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Abstract 

A new process to rapidly obtain high strength interstitial free (IF) steel was investigated. Thin 

sheets of IF steel were coated on one or both sides with an amorphous FeC film and subjected to 

a two-step induction heating cycle (1100 ˚C followed by an isothermal hold at 780 ˚C for 2 or 4 

minutes) and a rapid quench in water. Tensile mechanical properties were measured and a yield 

stress of 374 MPa and an ultimate tensile strength of 448 MPa were achieved after 2 minutes of 

induction heating. After 4 minutes of induction heating, the yield stress and the ultimate tensile 

strength drop at 206 MPa and 320 MPa respectively. During tensile testing, the specimens 

induction heated for 2 minutes show Lüdering, which is suppressed when the induction heating is 

extended to 4 minutes. Vickers microhardness measurements through thickness confirm that 
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higher mechanical properties are obtained after 2 minutes of induction heating. Transmission 

electron microscopy reveals that strengthening results from dislocations, carbon in solid solution, 

and the precipitation of nanosized TiC particles. A fine microstructure with an average grain size 

of 15 μm is preserved after the induction heat treatment. 

Keywords: Interstitial free (IF) steels, Induction heating, FeC films, Physical Vapor Deposition 

(PVD), Transmission Electron Microscopy (TEM) 

1. Introduction 

A major effort in steel research is dedicated to strengthening of steels used for automotive 

applications to comply with more stringent requirements for fuel efficiency (Ref 1). Interstitial 

Free (IF) steels and Ultra-Low Carbon (ULC) steels are both used for car body panels and 

packaging because of their low cost and good formability during conventional deep-drawing 

operations. The yield stress of ULC steels can be increased by only 50-60 MPa using bake-

hardening, while IF steels are in general not bake-hardenable because the few carbon atoms present 

in the composition (≤ 30 ppm) are stabilized with Ti or Nb to form stable precipitates (Ref 2). IF 

steels are strengthened by adding manganese, silicon and phosphorus or by using grain refinement 

processes and high deformation through cold-rolling (Ref 3) - (Ref 4). Current commercial IF 

steels available for automotive applications have a maximum yield stress of 300 MPa with strain 

at fracture of 30% (Ref 5), while transformation induced plasticity (TRIP) steels have yield stresses 

of 450-650 MPa and strain at fracture of 20-25% depending on the alloying element (Ref 6). New 

methods to strengthen IF steels by careful control of their composition (e.g., addition of copper or 

nitrogen) and subsequent heat treatment have been published (Ref 7) - (Ref 8). The addition of 

1.18 wt.% of copper increases the yield stress to 456 MPa but no value of strain at fracture has 

been mentioned (Ref 7). Nitriding of IF steel in a potassium nitrate salt bath can result in yield 



stresses ranging from 570 MPa up to 1060 MPa depending on the nitriding time, however the strain 

at fracture is below 10% (Ref 8).  

Starting from this background, a new process to strengthen IF steel is proposed in this paper. The 

advantages of the method presented here are its high efficiency in terms of annealing time, and 

that carbon is simply used as the strengthening element. Carbon is often introduced by careful 

control of steel composition or through a carburization treatment that requires several hours at 

temperatures close to 800 °C (Ref 9). In the present work, the carburization of IF steel was 

performed via the deposition of an amorphous FeC film followed by a rapid diffusion annealing 

heat treatment done through induction heating. In literature, electroplating (Ref 10) - (Ref 11), hot 

filament chemical vapor deposition (HFCVD) (Ref 12) or electrophoretic deposition process 

(EPD) (Ref 13) are described as successful techniques to obtain nano and micro coatings. More 

recently, sol-gel methods were used to obtain self-healing coatings on metallic substrate (Ref 14). 

However, in steel industries the physical vapour deposition (PVD) process is often implemented 

at industrial scale, for instance for zinc coating of steel substrates to avoid atmospheric corrosion 

(Ref 15). PVD is considered to be a low temperature (~ 250 °C) deposition technique with large 

flexibility for the production of multilayered coatings of variable compositions. The advantage of 

PVD is the accurate thickness control and the lower environmental impact compared to standard 

electrodeposition or hot-dip galvanizing processes (Ref 15) - (Ref 16). Thus, PVD is a technique 

that can be available in steel industries and that potentially can be used to deposit the FeC film 

used in this investigation.   

The main advantage of induction tempering over furnace tempering is the rapid heating rate that 

can be attained, which allows preserving fine grains microstructures in the steel substrate. 

Moreover, induction tempering can be integrated in industrial line production and it is already 



widely employed by automotive companies to temper hardened components such as shafts, bars 

or joints (Ref 17). Induction heating was used to study microstructure and mechanical property 

evolution in Fe-1.4%Cr-1%C pearlitic steels (Ref 18) and it is considered advantageous compared 

to other heating methods, because of its energy efficiency with shorter start-up and shut-down 

times. Furthermore, induction heating plants can be used with protective atmospheres in case 

oxidation of the parts has to be avoided (Ref 17). 

The authors have already shown that amorphous FeC films can act as carbon reservoirs to diffuse 

a controlled amount of carbon in a coated IF substrate (Ref 19) - (Ref 20).  However, for this 

carbon diffused IF steel, the maximum yield stress was 300 MPa with a strain at fracture of 30% 

because at temperatures higher than 500 °C the amorphous FeC film recrystallizes forming 

cementite (Fe3C) limiting further carbon diffusion into IF substrate. Moreover, all tensile curves 

had Lüdering, which is in general undesirable for forming operations.  

The work presented here has three main goals: the first is to maximize the strength of the coated 

IF steel by minimizing the time required to reach the isothermal temperature for carbon diffusion 

from FeC PVD films using induction heating. The second goal is to limit or suppress the formation 

of Lüder bands. The third goal is to demonstrate that this technique can be used to create graded 

steel sheets with a high hardness close to the coated surface and low hardness at the uncoated 

surface, which would be promising to obtain dent resistant steels while maintaining ductility. 

2. Materials and Methods 

2.1. Material and Induction Heat Treatment 

The composition of the IF steel sheets used in this work contains 14x10-3 at.% of carbon,  

64x10-3 at.% of titanium, 113x10-3 at.% of manganese, 22x10-3 at.% of sulphur, 16x10-3 at.% of 

phosphor, 7x10-3 at.% of nitrogen and iron in balance. This chemical composition (provided by 



the producer) was obtained through a combination of optical emission spectroscopy (OES) for 

most elements and LECO combustion analysis for C, N, O, S. 

The IF substrate has an amount of titanium 4.5 times higher (in wt.%) than the amount of carbon. 

This amount of titanium stabilizes the carbon and nitrogen present in the initial steel sheet. The 

sheets were 0.197 – 0.200 mm thick and were cut into subsize tensile samples using electro-

discharge machining (EDM). Tensile samples had a dog-bone shape with a gauge length of 5 mm 

and a width of 1 mm (Fig. 1 (a)). These tensile specimens were then cleaned using ethanol followed 

by etching with a 2 vol.% Nital solution and then rinsed with distilled water and ethanol before 

being coated either on a single side or on double sides with a 500 ± 20 nm thick amorphous FeC 

film containing 30 ± 3 at.% of carbon (balance Fe) using physical vapor deposition (Fig. 1 (b)) 

following a procedure described in literature (Ref 20) - (Ref 21). The coated specimens were then 

sealed under vacuum (10-6 Torr) in quartz cylinders and subjected to an induction heat treatment 

followed by quenching in water. Indeed, the presence of air is detrimental for the diffusion of 

carbon from FeC PVD films due to decarburization of the film (Ref 20). The quartz ampoule is 

inserted in a water cooled copper coil which is connected to an alternate current (AC) generator 

whose power is varied to control the temperature experienced by the sample. Sample temperatures 

were measured using an infrared pyrometer, IGA 15 Plus, distributed by LumaSense technologies. 

During the heat treatment, an initial temperature of 1100 °C is reached with a heating rate of 115 

°C/s and the coated steel is kept at this temperature for 2 seconds to fully austenitize the specimen. 

The temperature is then lowered to 780 °C and maintained for 30 seconds, 2 minutes or 4 minutes 

before quenching in water. Fig. 2 shows a schematic diagram of the heat treatment profile. The 

same heat treatments were performed on uncoated (as received) IF steel to investigate the stability 

of the substrate during induction heating and to prove that no variation in mechanical properties 



came from the uncoated IF substrate. The induction heating process was selected because it allows 

reaching fast heating rates that cannot be obtained with standard vacuum furnaces using resistive 

elements. If the same heating cycle (1100 °C – 2 seconds followed by holding at 780 °C for 

different times) would be applied to coated IF steel using standard heating furnaces, the heating to 

go from 25 °C to 1100 °C and the cooling rate to go from 1100 °C to 780 °C would be too slow 

and grain growth in the microstructure cannot be avoided. The fast heating rates obtained with 

induction heating prevent this grain growth and at the same time maximize carbon diffusion from 

the FeC film before it recrystallizes. Thus, induction heating is selected for its high heating rates 

and the possibility to properly control the heating rate with precision.  

The IF thin metal sheet is enclosed inside a coil where the alternate current (AC) flows. This 

alternate current flowing inside the coil produces a magnetic field which induces a current flow 

inside the metallic sheet. The current flows in opposite direction in the upper and lower sides of 

the metallic sheet. The thickness depth, where the current flows, is named skin depth (Ref 22). 

Joule heating of the metallic sheet is caused by these currents flowing in opposite direction. 

According to literature (Ref 22), if the sheet thickness is less than 4 times the skin depth, the 

currents at the upper and lower sides will extinguish each other. For thicknesses lower than 2.5 

times the skin depth, the current is attenuated and Joule heating is no longer possible. The induction 

heating system used for these experiments has 200 kHz frequency while the resistivity of iron at 

780 °C is 101x10-8 Ωm (Ref 23) and its magnetic permeability (μ) is 6.3x10-3 H/m. With these 

values, the calculated skin depth is 16 μm, while the total thickness of the sample is 197 μm, thus 

the skin depth is sufficiently small to guarantee Joule heating avoiding cancellation of the top and 

bottom face induced currents. 

2.2. Mechanical Properties and Microstructure Analyses 



A first set of induction heated samples were tensile tested at a strain rate of 5 x 10-4 s-1 at room 

temperature and engineering stress strain curves were obtained. At least two samples for each 

condition were tested. When Lüdering was present, the upper yield stress was chosen (i.e. 

maximum stress before the start of Lüder’s plateau), while if no plastic instability was detected, 

the yield stress was obtained as the stress corresponding to 0.2% engineering strain. Another set 

of specimens were induction heated with the same procedure and after the treatment, they were 

cold mounted in resin and polished down to 0.05 μm using diamond solutions and colloidal silica 

for microhardness measurements. Hardness profiles through thickness were obtained from a 

Vickers microhardness tester applying a load of 25 g for 10 seconds. In literature (Ref 24), it was 

reported that quench age hardening can occur at temperatures of 35 °C for a time of 16x104 seconds 

of storage for aluminium-killed low carbon steels quenched from 700 °C. However, in the present 

study quench-ageing did not occur because some specimens were tested right after the induction 

heat treatment and others were stored at 15-20 °C in a dried environment and tested 3-4 days after 

the heat treatment. As the induction heat treatment was the same, and despite the storage time at 

20 °C, all samples had the same mechanical properties and microstructure, indicating that no 

significant quench-ageing occurred. This was verified both for double coated and uncoated IF steel 

samples. The microstructure of the specimens was investigated after a light etch with a 4 vol.% 

Nital solution using optical microscopy and a scanning electron microscope (JSM-7500F FESEM 

(JEOL)). Transmission electron microscopy was used to assess dislocation density, density of 

precipitates and to identify the type of precipitates. Transmission electron microscopy (TEM) 

observations were carried out in scanning mode (STEM) using a JEOL ARM200F microscope 

operated at 200 kV. Bright field (BF) images were recorded with collection angles up to 45 mrad. 

Elemental mapping was carried out using energy dispersive X-ray spectroscopy (EDS) with an 



Oxford Instruments X-max detector (collection angle 0.7 sr). Thin foils samples were prepared by 

mechanical dimpling followed by ion milling or alternatively using a focused ion beam (FIB). 

3. Results and Discussion 

3.1. Microhardness Profiles 

Fig. 3 shows the results of Vickers microhardness tests where the hardness of the uncoated IF 

substrate remains unaffected after induction heat treatment (UC curves in Fig. 3). For each location 

through thickness, the plotted Vickers measurement is the average of 10 measurements (error bars 

in Fig. 3 represent the standard deviation). For single side coated samples, a large hardness gradient 

is observed after just 30 seconds of induction heating, (247 MPa at the coated surface, 161 MPa at 

the uncoated surface). After 2 minutes of induction heating, the double-sided sample shows the 

highest increase in hardness with a slight gradient (250 MPa at the center, 275 MPa at the surface), 

while after 4 minutes the hardness decreases (190 MPa at the center, 198 MPa at the surface).  

The time for induction heat treatments was chosen based on the expected carbon profile through 

thickness both for double sided coated and one side coated specimens. The carbon profile can be 

predicted using second Fick’s law and considering a maximum amount of carbon of 0.065 at.% 

available for diffusion because of film crystallization. The amount of carbon that is available for 

diffusion into the IF substrate is limited by crystallization of the amorphous FeC film (Ref 25), 

(Ref 26). The crystallization temperature of FeC amorphous films depends on initial carbon 

content in the film (Ref 21), (Ref 27). X-ray diffraction measurements were performed on FeC 

films annealed in a high vacuum furnace (Ref 27) or annealed using induction heating (Fig. 4). For 

both heat treatments the film was found to crystallize for temperatures equal to or above 530 °C. 

For diffusion annealing in vacuum furnaces, the FeC film forms mainly cementite (Fe3C). 

Stoichiometric calculations show that only 0.0645 at.% of carbon is left available for diffusion into 

the IF substrate considering full crystallization of the film into cementite. Fig. 4 shows the results 



of grazing x-ray diffraction performed on induction heated FeC film. When the induction heating 

is only performed for 1 minute, there is only a strong ferrite peak but most of the film is still 

amorphous, but after 4 minutes peaks corresponding to cementite are detected. The equation used 

to predict carbon diffusion through thickness is (Ref 20): 

𝐶(𝑦,𝑡)−𝐶𝑠
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where, C(y,t) is the carbon concentration at position y (through thickness) and at time t, while Cs 

is the carbon concentration at the surface and Ci is the carbon concentration inside the IF steel. D 

is the diffusion coefficient of carbon in ferrite and L is the total length covered by diffusion. L is 

half the sample thickness for double-side coated specimens or the full thickness for one-side coated 

samples. Fig. 5 shows the carbon profile for a double side coated coupon and Fig. 6 shows the 

profile for a one side coated coupon. 

These carbon profiles confirm that after 2 minutes of induction heating a small gradient is expected 

moving from the coated surface to the center, while in 4 minutes, the carbon profile is linear. For 

an induction heating of 30 seconds on a sample coated only on one side, the carbon diffusion will 

not cover the whole thickness, thus a large hardness gradient is obtained.  

3.2. Tensile Tests 

The engineering stress-strain curves obtained for double sided coupons (DS) after induction 

heating and quenching are shown in Fig. 7. Two tensile curves for the as-received, uncoated IF 

steel are included as reference. The maximum increase in yield stress (374 ± 6 MPa) and ultimate 

tensile strength (448 ± 3.5 MPa) is obtained after 2 minutes of induction heating. After 4 minutes 

of induction heating, suppression of Lüdering is observed and the yield stress drops to 206 ±1.7 

MPa with an ultimate tensile strength of 320 ± 12 MPa. Strain at fracture is 20 ± 1% for the sample 

double side coated and induction heated for 2 minutes, while strain at fracture is 36% ± 3% for 



induction heating performed 4 minutes in a double-sided coated sample. The maximization of 

strengthening after 2 minutes and the disappearance of Lüdering after 4 minutes of induction 

heating for coated samples are repeatable. Table 1 presents the average mechanical properties 

obtained from tensile tests for each condition with the calculated standard deviation. The 

deviations associated to yield strength and ultimate tensile strength for the induction heated 

samples are in the range of ± 10 MPa, which is also the uncertainty range associated with the 

starting as received IF steel. Engineering stress-strain curves of uncoated IF steel specimens 

induction heated at 780 °C for 2 minutes or 4 minutes are included in Fig. 7. The uncoated IF 

substrate shows no variation of yield stress and ultimate tensile strength after induction heating as 

shown in Table 1. The 2% - 4% standard deviation associated with the strain at fracture is due to 

the subsize geometry and thin thickness used for tensile specimens.  

Fig. 8 shows optical microscope images of the through thickness microstructure of uncoated 

specimens, where uniform grain size is preserved after induction heat treatment. No difference was 

found between the microstructure of the uncoated (as received) IF steel before and after induction 

heating; thus these specimens were not considered further for analyses. Moreover, from the 

mechanical properties shown in Fig. 3 and Fig. 7, the uncoated and induction heated samples have 

no change in mechanical properties, suggesting that the IF substrate is stable and that  improvement 

in mechanical properties for coated samples must be caused by carbon diffusion. The 

microstructure through thickness for double sides coated samples was analyzed with optical 

microscopy after etching with a 4 vol.% Nital solution. Fig. 9 shows a uniform microstructure 

through the whole thickness for both samples induction heated for 2 and 4 minutes. However, in 

Fig. 9 (a) and (c) banded features running through the grains are visible, while these lines are 

absent for the sample induction heated for 4 minutes (Fig. 9 (b) and (d)). To exclude the influence 



of sample preparation, the specimens were further polished and only slightly etched with 2 vol.% 

Nital and imaged with scanning electron microscope. Fig. 10 (a) shows the microstructure at half-

thickness for the double side coated sample induction heated for 2 minutes, while Fig. 10 (b) 

displays half-thickness for 4 minutes of induction heating. For both images, the grains close to the 

surface are on the left of the image, while the grains at the center (half-thickness) are on the right. 

Both microstructures are uniform moving from the surface towards the center of the specimens, 

but the banded features crossing the grains are visible in the 2 minutes induction heated specimen 

(Fig. 10 (a)), while they are absent after 4 minutes of induction heating (Fig. 10 (b)). These bands 

are highlighted after etching where some zones of the grains are more etched than other zones.  

3.3.  Electron Microscope Analyses 

Further analyses were performed on the specimens with the highest mechanical properties (i.e. 

double side coated) to understand the difference in mechanical behavior found for induction 

heating at 2 minutes and 4 minutes.  According to the iron-carbon phase diagram (Ref 28), when 

the sample is heated at 1100 °C its microstructure is made of austenite (γ-iron), but during 

quenching the microstructure transforms into ferrite (α-iron). However, depending on the amount 

of carbon present in the microstructure, some austenite can be preserved in the microstructure 

(residual austenite) after quenching at room temperature (Ref 29). Ferrite has a body centered cubic 

crystallographic structure, while austenite has a face centered crystallographic structure, thus 

electron backscattered diffraction (EBSD) can be employed to investigate the presence of different 

phases and to verify the presence of residual austenite. Data are shown in Appendix A. The two 

specimens did not show any remarkable difference in terms of phase maps (Fig. A. 1 (a) and (b) 

in Appendix A) and band contrast maps (Fig. A. 2 (a) and (b) in Appendix A) despite their strong 

difference in mechanical properties. Both samples have fully ferritic microstructure. Thus, 

transmission electron microscope (TEM) analyses were carried out. Fig. 11 shows SEM and TEM 



images for microstructures in the middle of the double sided coupons induction heated for 2 

minutes and 4 minutes. The specimen induction heated for 2 min shows non-uniform etching 

within the grains, revealing banded features going through the grains and across grain boundaries 

(Fig. 11 (a)), while the specimen induction heated for 4 minutes had uniform etching throughout 

the grains (Fig. 11 (b)). While the transformation of austenite into ferrite is known to be influenced 

by large magnetic fields (above 5 T) (Ref 30), (Ref 31), (Ref 32), (Ref 33), the magnetic field 

intensities in the experiments presented here range between 7.5 and 10.5 mT which should not be 

sufficient to affect ferrite growth. TEM samples were extracted using focused ion beam (FIB) from 

an area inside the band and from an area surrounding the bands. From a first qualitative TEM 

imaging, one can observe that the bands found for the specimen induction heated for 2 minutes 

contain high densities of precipitates (Fig. 11 (c)), while the surrounding material has lower density 

but larger precipitates (Fig. 11 (d)). On the other hand, the specimen induction heated for 4 minutes 

shows a uniform microstructure with dislocations and some large precipitates (Fig. 11 (e)). 

Further TEM analyses were performed to understand the nature of these precipitates. These 

investigations confirmed that both for 2 minutes and 4 minutes induction heated specimens, the 

precipitates contain titanium and carbon and their diffraction pattern corresponds to TiC carbides. 

Fig. 12 (a) and (b) show that in both microstructures nanosized precipitates and dislocations are 

found. A higher magnification image showing a region full of carbides is shown in Fig. 12 (c).  

From diffraction pattern and energy dispersive spectroscopy (EDS) analyses, the precipitates were 

identified as TiC (~20 nm in diameter) as shown in Fig. 12 (d) and (e). 

Other spectra were obtained for both matrix and precipitates in the sample induction heated at  

780 °C for 2 minutes (Fig. 13). Titanium is not detected in the matrix, but it is detected in the 

precipitates confirming the presence of TiC nanosized carbides. Other zones of the samples 



induction heated at 780 °C for 4 minutes were analyzed by acquiring EDS spectra (Fig. 14 (a)). 

The spectre 1 from area 1 acquired inside the matrix shows strong peaks of iron but no carbon 

could be identified (Fig. 14). Here, the intensity of the first peak is lower than the carbon peak 

identified in the matrix for specimen induction heated at 780 °C for 2 minutes and the intensity is 

not high enough to be identified as a relevant carbon concentration. Spectra 2, 3 and 4 acquired 

from precipitates (area 2, 3 and 4 in Fig. 14 (a)) confirm higher carbon and titanium concentrations 

in precipitates than in the matrix (Fig. 14).  

4. Discussion 

The presence of nanoscale precipitates is known to enhance the strength of steels. Xu et al. (Ref 

34) found a yield stress of 420 MPa for a steel containing 0.034 wt.% of titanium. This strength 

was attributed to the precipitation of nanoscale TiC that cause strengthening by impeding 

dislocation motion.  

In the work of Hong et al. (Ref 35), the precipitation of TiC carbides in a ferrite/pearlite 

microstructure resulted in a yield stress of 372 MPa, which is very close to the yield stress obtained 

in the present work (374 MPa). In their work, Hong et al. (Ref 35) showed that TiC are dissolved 

at 1100 ˚C and are precipitated during cooling in the temperatures range  

800 °C – 920 °C. Wang et al. (Ref 36) found the precipitation of TiC carbides periodically at the 

austenite/ferrite interphase following the movement of the interface and along the hot rolling 

direction of the steel. Moreover, Kobayashi et al. (Ref 37) have shown that TiC precipitates are 

formed more easily in pre-deformed ferritic steel compared to undeformed steel due to the higher 

density of dislocations. Samples induction heated for 2 minutes show Lüdering which is known to 

be caused by the interaction of small atoms (i.e. carbon) present in solid solution with dislocations. 

This suggests that after 2 minutes not all the carbon is precipitated but part of it must still be in 

solid solution pinning dislocations. 



The suppression of Lüdering after 4 minutes of induction heating is most likely due to a decrease 

or absence of carbon in solid solution and thus full stabilization of carbon. This complete 

precipitation of carbon could occur through TiC precipitation or coarsening. Coarsening of TiC 

and the consequent decrease in hardness were reported by Wang et al. (Ref 36) and by Dunlop et 

al. (Ref 38). Another contribution to carbon stabilization in IF steels is due to TiS precipitates that 

can transform into Ti4C2S2 by removing carbon from dislocations at temperatures above 700 °C 

(Ref 39).  

In all induction heated samples, precipitates containing titanium and sulphur as well as precipitates 

containing titanium, carbon and sulphur were found (respectively Fig. 15 and Fig. 16). Thus, TiS 

precipitates are expected to play a role in the precipitation of carbon when the isothermal holding 

time at temperatures equal or higher than 700 °C is increased.   

Referring to the work of Hong et al. (Ref 35), the yield strength for specimens induction heated 

for 2 minutes and 4 minutes was predicted calculating the contribution from strengthening due to 

nanoprecipitates, grain boundaries, carbon in solid solution and dislocations. The strengthening 

caused by nanoprecipitates was evaluated through the Ashby-Orowan equation (Ref 35): 

                                                         𝝈𝑵𝑷 = (
𝟎.𝟏𝟑∙𝑮∙𝒃

𝝀
) ∙ 𝒍𝒏 (

𝒓

𝒃
)                                    (2) 

where, G is the iron shear modulus (82 GPa), b is the iron Burgers vector (0.286 nm), λ is the 

spacing between precipitates and r the precipitate radius (in the present work ~10 nm). The spacing 

between precipitates can be calculated with: 

                                                           𝛌 = 𝐝𝐩 [
𝟏

(𝟎.𝟓∙𝐕𝐩)
𝟏/𝟑 − 𝟏]                                                       (3) 

where, dp is the average particle diameter and Vp is the volume fraction of nanoparticles (Ref 35).  



The volume fraction of precipitates (Vp) in equation (3) is calculated by multiplying the density of 

precipitates extracted from TEM bright field images by the mean volume of a single precipitate  

assuming a spherical shape and an average diameter of 20 nm. Thus, the volume of a single 

precipitate will be 4.18 x 10-24 m3. The density of precipitates from TEM images is calculated by 

using the multi point tool in Image J (Ref 40) after enhancing the contrast of bright field TEM 

images. The number of precipitates is then divided by the volume of the TEM sample. This method 

for calculating particles density can be applied to the TEM images taken at each induction heating 

condition. For 2 minutes of induction heating, the density of precipitates was estimated to be  

3.33 x 1020 m-3, while it was estimated to be 3.67 x 1020 m-3 after 4 minutes of induction heating. 

Multiplying this density of precipitates by the volume of a single precipitate will give the volume 

fraction (Vp) to be used in equation (3). The fraction of precipitates was calculated to be  

1.39 x 10-3 for 2 minutes and 1.54 x 10-3 for 4 minutes of induction heating.  The strengthening 

due to grain boundaries (σGB) is calculated with the Hall-Petch equation as K·d-1/2 where K is the 

Hall-Petch coefficient and d is the average grain size (Ref 41). The Hall-Petch coefficient (K) 

depends on the amount of carbon segregation present in the steel (Ref 41). The strengthening 

caused by carbon in solid solution (σSS) is calculated as Mm(XC)1/2, where, M is the Taylor factor 

(2.5), m is equal to 0.051 times the iron shear modulus (82 GPa) and XC represents the atomic 

fraction of carbon in solid solution at dislocations (Ref 20), (Ref 42). Finally, the strengthening 

due to dislocations (σDIS) can be calculated as (αGb)ρ1/2, where, α is the dislocation parameter and 

it is set equal to 0.5, G and b are the shear modulus of iron (82 GPa) and the Burgers vector (0.286 

nm) respectively, ρ is the dislocation density (Ref 35). Dislocation density was calculated using 

the relation reported by Hong et al. (Ref 35) and obtained by Zhang et al. (Ref 43): 

                                                 𝜌 = [12 ∙ 𝛥𝛿 ∙ ∆𝑇 ∙ 𝑉𝑝/𝑏 ∙ 𝑑𝑝(1 − 𝑉𝑝)]                                        (4) 



 where, Δδ is the difference in the coefficient of thermal expansion (CTE) between the 

reinforcement particle (TiC) and the matrix (ferrite) (i.e. 5x10-6 °C-1, by considering a CTE of 

12x10-6 °C-1 for pure iron and a 7.0-7.2x10-6 °C-1 for titanium carbide (Ref 44)), ΔT is the 

difference between test (i.e. 25 °C) and heat treatment temperatures (i.e. 780 °C).  

From equation (4) the calculated dislocation density is 1.11x107 mm-2 for the specimen induction 

heated 2 minutes and 1.22x107 mm-2 after 4 minutes, which will result in a dislocation 

strengthening (σDIS) of 39 MPa and of 41 MPa for the 2 minutes and 4 minutes specimens 

respectively. 

All these strengthening contributions have been calculated for both specimens (2 minutes and 4 

minutes) and are shown in Table 2. The yield stress of the uncoated as-received IF steel is evaluated 

considering that its friction stress is 50 MPa (Ref 41), (Ref 45) and the grain boundary 

strengthening (σGB) of the IF steel substrate is 50 MPa (considering a Hall-Petch coefficient of 180 

MPa·μm1/2 and  a measured average grain size for the as received IF steel substrate of 13 μm). 

Thus, the yield strength predicted for the starting IF steel is 100 MPa, which is in good agreement 

with the yield stress obtained experimentally of 116 ± 9 MPa (Table 2). 

After 2 minutes, the amount of carbon diffused into steel is at most 0.0645 at.% because of film 

crystallization and part of this carbon interacts with the 0.050 at.% of titanium initially present in 

the steel to form TiC. Thus, the carbon available to strengthen grain boundaries and dislocations 

is 0.0145 at.%. This amount of carbon can be used to calculate the solid solution strengthening 

(σSS) by using a Taylor factor of 2.5, an m of 0.051 and the iron shear modulus of 82 GPa, which 

give 126 MPa of solid solution strengthening (Table 2). Another contribution to strengthening 

comes from grain boundaries (σGB) calculated using the Hall-Petch equation. For the specimen 

induction heated for 2 minutes, the Hall-Petch coefficient was obtained from the work of Takaki 



(Ref 45) considering that 0.0145 at.% of carbon (corresponding to 31 weight ppm) is available 

inside 2 minutes induction heated samples and that would correspond to a Hall-Petch coefficient 

of 400 MPa·μm1/2. Moreover, the measured average grain size is 15 μm resulting in a grain 

boundary strengthening (σGB) of 103 MPa (Table 2).  

The theoretical total strengthening σYST was calculated by summation of all contributions: 

                                            𝝈𝒀𝑺𝑻 = 𝝈𝟎 + 𝝈𝑵𝑷 + 𝝈𝑮𝑩 + 𝝈𝑺𝑺 + 𝝈𝑫𝑰𝑺                                           (5) 

where, σYST is the yield stress, σ0 is the friction stress, σNP is the strength caused by nanoprecipitates, 

σGB is the strengthening due to grain boundary, σSS is the contribution due to carbon in solid 

solution (i.e. at dislocations) and σDIS is the strengthening due to dislocations. 

For the specimen induction heated for 2 minutes, the yield stress theoretically predicted of 371 

MPa is in good agreement with the yield stress measured experimentally of 374 ± 6 MPa.  

When induction heating is prolonged for 4 minutes at 780 °C, Lüdering disappears and the yield 

stress is lowered. It is believed that all the carbon has precipitated and solid solution strengthening 

does not contribute anymore. Even if it is difficult to measure precisely carbon content with EDS, 

a relative comparison among the samples can be done. From TEM EDS analyses, the matrix of 

sample induction heated for 4 minutes did not show a carbon peak, while the specimen induction 

heated for 2 minutes had a carbon peak with an intensity strong enough to conclude that some 

carbon is present in the ferrite matrix. However, no significant decrease in the density of TiC 

carbides was found from TEM analyses (i.e. sample induction heated for 4 minutes has higher 

particle density than the sample annealed for 2 minutes), thus it is believed that the carbon 

remaining in solid solution takes part in the transformation of TiS particles into Ti4C2S2 as 

discussed in literature for IF and ultra-low carbon steels (Ref 20), (Ref 46) or to coarsening of 

some TiC precipitates. TiS precipitates containing carbon were found during TEM analyses on our 

annealed specimens. Thus, the contribution from solid solution strengthening can be removed 



because all carbon has precipitated in the 4 minutes induction heated specimen. For this sample, 

the grain boundary strengthening is estimated to be 46.5 MPa (Table 2) when the same Hall-Petch 

coefficient (180 MPa·μm1/2) of an uncoated and as received IF steel (i.e. all carbon has 

precipitated) and a measured average grain size of 15 μm are considered. By summing linearly all 

the contributions for the 4 minutes induction heated specimen, the expected yield stress is 192.5 

MPa, in good agreement with the experimental value of 206 ± 1.7 MPa (Table 2). 

Considering the hardness values in Fig. 3, the highest hardness is found in the sample induction 

heated at 780 °C for 2 minutes because there is a strengthening contribution coming both from 

precipitates and carbon in solid solution. This means that when the material is plastically deformed 

through Vickers microhardness, dislocations will interact both with carbides and carbon in solid 

solution. The highest hardness is in agreement with the highest yield stress and ultimate tensile 

strength found in the tensile tests. For the sample annealed at 780 °C for 4 minutes, the hardness 

is lower than the hardness of the 2 minutes sample because all the carbon is precipitated and no 

carbon is left in solid solution.  

5. Conclusions 

In conclusion, amorphous FeC films can be used as carbon reservoirs to diffuse carbon not only 

during isothermal annealing but also during induction heat treatments. The advantage of induction 

heating is the fast-heating rate that allows reaching rapidly the required temperature promoting 

carbon diffusion before complete crystallization of the FeC film. This type of process is promising 

to obtain high strength IF steels with short annealing times (2 minutes) and carbon graded steels 

in just 30 seconds. For 2 minutes of induction heating, the maximum yield strength is 374 ± 6 

MPa. This high strength is caused by carbon present both in solid solution and as TiC precipitates 

added to further strengthening contributions from grain boundaries and dislocations. Induction 

heating for 2 minutes gives a strain at fracture of 20%. This strain at fracture is 30% lower than 



non-strengthened (as received) IF steel but it is comparable to the strain at fracture of commercial 

TRIP steels. It can be argued that such strengthened IF steel would not be formable through 

conventional deep-drawing techniques, however high strain rate forming techniques such as 

electro-hydraulic forming or explosion forming are starting to be used for industrial components 

(Ref 47) because they can improve formability (Ref 48). An increase of annealing time from 2 

minutes to 4 minutes causes an increase in strength of 100 MPa compared to the as-received IF 

steel, but carbon atoms are believed to be fully stabilized causing Lüdering suppression. The full 

precipitation of carbon cancels out the contribution to strengthening from solid solution. Thus, the 

4 minutes induction heated specimen will only have contribution to strengthening from TiC 

precipitates, grain boundaries and dislocations. The strengthening process presented in this paper 

could be very relevant to steel companies because high strength IF steel could be obtained in few 

minutes of heat treatment resulting in an increase of yield stress higher than the increase obtained 

currently in bake-hardenable ultra-low carbon steels. Moreover, the formation of nanoprecipitates 

in a ferrite matrix is of great interest to open new processing routes to obtain a good compromise 

between strength and ductility (Ref 49).  

Another advantage of the processing method presented in this paper is the versatility of FeC films 

and induction heating. The amount of carbon in the film could be increased above 30 at. %, to 

allow more carbon diffusion into the IF substrate and promote the formation of non-equilibrium 

structures such as martensite or bainite upon quenching. The authors presented a qualitative 

discussion of the advantages of FeC films for steel companies in terms of performance, 

marketability and sustainability and the idea has gathered high interest in the steel community (Ref 

50). 
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Appendix A 

EBSD was performed for samples induction heated for 2 minutes and 4 minutes to obtain phase 

maps of the microstructure. Specimens were polished down to mirror finish with OPS silica 

solution. More precisely, OPS polishing was performed for a total of 5 minutes and in between 

this time the surface was slightly etched with 4 vol.% Nital to ensure no influence from mechanical 

polishing. For both samples EBSD was performed in an area of 65 x 65 μm using a step of 0.1 μm. 

Fig. A. 1 (a) and (b) show phase maps for both samples, while Fig. A. 2 (a) and (b) show local 

misorientation plus band contrast maps. 



 

Fig. A. 1. Phase maps obtained from EBSD for specimens induction heated at 780 °C for 2 minutes (a) and 

4 minutes (b). 

 

Fig. A. 2. Local misorientation and band constrast maps obtained from EBSD for specimens induction 

heated at 780 °C for 2 minutes (a) and 4 minutes (b).  
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Fig. 1. (a) Dog-bone tensile sample (all dimensions are in mm), (b) schematic view of the thickness for IF 

steel double side coated before and after annealing. 



 
Fig. 2. Diagram for the induction heating treatment showing heating and cooling rate. 

 

Fig. 3. Vickers microhardness through thickness for uncoated (UC) as received IF steel, one-side coated 

(OS) and double sides coated (DS) IF steel after induction heating at different temperatures and times. Side 

A indicates one side of the sample and side B is the other side of the tensile coupon. The dashed line at the 

center of the graph indicates the thickness center. For the one-side coated coupon (OS), side A is coated, 

while side B is without coating. Black error bars represent the standard deviation (print in color). 

 

 



 

Fig. 4. Grazing angle X-Ray diffraction of FeC films with 30 at.% of carbon after induction heating 

 

 

Fig. 5. Carbon distribution predicted theoretically using second Fick’s diffusion law for heating at 780 °C 

for 2 minutes and 4 minutes on a double side coated specimen. 



 

Fig. 6. Carbon distribution predicted theoretically using second Fick’s diffusion law for heating at 780 °C 

for 30 seconds on a one-side coated specimen. 

 

Fig. 7. Engineering stress-strain curves for coupons of IF steel coated double sides (DS) with 500 nm thick 

FeC film and induction heated for 2 and 4 minutes. Engineering stress-strain curves of uncoated and as 

received IF steel and of uncoated but induction heated specimens are included (print in color). 

 

 



Table 1. Average yield stress, ultimate tensile strength (UTS) and strain at fracture with corresponding 

standard deviation obtain from tensile testing of uncoated and both sides coated induction heated IF 

specimens. Mechanical properties of the uncoated and not induction heated IF steel are included. 

Specimen Yield Stress [MPa] UTS [MPa] Strain at fracture  

As received IF steel 116 ± 9 272 ± 8 0.48 ± 0.02 

Uncoated IH 780 °C – 2 min. 113.6 ± 3.4 281 ± 2 0.48 ± 0.02 

Uncoated IH 780 °C – 4 min. 117.4 ± 2.2 275 ± 4 0.46 ± 0.04 

DS - IH 780 °C – 2 min. 374 ± 6 448 ± 3.5 0.2 ± 0.01 

DS - IH 780 °C – 4 min. 206 ± 1.7 320 ± 12 0.36 ± 0.03 
 

 

Fig. 8. Optical microscope images of thickness cross section for: uncoated and as received IF (a), uncoated 

IF induction heated at 780 °C for 2 minutes (b), uncoated IF induction heated at 780 °C for 4 minutes (c). 



 

Fig. 9. Optical microscope images of thickness cross section for: both sides coated IF steel induction heated 

at 780 °C – 2 minutes (a) and (c), both sides coated IF steel induction heated at 780 °C for 4 minutes (b) 

and (d). 

 

Fig. 10. Scanning Electron Microscope images of thickness cross section for: double side coated IF steel 

induction heated at 780 °C – 2 minutes (a) and double side coated IF steel induction heated at 780 °C for 4 

minutes (b). 

 



 

Fig. 11. SEM images of a specimen of IF steel double side coated with 500 nm thick FeC film after induction 

heating at 780 °C – 2 minutes (a) and at 780 °C – 4 minutes (b). BF-STEM images obtained with TEM in 

a zone inside the bands (c) and surrounding the bands (d) for the specimen kept at 780 °C for 2 minutes. (e) 

BF-STEM image inside a grain for specimen kept at 780 °C for 4 minutes. 

 

Fig. 12. BF-STEM image showing the distribution of TiC nanosize precipitates after 2 min (a) and 4 min 

(b) induction heating at 780 °C. Example of regions where precipitates were indexed (c) and typical 

diffraction pattern taken in (111) α-Fe zone axis where (111) fcc TiC are indexed near (110) α-Fe and 

indicating a Kurdjumov-Sachs orientation relationship (d). EDS spectra recorded in the matrix and on a 

precipitate (e) where Ti and C are clearly detected (the strong Fe peak for the carbide curve is due to the 

surrounding matrix) for a specimen induction heated for 2 minutes. 



 

Fig. 13. BF-STEM image of the sample induction heated at 780 °C during 2 minutes showing in dark 

contrast lattice distortions created by dislocations and nanoscaled carbides (a). Locations of EDS spectra 

(1, 2, 3, 4) are indicated in the image. Area 1 is the reference taken in the matrix where Ti is below the 

detection limit. Area 2, 3 and 4 clearly exhibit the Ti-K peak, confirming the presence of nanoscaled TiC 

carbides.  



 

Fig. 14.  BF-STEM image of the sample induction heated at 780 °C for 4 minutes showing in dark contrast 

lattice distortions created by dislocations and nanoscaled carbides (a). Locations of EDS spectra (1, 2, 3 

and 4) are indicated in the image. Area 1 is obtained from the matrix, while Area 2, 3 and 4 show 

measurements obtained from nanoscaled precipitates.   

 

 

Fig. 15. BF-STEM image from a micronsized precipitate found in induction heated IF double side coated 

steel samples (a). EDS composition maps show that it contains titanium and sulphur.  

 



 

Fig. 16. BF-STEM image obtained from a coarse precipitate found in induction heated IF double side coated 

steel samples (a). According to EDS composition maps, this precipitate contains titanium, sulphur and 

carbon. 

Table 2. Comparison between theoretically calculated strengthening with results obtained experimentally: 

σNP indicate strengthening due to nanoprecipitates, σGB is the strengthening due to grain boundaries, σSS is 

the contribution of carbon in solid solution, σDIS is the contribution to strengthening coming from 

dislocations. 

 

 

 

 

Friction 

stress 

IF steel σ0 

[MPa] 

TiC 

Particle 

density 

[m-3] 

Dislocation 

density 

[mm-2] 

σNP 

[MPa] 

σGB 

[MPa] 

σSS 

[MPa] 

σDIS 

[MPa] 

σYS 

Theor. 

[MPa] 

σYS 

Exper. 

[MPa] 

Unc. 50 - - - 50 - - 100 116 ± 9 

2 min 50 3.33x1020 1.11x107 53 103 126 39 371 374 ± 6 

4 min 50 3.67x1020 1.22x107 55 46.5 0 41 192.5 206 ± 1.7 


