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Abstract 

The residual compressive stresses and dimensional changes related to the lattice strains of retained 

austenite (RA) phase in a high-Si, medium-carbon steel (Fe-0.53C-1.67Si-0.72Mn-0.12Cr) were 

investigated for samples austenitized and quenched for isothermal bainitic transformation (Q&B) in 

the range 5 s to 1 h at 350 °C. Also, samples were directly quenched in water (DWQ) from the 

austenitization temperature for comparison with Q&B samples. Field emission scanning electron 

microscopy combined with electron backscatter diffraction analyses, and X-ray diffraction were 

employed to investigate the microstructural evolution, phase distribution, and lattice parameters of 

RA phase. While the Q&B samples showed formation of bainite and also high-carbon fresh 

martensite in conjunction with stabilization of various fractions of RA, the DWQ samples displayed 

nearly complete martensitic microstructure. For short holding durations at 350 °C (<< 200 s), there 

was limited formation of bainite and hence, the inadequate carbon partitioning to the adjacent 

untransformed austenite areas resulted in significant martensite formation and the associated c/a 

ratio of martensite resulted in high compressive residual stresses within the RA phase. While, at 

long isothermal holding times (>> 200 s), there was a significant formation of bainite. In 

comparison, the DWQ samples displayed maximum lattice strain in a small fraction of 

untransformed RA phase. 

 

Keywords: quenching and bainitic holding, bainite, martensite, retained austenite, lattice 

strain.  

 

 

1- Introduction  

The advancements in materials science and engineering have allowed researchers to play with the 

various phases, properties, and compositions of materials such that the materials can often be tailor-

made with the desired properties [1–3]. In steel industries, researchers working on the development 

of tough, ultrahigh strength steels are regularly focusing on processing schedules involving 

isothermal holding around the martensite start temperature (Ms), which result in the evolution of 

complex multiphase microstructures comprising a mixture of bainite, martensite, and retained 

austenite (RA) with varied size, morphology, and distribution. The RA phase leading to the 

transformation induced plasticity (TRIP) effect in these advanced multiphase steels contributes to 

the improved tensile ductility with a concomitant increase in tensile strength [4–7].  

The latest development of ultrahigh strength steels has adapted to the new concept of 

microstructural design involving multiphase, and multi-scale microconstituents [8–10]. In the last 
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decade, a few novel heat treatment processes, such as quenching and partitioning (Q&P) [11–13], 

quenching-partitioning-tempering (Q-P-T) [14], and low-temperature bainitic transformation (close 

to or even below Ms temperature) [15–17], have been designed to achieve an excellent combination 

of high/ultrahigh strength combined with good low temperature toughness and reasonable ductility. 

The volume fractions of different microstructural constituents, such as ferrite, bainite, martensite, 

and retained austenite, determine the final mechanical properties in these groups of advanced high 

strength steels (AHSS) [18–20]. Depending on the alloy type, chemical composition, and 

parameters of these novel heat treatment processes, such as the reaustenitization temperature, 

quenching rate, final quench stop temperature to enable isothermal bainitic transformation and/or 

carbon partitioning, the heat treated steel samples may contain varied amounts of RA, which can 

impart a wide range of properties in the end products [3,21–28]. In these novel steel concepts, the 

role of RA is very complicated depending on the high complexity of the multiphase structures and 

often has beneficial effects, but at times can have some negative effects on certain properties. Thus, 

the detection and estimation of retained austenite in respect of its amount, size, distribution, 

morphology, and stability are considered as key factors in designing the process schedules and 

assessment of corresponding properties for particular applications [27,29–33].  

There are different experimental methods, such as X-ray diffraction (XRD), for investigating the 

microstructural evolution during (in situ) or following (ex situ) different heat treatment cycles to 

exclude the role of specific parameters that may influence the final properties. Crystal size, 

morphology, and strain distribution also play an important role in the final properties and depend on 

the processing schedule [34]. Any deviation from the perfect condition is the reason for the 

broadening of diffraction peaks in the XRD patterns of materials. The lattice strain is the main 

property that can be extracted from the peak width analysis and is a measure of the disorder in the 

lattice unit cells arising from crystal imperfections, such as lattice dislocations [35]. X-ray line 

broadening technique has routinely been used for the investigation of dislocation distribution. For 

instance, the X-ray peak profile analysis (XPPA) is used to estimate the microstructural quantities 

including defects and correlate with the observed properties of heat treated or processed materials. 

XPPA is a simple, but powerful tool to estimate the crystallite size and lattice strain parameters 

[36]. The lattice strain affects the Bragg peak in different ways such as increasing the peak width 

and peak intensity and shifting the peak position of the 2θ angle accordingly, where θ is the Bragg 

angle. There are several methods reported in the literature to estimate the crystallite size and lattice 

strain, such as the pseudo-Voigt function, Rietveld refinement, and Warren-Averbach analyses [37–

39]. However, the Williamson–Hall (W–H) analysis is a simplified integral breadth method used for 

estimating the crystallite size and also the lattice strain, where both size-induced and strain-induced 

broadening are deconvoluted by employing the peak width as a function of 2θ [40]. Depending on 
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different θ positions, the separation of size and strain broadening analysis is done using W–H 

analysis [41,42].  According to this method, strain varies as tanθ from the peak width [41]. The size 

and strain effects on peak broadening are known from the above difference of 2θ.  

Due to less attention paid on studying the details of lattice strain distribution in the RA phase and 

also its importance in structural evolution of AHSSs, this research work has been undertaken to 

estimate the microstructural quantities such as lattice strain determination of RA phase using the W-

H analyses of  XRD data measurements made on a high-silicon medium carbon steel samples (DIN 

1.5025), isothermally held slightly above the Ms temperature in comparison to those quenched 

directly to room temperature from the austenitization temperature. The results were correlated to the 

microstructural evolutions in different heat treatment conditions characterized by FE-SEM 

examination combined with EBSD analyses.  

 

2- Materials and experimental process 

A medium-carbon commercial grade (DIN1.5025) steel sheet of thickness 1 mm was chosen for this 

study and its chemical composition is given in Table 1. The silicon content of 1.670 wt.% was 

useful due to its effectiveness in preventing (or at least delaying) carbide precipitation and growth 

during isothermal decomposition of austenite and hence promoting the partitioning of carbon to the 

adjacent untransformed austenite areas, thus facilitating stabilization of a part or whole of the 

carbon-enriched austenite. Mn, a strong austenite former, was somewhat lower than desired for 

enhanced austenite stabilization during carbon partitioning. The critical temperatures of the phase 

transformations were determined by conducting dilatometry tests in a Gleeble simulator at the 

heating and cooling rates of 0.2 °C/s and 150 °C/s, respectively, and the corresponding results are 

given in Table 2. Samples of the dimensions 30× 30× 1 mm were cut from the as-received strip 

sample for carrying out the heat treatments, which were done in two steps. First, the proposed 

samples were heated at 900 °C for 5 min in an electrical resistance furnace and then air-cooled to 

room temperature in order to exclude previous processing history and develop fine-grained 

martensitic microstructures with the possibility of grain refinement during reaustenitization in the 

subsequent step.  Accordingly,  in the second step, the samples were reaustenitized at 900 oC for 5 

min prior to quenching and bainitic holding (Q&B) in a salt bath maintained at 350 oC, which is 

above the Ms temperature (275 °C, see Table 2), and then held for different durations between 5 s to 

1 h (five different holding times including 5 s, 30 s, 200 s, 600 s, and 1 h) to facilitate bainitic 

transformation. The Q&B samples were finally quenched in water to room temperature. Besides, a 

number of samples (3 samples for the accuracy of results) were directly quenched in water (DWQ) 

following reaustenitization at 900 oC for 5 minutes for favor of detailed comparison with the Q&B 
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samples in respect of microstructural quantities (Figure 1). The heat treatment cycles were so 

designed in order to be able to unravel the effects of different parameters including lattice strain, 

carbon partitioning, martensite phase transformation, and residual compressive stresses on the 

lattice unit cell of the austenite phase. 

To investigate the microstructural features, the heat treated samples were mounted, ground, and 

polished according to ASTM E3-01 standard. The samples were etched in a 2% Nital solution 

(2mm HNO3 in 98 mm ethanol) for further microstructural observations and phase identification 

using an FE-SEM model Zeiss Ultra Plus equipped with an EBSD facility. The volume fraction and 

mean carbon content of the retained austenite in the specimens were determined by XRD using a 

Rigaku SmartLab 9 kW equipment. The measurements were performed by using a CoKα radiation 

source at 135 mA and 40 kV conditions with 2θ ranging between 45 and 130° and the rotation 

performed at 7.2 °/min. The volume fraction and also the lattice parameter of the RA phase were 

measured using a direct comparison approach, comparing the integrated intensities of (111), (200), 

(220), and (311) of FCC diffracted planes with (101), (002), (112) and (202) of BCC planes, 

respectively [43]. The carbon content was determined by using the relationship [43]:  

aγ [oA]= 3.572+ 0.033xC+ 0.0012xMn+ 0.0056xAl+ 0.00157xSi                        Equation (1) 

where aγ is the lattice parameter of the austenite in angstroms (Å) and xC, xMn, xAl, xSi are the 

concentrations in weight percent of carbon, manganese, aluminum, and silicon, respectively.  Also, 

the lattice strain and lattice parameter of RA phase were estimated by using the XRD results 

according to the W–H method [41,42], as clarified in Equation 2, 

βhkl cosθ= Kλ/D + 4ε sinθ                                                                                         Equation (2)    

where, βhkl = instrumental broadening, D = crystallite size, K = shape factor (0.9), λ = wavelength 

of Co-kα radiation (1.789 Ao), θ = Bragg angle and ε = lattice strain. Referring to Equation (1), a 

graph is plotted with 4sinθ considered along the x-axis and βhkl cosθ along the y-axis for plotting the 

experimental data from different heat treatment conditions. From the linear fit to the data, the 

crystallite size was estimated using the intercept on the y-axis and the lattice strain ε from the slope 

of the fit. 

 

Table 1- Chemical composition of the investigated high silicon medium carbon steel 

Elements C Si Mn Cr S P Fe 

wt.% 0.529 1.670 0.721 0.120 0.023 0.022 Balance 
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Table 2- Critical temperatures achieved from dilatometry analysis of the investigated high silicon 

medium carbon steel 

Critical Temperature Ac1 Ac3 Ms 

(oC) 765 835 275 

 

 

Figure 1- A schematic of the 2-step heat treatment cycle, showing the experimental details of the 

samples after quenching and bainitic (Q&B) holding (5 s, 30 s, 200 s, 600 s, and 1 h) and direct 

water quenching (DWQ). 

 

3- Results and discussion  

3-1- Microstructural features  

Typical examples of representative microstructures of the specimens isothermally held at 350 oC 

(above the Ms temperature (≈ 275 oC)) for different durations in comparison to that of the DWQ 

samples, as recorded by FE-SEM, are presented in Figure 2. The presence of only a few bainitic 

laths indicates that the formation of bainite has just begun at about 5 s (Figure 2-a), as the 

microstructure is essentially martensitic with a small fraction of very fine austenite, though difficult 

to discern from the microstructure (but confirmed by XRD, as described later). By increasing the 

isothermal holding time at 350 oC, bainite formation progresses further and in about 200 s, the 

structure is essentially a combination of bainite, fresh martensite, and some retained austenite 

(Figure 2-b). As illustrated in the high magnification in-lens electron image at the top right-hand 

micrograph in Figure 2-b, the bainitic phase has formed and grown from the prior austenite grain 

boundaries (PAGB). Also, the islands of both martensite and RA microconstituents (M/RA) have 
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been revealed in the microstructure (Figure 2-b), as the time for carbon partitioning from bainitic 

ferrite to the adjacent prior austenite was inadequate to equilibrate carbon in the austenite. Hence, 

austenite was only partially stabilized down to room temperature, with a good fraction transforming 

to martensitic laths on final cooling. With further holding to a longer time at 600 s (Figure 2-c), 

extensive bainite formation has already occurred and was nearly complete in about an hour (Figure 

2-d). The corresponding microstructures revealed significant formation of bainitic ferrite along with 

stabilization of some fractions of finely dispersed RA. These microstructural observations indicated 

that a complex mixture of multiphase microstructures including bainite, martensite, and RA 

microphases, were achieved after Q&B heat treatment at 350 oC. Extensive microstructural 

examination failed to reveal any carbides at least up to 200 s of holding suggesting that the presence 

of high silicon (1.67 wt%) in the steel prevented the formation of carbides, despite the presence of 

significant carbon content in the steel (0.529 wt.% C) and high isothermal transformation 

temperature (350 °C), thus leading to peak retained austenite content of 18 %, as discussed later. 

During further holding, the retained austenite fraction decreased significantly beyond 200 s and the 

carbon enrichment of the austenite slowed down indicating the occurrence of carbide precipitation 

in the bainitic laths. Besides lath martensite, bainite, and carbon-enriched fine interlath austenite, 

carbides were also seen in Q&B samples isothermally held for 600 s and 1 h, as reported elsewhere 

[7]. In comparison, the DWQ samples water-quenched directly to room temperature from 900 oC 

resulted in nearly complete transformation to martensite, as shown in Figure 2-e, and the presence 

of other possible microphases such as untransformed austenite, if any, was impossible to detect and 

distinguish from the rest of the microstructure.  

For further investigation regarding the distribution and morphology of RA phase, EBSD 

measurements were carried out to reveal the microstructural details. Typical examples of EBSD 

images (a combination of image quality (IQ) with phase map (PM)) of various Q&B samples are 

shown in Figure 3. The combined analysis of EBSD images allows distinguishing different sub-

areas including martensite in combination with bainitic regions. These EBSD figures can provide 

better information about the location, distribution, and morphological features of RA in the 

microstructures. As shown in Figure 3-a for the sample isothermally held for 5 s at 350 oC, the 

microstructure essentially depicts a body-centered cubic (BCC) crystal structure (red color region) 

corresponding mostly to martensite phase (see Figure 3-a), along with a very small amount of RA 

phase (face-centered cubic (FCC) structure) mostly present as thin films and/or also some blocky 

shapes in the microstructure (green color). The bainitic areas appear as bright red color in the EBSD 

images due to the higher confidence indexing of bainitic crystals, thus causing the appearance of 

bright regions in IQ maps and consequently bright red color in combined PM+IQ maps (Figure 3). 
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While the martensite has poor confidence indexing of crystallographic intensity caused by the higher 

intensity of noise due to internal strains and dislocations and hence, these regions appear somewhat 

darker in comparison to bainite marking poor indexing in the IQ maps, and subsequently as dark red 

regions in PM+IQ images, Figure 3. This means that the bainitic crystals are generally much better 

indexed in EBSD images (IQ maps) than that of martensite crystals, which appear relatively darker in 

contrast (dark red color, i.e, somewhat poorly indexed) in the PM+IQ EBSD images in comparison 

to the bright red areas of bainite phase. Samples held at 350 oC for 200 s (Figure 3-b) showed a 

microstructure comprising of bainite (red color), fresh martensite (FM) (dark red color) and RA 

(green color) appearing mostly in blocky as well as some interlath morphologies; revealed clearly at 

a higher magnification. Therefore, by increasing the isothermal holding time at 350 oC to 200 s, the 

morphology of RA phase appeared to have a significant fraction of blocky shaped austenite(Figure 

3-b) also, besides retaining thin films between bainitic laths due to the enhanced carbon partitioning 

from bainite to untransformed austenite. Following holding at 350 °C for 200 s,  a significant 

fraction of austenite (more than 20%) was still untransformed and it got extensively enriched with 

carbon atoms during the process of carbon partitioning. Not all of this austenite was in the form of 

interlath films, but a significant fraction was present as pools between bainitic packets. A large 

fraction of this austenite (18 %) was stabilized at room temperature with average carbon content of 

1.265 %. Another aspect of the phase distribution is the occurrence of blocky islands of martensite 

(dark red color) in the BCC structure, surrounded by RA phase (green color). As the isothermal 

holding was increased up to 1 h at 350 oC, the bainitic transformation was nearly complete (red 

color) resulting in a high fraction of the BCC bainitic ferrite, whereas FCC RA phase was 

distributed as both blocky grains as well as thin films, Figure 3-c. It is to be noted that the formation 

of a small fraction of martensite (dark red color) can be revealed only in the case of the samples 

held for 200 s (Figure 3-b) and 1 h (Figure 3-c) at 350 oC, unlike in the case of the sample 

isothermally held for 5 s, which was essentially martensitic with only a small fraction of fine RA, as 

stated earlier (Figure 3-a). The representative EBSD image of  DWQ sample, shown in Figure 3-d, 

shows few blocky grains of RA distributed throughout the martensitic matrix. These microstructural 

investigations clarify that the RA phase has a varied morphology (both thin film and blocky shapes) 

and is present not only in Q&B samples, but also DWQ samples.  
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Figure 2- FE-SEM images of different heat treated samples including isothermal holding at 350 oC 

for: (a) 5 s; (b)200 s; (c)600 s; (d)1 h; in comparison to (e) DWQ ones.  
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Figure 3- IQ+ PM EBSD images of Q&B samples isothermally held at 350 oC for: (a) 5 s; (b) 200 s; 

and (c) 1 h, in comparison with micrograph of (d) DWQ sample. The RA is green, while the bainite 

and fresh martensite phase constituents are bright red and dark red colored, respectively. 

 

3-2- XRD Analysis of multiphase microstructures 

The XRD results of different Q&B samples after isothermal holding for various durations between 

5 s to 1 h at 350 oC in comparison to the DWQ samples are shown in Figure 4. As can be observed, 

the crystal structures have been broadly characterized in two groups, identified as face-centered 

cubic (FCC-austenite) and body-centered cubic (BCC-ferrite, bainite, and martensite) microphases. 

Since the isothermal holding temperature for bainitic transformation is relatively low (350 °C) and 

the maximum duration of heat treatment is 1 h, it is unlikely that there would have been any 

significant diffusion and partitioning of substitutional alloying elements (such as Si, Mn, etc.). 

Hence, only the diffusion and partitioning of carbon have been considered in these calculations. 

Based on the intensities of the FCC peaks, the RA volume fractions and their carbon concentrations 

were approximated and the corresponding results are listed in Table 3. A similar carbon 

concentration calculation method was used earlier with reasonable estimation and has been 

Ac
ce

pt
ed

 A
rti

cl
e

IQ+ PM 

Ac
ce

pt
ed

 A
rti

cl
e

IQ+ PM EBSD images

Ac
ce

pt
ed

 A
rti

cl
e

EBSD images

in

Ac
ce

pt
ed

 A
rti

cl
e

in comparis

Ac
ce

pt
ed

 A
rti

cl
e

comparison 

Ac
ce

pt
ed

 A
rti

cl
e

on 

and fresh martensite phase constituents are bright red and dark red colored, respectively.

Ac
ce

pt
ed

 A
rti

cl
e

and fresh martensite phase constituents are bright red and dark red colored, respectively.

XRD Analysis of 

Ac
ce

pt
ed

 A
rti

cl
e

XRD Analysis of m

Ac
ce

pt
ed

 A
rti

cl
e

m

The XRD results of different Q&

Ac
ce

pt
ed

 A
rti

cl
e

The XRD results of different Q&

5 s to 1 h at 350 

Ac
ce

pt
ed

 A
rti

cl
e

5 s to 1 h at 350 o

Ac
ce

pt
ed

 A
rti

cl
e

oC in comparison to the D

Ac
ce

pt
ed

 A
rti

cl
e

C in comparison to the D

crystal structures have been broadly characterized in two groups, identified as

Ac
ce

pt
ed

 A
rti

cl
e

crystal structures have been broadly characterized in two groups, identified as

austenite) and body

Ac
ce

pt
ed

 A
rti

cl
e

austenite) and body

isothermal holding temperature for bainitic transformation isAc
ce

pt
ed

 A
rti

cl
e

isothermal holding temperature for bainitic transformation is

maximum Ac
ce

pt
ed

 A
rti

cl
e

maximum duration of heat treatment is 1 h, it is unlikely that there would have been any Ac
ce

pt
ed

 A
rti

cl
e

duration of heat treatment is 1 h, it is unlikely that there would have been any Ac
ce

pt
ed

 A
rti

cl
e



 This article is protected by copyright. All rights reserved 

presented elsewhere [38]. As can be seen, the volume fraction of RA phase in Q&B samples held at 

350 oC at first increased with isothermal holding time up to 200 s (18 vol.% RA) and then gradually 

decreased with further holding for long durations, up to 1 h (6.9 vol.% RA), obviously as a 

consequence of more bainite formation. The corresponding carbon enrichment, however, showed 

markedly different behavior, as the carbon content increased with holding time up to 1 h in these 

Q&B heat treated samples, as a result of extensive carbon partitioning from bainitic ferrite to the 

adjacent untransformed prior austenitic films/grains. Also according to the XRD spectra, displayed 

in Figure 4, the peaks related to the RA phase with FCC structure are not only broadened owing to 

the increased strain in the austenite due to the formation of bainite and/or martensite, but also 

marginally shifted to higher angles as the isothermal holding time was increased from 5 s to 1 h at 

350 oC. This behavior suggests that during phase transformation from prior austenite (with FCC 

structure) to bainite and/or martensite (BCC/BCT structure), more than 8.8% volume expansion 

would have occurred resulting in lattice strains in the microstructures, and finally, shifting of 

diffraction peaks [44]. The EBSD results too revealed the presence of martensite (and also some 

bainite) in the microstructures of Q&B samples, especially after 5 and 200 s, and indeed, extensive 

martensite formation in DWQ samples, Figure 3. The enlarged section of XRD patterns (the XRD 

profiles containing the FCC {111} peak) shown in the top right-hand part of Figure 4 clearly 

reveals this behavior. 

 

Figure 4- The X-ray diffraction spectra for different Q&B samples. The XRD spectrum of DWQ 

sample is also included for comparison.   

3-3- Carbon partitioning and lattice strain of RA phase 

The average carbon content and lattice strain of RA phase determined from the XRD spectra for 

different heat treatment conditions according to the W-H method is presented in Table 3. The 

average carbon content of RA increased from 0.6 to 1.39 wt.% with the increase in isothermal 

holding time from 5 s to 1 h at 350 °C, suggesting the occurrence of effective carbon partitioning 

during bainitic transformation in Q&B samples, in comparison to the DWQ samples (0.568 wt.% 
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C), which showed carbon level close to that of the composition of the steel (0.529 wt.%).  The 

carbon content of the RA phase first increased sharply up to about 200 s (1.27 %), beyond which it 

slowed down significantly at about 600 s (1.36%) with a maximum value estimated after 1 h 

holding (1.39%). In contrast, the variation in lattice strain showed a slightly different pattern with 

an increase in isothermal holding time. At first, the lattice strains varied in a narrow range from 

0.68 to 0.686 %, as the isothermal holding time was increased from 5 s to 200 s. However, further 

increase in holding time to 600 s and 3600 s led to a significant drop in lattice strain to 0.557 and 

0.408 %, respectively. In comparison, the DWQ samples showed maximum lattice strain in RA 

phase (0.86 %), as expected. For a better understanding, the variation of average carbon content and 

lattice strain in the RA phase are graphically shown as a function of isothermal holding time in 

Figure 5. As is evident, the carbon content of the RA phase increased sharply up to about 200 s, 

beyond which it reached a plateau at about 600 s (1.36%) with the carbon content remaining 

practically same with a peak value estimated at 1 h (1.39%). In correspondence, the lattice strain 

varied in a narrow range up to about 200 s, as mentioned above, obviously as a result of low bainite 

formation in the beginning (up to 50 s) and hence, significant martensite formation in the 

multiphase microstructure during final quenching, thus causing high lattice strains. However, at 200 

s, significant bainite formation and also carbon partitioning in the microphases caused high lattice 

strains in RA with little or no stress relaxation, though some martensite may have also formed 

during final cooling causing additional lattice strains. Martensite formation which contains a 

relatively high carbon content and the associated c/a ratio of martensite phase resulted in high 

compressive residual stresses within the RA phase after final water quenching.  On the other hand, 

due to longer holding beyond 200 s, there is an extensive recovery of dislocations in bainite and 

with practically no martensite forming during subsequent cooling, the lattice strains in RA dropped 

significantly. Even though the carbon content of the austenite increased slightly with the increase in 

isothermal holding time beyond 200 s, but it did not cause any significant lattice strains in RA, as 

the recovery was extensive.   

 

In comparison the DWQ samples showed large lattice strains in the retained austenite due to the 

formation of a large fraction of nearly untempered martensite, i.e., phase transformation from FCC 

to BCT lattice, leading to a highly dislocated microstructure and causing extensive strains in the 

limited RA phase between the martensitic laths. This is in good agreement with the results 

presented in Table 3 and Figure 5. The occurrence of lattice strains in the RA phase due to the 

carbon partitioning as well as the volume expansion during phase transformation from FCC to BCT 

caused the shifting of the diffraction peaks of RA  to higher angles. Hence, for the samples with 

high martensite volume fractions (DWQ), significant micro-strains could be generated within the 
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RA and correspondingly, a high degree of shift occurred in the diffraction peaks. This strain 

distribution in the RA phase has a very important effect on the stability of RA phase during tensile 

testing. For example,  higher lattice strains can cause lower mechanical stability of this phase. On 

the other hand, the presence of defects in the crystal structure, such as lattice strains, does alter the 

interplanar spacing between the atomic (hkl) planes and in turn causes shifts in the diffraction 

patterns [45]. The curves presented in Figure 5 revealed that both the carbon partitioning together 

with residual compressive stresses affected the lattice strains in RA and the optimum conditions 

were achieved around 200 s isothermal holding as marked by the arrow in Figure 5, which also 

corresponds to a high RA fraction in the steel with good stability (1.265 wt.% C). At first, by 

increasing the isothermal holding time at 350 oC, lattice strain varied in a narrow range up to 200 s 

and then decreased at 1 h isothermal holding, which is in good agreement with the microstructural 

observations, Figure 3. This result indicates that both the carbon partitioning as well as residual 

compressive stresses at first caused enhanced lattice strains, but at long isothermal holding times 

(typically 600 s and beyond), reduced residual compressive stresses resulted in decreased lattice 

strains due to extensive bainite formation in conjunction with high stress relaxation.   
 

 

Table 3- The estimated volume fraction, carbon content, and lattice strain of RA after different heat 

treatment conditions, as extracted from the XRD spectra presented in Figure 4   

Lattice Strain of 

RA (%) 

Lattice 

Parameter of 

RA (Ao) 

Carbon Content of 

RA (wt.%) 

Vol. Fraction of RA 

(%) 

Sample Mark 

0.68 3.590 0.60 4.7 350oC-5s 

0.62 3.598 0.85 10.9 350oC-30s 

0.686 3.612 1.265 18 350oC-200s 

0.557 3.615 1.356 12.65 350oC-600s 

0.408 3.616 1.39 6.9 350oC-1h 

0.86 3.589 0.568 4.3 DWQ 
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Figure 5- The variation in average carbon content and lattice strain of RA plotted against the 

isothermal holding time (on a logarithmic scale) for Q&B heat treated samples.  

     

 

4- Conclusions  

In this research work, the effect of isothermal holding time on the lattice strain of RA phase was 

estimated using W-H analyses of XRD data measured on Q&B samples of a high-silicon medium 

carbon steel samples (DIN 1.5025), isothermally heat treated slightly above the Ms temperature at 

350 oC in comparison to its DWQ variant, cooled directly to RT following reaustenitization. The 

results were correlated to the phase constituents, particularly the RA fractions and corresponding 

carbon contents as a function of hold time. The following results were achieved: 

1. The RA phase was distributed in both thin film and blocky shape morphologies in the multiphase 

microstructures of Q&B heat treated samples in comparison to mostly blocky shape morphology 

within the martensitic microstructure, though very fine interlath austenite (<100 nm), if any, 

cannot be detected by EBSD due to limitation of resolution.  

2. The volume fraction of RA phase increased to the maximum value of 18 % as a result of increase 

in isothermal holding time to 200 s at  350 oC, beyond which it decreased to 12.7 and 6.9 % with 

a further increase in isothermal holding time to 600 s and 1 h, respectively. This is due to 

increased bainite formation in the multiphase microstructures as well as loss of carbon due to 

carbide formation beyond about 200 s isothermal holding.  

3. The carbon content of RA phase first increased sharply up to about 200 s (1.27 %), beyond 

which it stabilized at about 600 s (1.36%) with a maximum value  (1.39%) estimated at 1 h 

holding. The corresponding lattice strain of RA varied in a small range until 200 s and then 

decreased sharply during further isothermal holding essentially due to extensive recovery of 

dislocations.  
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4. The optimized effect of isothermal holding with a high fraction of RA(18%) containing 

reasonably high carbon content (1.27% C) suggesting good stability occurred at about  200 s, 

with the only limited restoration of lattice strains (residual compressive stresses).    

5. The limited RA(4.3) in DWQ samples has a higher lattice strain in comparison to Q&B heat 

treated samples, obviously due to the high residual compressive stresses generated in RA as a 

consequence of a significant fraction of fresh martensite formation during water quenching to 

room temperature.   

6. At low isothermal holding times, limited bainite formed resulting in inadequate carbon 

partitioning to the adjacent prior austenite films/grains during isothermal holding at 350 oC and 

hence transformation of fresh martensite during final cooling led to high lattice strain 

distribution in the RA phase. On other hand, extensive restoration of compressive stresses due to 

stress relaxation during long isothermal holding times resulted in an opposite effect on the RA 

lattice strains, which decreased rapidly beyond about 200 s.  
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