary sub-systems, thus requiring no 

fitting parameters. 

Supplementary Fig. 11 compares the evolution of the measured ferrite growth kinetics using 

HEXRD and the predicted kinetics using the different models, PE, LENP and solute drag for the 

whole range of the studied compositions. Both LENP and PE predicted kinetics are faster than 

the measured ones and the discrepancy between the measurements and the calculations increases 

with nickel content. The predicted kinetics using the solute drag model are in good agreement 



 

 

with the measurements. The Fe-Ni interaction parameter at the interface was the only fitting 

parameter and was kept constant over the whole composition range, from 0 to 1 wt.% Ni. 

3 Results and Discussion 

Fabrication of the samples is particularly challenging in this specific case due to the 

simultaneous presence of both carbon and substitutional alloying elements. As stated in section 

1, it is necessary for the composition gradient to reach a minimal size. In the present case, this 

size is of the order of a centimeter. Substitutional elements are sluggish diffusers in steel [32], as 

it would take about a month to establish such a gradient in the austenitic range [33]. To keep 

diffusion treatment times under a week, it becomes necessary for them to be carried out in the 

high-temperature ferrite single-phase region, where they are sped up by a factor of approximately 

10. However, at the carbon contents suitable for the present work, liquid forms before the 

samples can be fully ferritized. To circumvent this, samples were treated in a decarburizing 

atmosphere, yielding carbon-free samples with properly sized gradients. Subsequently, carbon 

was reintroduced in those samples as required using gaseous carburizing in a CO/CO2 mixture. 

Carbon is an interstitial element and displays a diffusion coefficient up to six orders of 

magnitude greater than substitutional elements [34]. Thus, carburization can be performed in the 

austenite single-phase region until carbon content is homogeneous, without affecting the 

previously established gradient of substitutional elements. Performing those steps in single-phase 

regions, ferritic then austenitic, also presents the advantage of minimizing distortions in the 

diffusion front, as it promotes homogeneous diffusion, with the unavoidable exception of grain 

boundaries, and prevents alloying element partitioning in secondary phases. In the present case 

of a planar initial front, this leads to a quasi-unidirectional composition gradient across the 

sample. The requirement for a single-phase material during the heat treatment steps introduces a 



 

 

limitation regarding the ranges of composition that can be investigated as it imposes that the two 

base alloys forming the couple present common temperature ranges over which they can both be 

fully ferritized and austenitized.  

Equally important is the use of an appropriate sample environment for the in situ experiment. In 

the present case, the measurements were focused on the isothermal transformation of austenite 

into ferrite in the intercritical range. As depicted in the general thermal schedule in Fig. 1a, such 

experiments require fast temperature changes, 60°C.s-1 here, and accurate control of the 

temperature, within ± 1°C. Additionally, the homogeneous temperature zone must be at least as 

large as the composition gradients in the samples, so that all kinetic records across the gradient 

correspond to the same temperature. A specifically designed lamp furnace was used to apply the 

required sample environment shown in Fig. 1b. After experimenting with other heating methods, 

radiation heating was found to deliver the best compromise in terms of temperature homogeneity 

and heating/cooling rates. This furnace notably features a water-cooled, rotating sample holder 

enclosed in an amorphous silica tube. This tube is flushed with high-purity argon during thermal 

cycles to preserve the specimens from oxidation and decarburization. The rotation motor allows 

between a half and a full rotation during each diffraction pattern recording time. This feature 

greatly enhances the appearance of the Debye-Scherrer rings, which become much more 

continuous and more homogeneous compared to static recording. Fig. 1c and Fig. 1d show the 

furnace as setup in the experiment hutch of the synchrotron beamline. 

The last items to address are the X-ray beam size as well as the pattern acquisition and scan rate, 

which will condition the spatial and compositional resolution of the profile. The requirements on 

these parameters must be tuned depending on the material and the transformation. The optimal 

beam size results from a compromise: a large beam gives more signal and illuminates more 



 

 

grains whereas a small beam provides a higher spatial and thus compositional resolution. In the 

case of a unidirectional gradient, a rectangular beam was used to maximize the beam size 

perpendicularly to the gradient direction and minimize it parallelly. The detector acquisition rate 

should be as high as possible as long as diffraction patterns present high enough signal to noise 

ratios for accurate phase quantification. Finally, the velocity of the stage scanning the sample in 

front of the beam should ideally be sufficient to shift the sample by one beam size during one 

pattern acquisition for efficient and dense data collection. Given the acquisition rates of modern 

detectors, achieving such a velocity generally constitutes the most challenging hurdle, as the 

displacement of the stage must remain precise, within a few microns, in addition to being fast, 

the order of a few millimeters per second.   

After circular integration of the diffraction patterns followed by phase quantification using 

Rietveld refinement, the typical result of the experiment is the volume fraction of the phase of 

interest as a function of time. This data can then be sorted based on the position of the specimen 

at the time of recording. In a compositionally graded specimen, each position can be further tied 

to a specific composition, measured using a space-resolved technique such as electron probe 

micro-analysis. This last step leads to full kinetic records of the transformation, quasi 

continuously over an entire range of composition. A typical dataset obtained after one in situ run 

is represented in Fig. 2, showing the case of a ternary graded sample transformed at 730°C. 

A 4-day synchrotron time slot on beamline P21.2 at DESY was sufficient to acquire over 1500 

kinetic records for independent compositions and temperatures, resulting in an amount of kinetic 

data that compares with the entirety of the pre-existing literature, covering the isolated effects of 

silicon, chromium, manganese, nickel and molybdenum, as well as several of their combinations. 

Additionally, measurements from the literature are usually sparse, either over time or over the 



 

 

composition range [35–44]. Here, the kinetic records are dense along both dimensions. This is 

advantageous when they are directly used as references to estimate the transformation kinetics of 

a particular alloy with a much-reduced need for interpolation. It is also helpful to pinpoint 

transitions in the transformation mechanism more easily and with greater precision than with 

traditional methods. More importantly, such a database is very well suited for comparison with 

results from numerical models of the transformation.  

In the case of the non-partitioning growth of ferrite into austenite, the two most common models 

are the para-equilibrium (PE) model [45] and the local equilibrium with negligible partitioning 

(LENP) model [46]. These models correspond to simple, extreme hypotheses regarding the 

transformation mechanism. Both models have been used extensively in attempts at modeling the 

transformation kinetics and determining which set of hypotheses is the most representative [40]. 

In some cases, it was concluded to a better agreement with the PE model [47], while others 

reported a better agreement with the LENP model [37,41,42]. There are also numerous cases in 

which the transformation kinetics is intermediate [34,42,43]. This led to the proposition that 

conditions at the interface, and thus its velocity could evolve from PE to LENP during the 

transformation [40]. However, there exist results where the kinetics were found to fall below the 

predictions of both models [42,44]. This discrepancy in reported results shows that a clear 

understanding of the transformation has not been achieved yet.  

The results presented here can also be used to explore this question. However, instead of a few 

discrete points in the (time, composition) space, it is possible to compare modeling results to 

experimental data with both a high time resolution, of the order of a few seconds, and a high 

composition resolution, of the order of 0.01 wt.%.  



 

 

In all examined systems and conditions, observed transformation kinetics do not match PE 

calculations. This is illustrated in Fig. 3a where it can be seen that, in the Fe-Ni-C system, the 

model predicts higher transformation rates than those that were recorded and does so even during 

the first seconds of the transformation by a factor of about 7. Moreover, the final ferrite fractions 

that it returned exceeded experimental records starting from very low substitutional solute 

contents, by more than 1 % at 0.1 wt.% Ni. The gap widens as this content increases as shown in 

Fig. 3b. The results of the model in higher-order systems compared similarly to experimental 

measurements. The results obtained for the Fe-Ni-Mo-C system exemplify this behavior over the 

entire investigated portion of the (time, composition) space, as can be noted by comparing Fig. 

4a to Fig. 4b. If the transformation starts transiently under PE conditions [40], these were short-

lived in the investigated cases, the order of a second or less. This supports the assumption that if 

interfacial concentrations match PE calculations at nucleation [40], they rapidly change during 

growth. LENP did not capture the kinetics of the transformation either, overestimating the 

transformation rates as evident from both Fig. 3a and Fig. 4c. It did predict final ferrite fractions 

in good agreement with the experiments at low substitutional solute contents, as seen in Fig. 3b 

where its predictions remain within ± 1 % from the experimental data up to 0.6 wt.% Ni. 

However, LENP deviates from experimental data at higher contents, by more than 2 % at 1 wt.% 

Ni, indicating that an alternative mechanism operates. 

Other more complex models of the transformation have been proposed [28,48–50]. These models 

generally display a better suitability for a universal description of the transformations. The 

solute-drag model proposed by Zurob et al. is one such recent example [28] in which the energy 

dissipation due to the interaction between substitutional solutes and the moving interface 

accounts for the transformation kinetics. It was able to accurately describe the transformation 



 

 

kinetics in many systems during decarburization. It should be noted that the better performance 

of this more elaborate model comes at the cost of additional, a priori unknown parameters related 

to the properties of the transformation interface. As they cannot be directly measured, these 

parameters are assessed by fitting experimental kinetic data. With sparse experimental datasets, 

these added parameters always lead to at least one satisfactory fit. Using large datasets such as 

the ones collected here permits to constrain those parameters and reduce their associated 

variance. 

Solute-drag-based calculations were able to describe the transformation kinetics better than both 

PE and LENP for all solute contents using a single set of interface-related parameters. In 

particular, the thermodynamics used to translate the interaction between nickel (resp. 

molybdenum) and the interface for the calculations in the ternary Fe-Ni-C (resp. Fe-Mo-C) were 

kept for the calculations in the quaternary Fe-Ni-Mo-C shown in Fig. 4d. Solute drag 

calculations returned values closest to the experimental data over all the composition ranges, 

both in terms of final ferrite fraction and kinetics.  

4 Conclusions 

A high-throughput methodology for mapping phase transformation kinetics in the composition 

space was successfully applied to study the transformation of austenite into ferrite in low-alloy 

steel. The technique consists in in situ time- and space-resolved synchrotron X-ray diffraction 

experiments conducted on compositionally graded specimens. The dataset resulting from a single 

run is highly resolved along both composition and time dimensions. The resulting database, 

unprecedented in size, was compared to calculations using PE, LENP and solute drag models in 

example systems Fe-Ni-C and Fe-Ni-Mo-C. The main findings can be summarized as follows: 



 

 

 The PE model overestimates the amount of ferrite formed at the end of the 

transformation, even at low solute contents. Addition of 0.1 wt.% Ni leads to an 

overestimation by more than 1 %. This discrepancy strengthens with increasing solute 

content. 

 Experimental transformation rates were always lower than PE predictions even after short 

transformation times of the order of a second. 

 LENP calculations returned ferrite fractions at the end of the transformation in good 

agreement with experimental observations when solute content is low. Ni contents in 

excess of 0.6 wt.% result in overestimation by more than 1 %. 

 Solute drag simulations led to a good agreement with the experimental data over all 

investigated composition ranges in both Fe-Ni-C and Fe-Ni-Mo-C, never deviating by 

more than 1 %. 

The experimental results supporting these conclusions were made possible by the high-

throughput methodology developed in this work. It was shown here to provide a rapid and 

thorough assessment of the effect of composition on the austenite to ferrite transformation 

kinetics. This information is critical to manufacturing modern low-alloy steel grades and 

designing future ones. It should also be noted that the bases of the methodology are general and 

thus, it can be adapted to other phase transformation cases, in steel but also in other metallic 

alloys. 

 

Data availability: The raw/processed data required to reproduce these findings cannot be shared 

at this time as the data also forms part of an ongoing study. 
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Fig. 1. Details of the in situ experiments. (a) Thermal schedules applied to the graded samples. 

They were designed to produce isothermal growth of ferrite from a fully austenitic 

microstructure. (b) Schematic depiction of the synchrotron sample environment on the beam 

line. (c) Picture of the experimental setup in the beamline hutch, taken perpendicular to the X-ray 

beam. (d) Picture of the furnace in operation, taken almost parallel to the X-ray beam. 

  



 

 

 

 

Fig. 2. Austenite-to-ferrite transformation kinetics at 730°C in a Fe-Ni-0.26C with a nickel 

composition gradient. The increasing nickel content decreases the tranformation rate and the 

final ferrite fraction. 

  



 

 

 

 

Fig. 3. Experimental volume fractions recorded during ferrite growth in an Fe-C-Ni alloy 

at 730°C, compared against predictions from para-equilibrium (PE), local equilibrium with 

negligible partitioning (LENP), and solute drag (SD) models. (a) Ferrite growth kinetic 

records of at 0.5 wt. % and 1.0 wt. % nickel contents. (b) Ferrite volume fractions at the end of 

the 900 s isothermal hold as a function of nickel content. The insert shows the position of the 

investigated range of compositions on the isothermal section of the ternary phase diagram. 



 

 

Unlike the other models, final ferrite fractions predicted by the SD model remain within ± 1 % 

from the experimental values.  

 

Fig. 4. Full kinetic maps of the transformation of austenite into ferrite at 730°C in the 

(time, composition) space in a Fe-Ni-Mo-C sample with a nickel/molybdenum gradient as 

given by (a) the experiment and the (b) paraequilibrium (PE), (c) local equilibrium 

negligible partitioning (LENP), and (d) solute drag (SD) models. SD calculations closely 

track experimental measurements, while the PE and LENP models overestimate both the 

transformation rates and the final ferrite fraction. The final fractions given by the SD model are 

all within ± 1 % from the experimental results, while PE and LENP results exceeds them by at 

least 2 % over the whole composition range. The non-monotonic evolution of the kinetics is 

related to local variations of carbon content, temperature and grain size. 

 


