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Abstract 

Lath martensite is important in industry because it is the key strengthening component in many 

advanced high strength steels. The study of crystallography and chemistry of lath martensite is 

extensive in the literature, however, mostly based on fully martensitic steels. In this work, lath 

martensite in dual phase steels is investigated with a focus on the substructure identification of the 

martensite islands and microstructural bands using electron backscattered diffraction, and on the 

influence of the accompanied tempering process during industrial coating process on the 

distribution of alloying elements using atom probe tomography. Unlike findings for the fully 

martensitic steels, no martensite islands with all 24 Kurdjumov-Sachs variants have been observed. 

Almost all martensite islands contain only one main packet with all six variants and minor variants 

from the remaining packets of the same prior austenite grain. Similarly, the martensite bands are 

typically composed of connected domains originating from prior austenite grains, each containing 

one main packets (mostly with all variants) and few separate variants. The effect of tempering at 

~450°C (due to the industrial zinc coating process) has also been investigated. The results show a 

strong carbon partitioning to lath boundaries and Cottrell atmospheres at dislocation core regions 
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due to the thermal process. In contrast, auto-tempering contributes to the carbon redistribution 

only in a limited manner. The substitutional elements are all homogenously distributed. The phase 

transformation process has two effects on the martensite in dual phase steel: mechanically, the 

earlier-formed laths are larger and softer and therefore more ductile (as revealed by 

nanoindentation); chemically, due to the higher dislocation density inside the later-formed laths, 

which are generally smaller, carbon Cottrell atmospheres are predominantly observed.  

 

Keywords: Lath martensite, Dual phase steel, Variant identification, Kurdjumov-Sachs orientation 

relationship, Carbon segregation 

Highlights 

⚫ Lath martensite islands and bands were indexed in variations of dual-phase steels. 

⚫ Detail insight was obtained by combined EBSD, APT, TEM, nano-indentation analysis. 

⚫ The islands predominantly consist of one main packet with all six variants.  

⚫ The bands are composed of connected domains, each largely made of one main packet. 

⚫ Tempering at ~450°C causes carbon partition to lath boundaries and dislocation cores. 
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1. Introduction 

Ferrous martensite appears in a variety of morphologies, such as lath, lenticular and thin-plate, 

which are influenced by the alloying elements, the transformation temperature, and the state of 

prior austenite [1-3]. Among these morphologies, lath martensite has a particularly high industrial 

relevance, as it is the main strengthening component of many advanced high strength steels. Typical 

representatives are dual phase (DP) steels, transformation induced plasticity (TRIP) steels, 

maraging steels, and quenching and partitioning (QP) steels. 

Lath martensite is formed in Fe-C (<0.6wt% C), Fe-Ni (<28wt% Ni), and Fe-Mn (<10wt% Mn) 

alloys [4]. Its morphology and crystallography have been investigated extensively using different 

experimental techniques, including optical microscopy [2,5,6], scanning electron microscopy (SEM) 

[6], transmission electron microscopy (TEM) [2,5-9] and electron backscattered diffraction (EBSD) 

[5,6,10], providing a detailed description of the substructure constituents. Due to the diffusionless 

phase transformation, there exists an orientation relationship (OR) between the prior austenite and 

martensite laths. The OR of lath martensite is generally close to the Kurdjumov-Sachs (K-S) OR, 

where the habit plane ranges from {111}γ to {225} γ and {3 10 15}γ, depending on the chemical 

composition of the metal [4,5,9]. The most fundamental structure units, the laths, with small 

misorientations (2-5°), are bundled together in a so-called ‘variant’ or ‘sub-block’ [6]. There are 24 

possible K-S variants originating from a single prior austenite grain, which are grouped into a 

hierarchical structure of packets, blocks and sub-blocks. The variants within a packet share the 

same habit plane, which is one of the four {111} γ close-packed planes of the prior austenite. Each 

packet contains three blocks, each of which can be further divided into two sub-blocks with a 

misorientation of ~10°. Figure 1(a) shows a schematic drawing of the substructures of lath 

martensite in a prior austenite grain. Figure 1 (b) shows the pole figure of the 24 variants, taking 

the crystallographic coordinate of Variant 1 as the reference. A detailed overview of the 

misorientation values between the 24 variants can be found in [5]. 
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Figure 1. (a) Schematic drawing of the hierarchical microstructures of lath martensite in a prior 

austenite grain. A zoom-in of the orange frame shows substructures at smaller scales. PB, BB, SBB, LB 

represent packet boundary, block boundary, sub-block boundary and lath boundary respectively. The 

typical size of a packet is a few micrometres to tens of micrometres. (b) Pole figure showing the 

orientation of the 24 K-S lath martensite variants with respect to the crystal coordinate of variant 1 

[5]. 

Lath martensite appears in engineering steels either as one of the phases in multi-phase steels, 

or as the single phase of a fully martensitic (FM) steel. A vast amount of research has been conducted 

on the morphology and crystallography of FM steels in the literature. All above-mentioned 

conclusions about the OR between lath martensite and prior austenite originate from FM steels of 

coarse grains. Considerably less work has been carried out on lath martensite crystallography in 

multi-phase steels. The typical dimensions of the martensite islands in multi-phase steels and their 

substructures are smaller, by which the variants differ from those found in FM steels. Yoshida et al. 

investigated the martensite in DP steel and showed nicely that the martensite islands also have a 

substructure containing packets and blocks, similar to martensitic steels [11].  However, the fine 

details, related to variant selection, of the islands’ substructure as well as that of the martensite 

bands still remain open in the literature for rolled sheet of DP steels. It is therefore necessary to 

elucidate the substructures of lath martensite in multi-phase steels by detailed indexing of the 

different variants in both the martensite islands and band.  

This paper focuses on a particular multi-phase steel, i.e. dual phase (DP) steel, which is an 

advanced high strength steel that is widely used in the automobile industry. DP steel contains 

mainly ferrite and martensite, with martensite acting as the strengthening phase. Commercial DP 
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steels are typically produced by rolling, which leads to severe banding of martensite in the centre 

region of the material’s thickness direction [12,13]. The effect of this banding on the mechanical 

properties is generally assessed to be negative, e.g. in [13,14]. However, insights into the precise 

crystallography of such banded structures is still missing in the literature.  

Besides the crystallography, the distribution of the alloying elements is essential for the 

mechanical properties of materials. The local chemical composition analysis of lath martensite is 

traditionally investigated using X-ray methods, TEM related techniques and electron probe 

microanalysis in SEM. However, these measurements only give two-dimensional (2D) elemental 

distribution and the resolution is, at the best, at the nanometre scale. Recently, 3D atom probe 

tomography (APT) has been widely applied to acquire the element distribution of materials in 3D 

at atomic scale [15,16]. The application of APT to lath martensite, e.g. in [17,18], provided novel 

insights into the alloying element distribution and their potential influence on the mechanical 

response of FM steels. Studies of the element distribution in lath martensite in DP steel at this scale 

are rare. Moreover, there are no studies on the effects of the accompanied tempering process during 

the commonly applied industrial zinc coating process on the element distribution of lath martensite 

in the commercial DP steels. Using 3D APT, a comparison between DP steel with and without coating 

can yield a deeper understanding of the influence of the coating process on the element distribution 

and the mechanical properties.  

This study is structured as follows: the crystallography of lath martensite in a commercial DP 

steel is investigated using EBSD, where both the martensite islands and the martensite bands 

formed due to the rolling process will be studied, using an FM steel with the same overall chemical 

composition as a reference. In addition, the alloy element distribution of a commercial DP steel and 

a lab-processed DP steel will be measured using APT to understand the influence of the coating 

process on the element distribution, where again an FM steel will be used as a reference.  

2. Experiments 

The materials used in this study are a commercial DP600 steel (DPC), a lab-processed DP steel 

(DPL) and an FM steel. The DPC steel (0.092C-1.68Mn-0.24Si-0.57Cr in mass percent/ 0.43C-

1.68Mn-0.48Si-0.61Cr in atomic percent) was subjected to a zinc coating process at 450°C for 5 mins. 

The DPL was obtained by reheating the DPC to the inter-critical range at 750°C for 5 mins followed 
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by water quenching to room temperature. This should remove the influence of the thermal 

treatment during the coating process. The volume fraction of martensite in both DPL and DPC is 

approximately 25%. The FM was obtained by heating the DPC at 1000°C for 2 hours followed by 

water quenching to room temperature. The long homogenization time removes the chemical 

heterogeneities in the DPL and is meant to obtain large prior austenite grain size. 

The materials were characterized by EBSD, TEM and the local chemical composition was 

measured by APT. For EBSD investigations, the specimens were prepared by grinding and polishing 

and finished by electro-chemical polishing using A2 electrolyte from Struers with a voltage of 40 V 

for 10 seconds at room temperature. The EBSD measurement was carried out using an EDAX system 

mounted on a FEI Sirion FEG SEM. A cleaning step of the raw EBSD data was applied by using the 

neighbour confidence index correlation method for pixels with a confidence index lower than 0.1. 

The TEM sample was prepared by double-jet electro-chemical polishing of a thin plate that was 

thinned by grinding and polishing. The APT specimens were prepared by lift-out method using FIB 

from a bulk material that was finished by electro-chemical polishing. A final step with low beam 

current and voltage (5 kV, 44 pA) was applied to minimize the impact of the Gallium ion beam on 

the analysed volume. The APT measurements were conducted using a local-electrode atom-probe 

system (LEAP 4000X-HR, Cameca Instruments) in voltage mode at a specimen temperature of ~65 

K. Data analysis was performed using the IVAS software (Cameca Instruments) and the mass-to-

charge peaks were decomposed according to the proportion between isotopes of the alloying 

elements.  

3. Results and discussion  

3.1 Morphology 

Figure 2 shows typical TEM bright field images of lath martensite in DPC and FM steel, 

respectively (Fig. 2(b)). In Fig. 2(a) the dark martensite island in DPC is surrounded by ferrite grains. 

Two sharp and bright laths are visible while other laths are more blocky. In contrast, the laths in FM 

steel (Fig. 2(b)) are much longer and stacked on top of each other more regularly. Parallel laths are 

likely to belong to the same packet, since the substructures in the same packet share the habit plane. 

Although the size of the martensite island of DP steel is significantly smaller than the FM martensite 

packets the lath widths are of a comparable size.  
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Figure 2. TEM image of lath martensite from (a) commercial DP 600 steel (DPC) and (b) fully 

martensitic (FM) steel. The island marked with the yellow line is lath martensite in (a). The laths with 

parallel length directions in (b) are likely belonging to the same packet.  

3.2 Crystallography  

Figure 3(a) shows an inverse pole figure (IPF) map from EBSD measurements of the FM steel. 

The image quality (IQ) map in Fig. 3(b) clearly shows the substructure boundaries. The prior 

austenite grain is reconstructed using the method proposed in [19] and marked by black and yellow 

lines in Fig. 3(a,b), respectively. Parallel blocks are clearly visible in the packets, and each block 

contains two sub-blocks with a misorientation of ~10°. The sizes of packets and blocks are not equal 

and the laths in the large packets/blocks are more parallel than the ones in the smaller 

packets/blocks that show a more random morphology, which is in line with [20]. The traces of {110} 

and {557} families are shown in the inset of Fig. 3(b), whereby the {110} traces are aligned much 

closer to the lath boundary direction, indicating that the habit plane of the material is closer to {110}. 

The pole figure of the marked prior austenite region shown in Fig. 3(c) is rotated to maximize the 

overlap with the theoretical pole figure of the K-S OR, as is shown in Fig. 3(d). It can be seen that the 

experimental pole figure matches well with the theoretical one, indicating that the laths are close to 

the K-S orientation relationship with respect to the prior austenite. Although only three packets are 

visible at the surface, the three Bain zones are all present.  
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Figure 3. (a,b) Typical IPF and IQ maps of FM steel with a prior austenite grain marked by black/yellow 

lines. The insert in (b) is a zoom-in of the yellow square region, which shows the traces of substructure 

boundaries in the packet. The two red lines mark the theoretical surface trace of {110} and {557} 

planes respectively, which indicates that the habit plane is close to {110}. (c) Pole figure of the prior 

austenite region highlighted with the corresponding colours in the IPF. (d) The pole figure of (c) 

rotated to the frame of the reference pole figure in order to identify the presence of the variants.  

Figure 4 shows an EBSD measurement of a lath martensite island in DPC steel. The large purple 

and red grains are ferrite and the small grains in the centre of Fig. 4(a) are martensite, which are 

separately shown in Fig. 4(b). The boundaries of martensite sub-structures are nearly parallel, 

except for the curved ones. It may therefore be assumed that they mostly belong to the same packet. 

Trace analysis shows that most traces correspond to the {110} planes, suggesting the habit plane to 

be {110} for the martensite in DPC steel. However, the {001} pole figure shown in Fig. 4(c) indicates 

that some variants are from different packets than others. To identify these variants, the surface 

traces of all {110} planes are plotted for each of the coloured regions in Fig. 4(b). Since there are six 

{110} planes, only the trace (e.g. the one marked by white arrows for variant 2 and variant 3 

respectively) that is parallel to the parallel variant boundaries (the white line in Fig. 4(b)) is the one 

representing the habit plane. The substructures from the same packet share the habit plane and 

thus the corresponding {110} plane traces are parallel. The pole figure of the martensite island 

without the marked regions by red arrows and question marks shows three sets of projection points 
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from the three blocks of the packet in Fig. 4(d). The sub-blocks have been identified by rotating the 

{001} pole figure to overlap with the reference pole figure (Fig. 3(d)). The regions marked by red 

arrows do not belong to the packet, but are identified to belong to the same prior austenite grain 

(V16, V18). The island is therefore predominantly a single packet of variants, with two smaller 

variants (V16 and V18) from another packet, and the small unidentified variant marked with 

question marks at the island extremities. All three blocks are present in this main packet, with all 

sub-blocks in each block as indicated by small misorientation between the projection points in the 

pole figure. The misorientation values along the orange arrow in Fig. 4(a) are plotted in Fig. 4(f). It 

shows that the misorientation is 18.2° between V1 and V16, 52.3° between V1 and V6, 58.7° 

between V2 and V6, 54.7° between V2 and V3. This matches well with the variants definition in 

Table 2 of Ref. [5]. The presence of sub-blocks rules out the Nishiyama-Wassermann OR which does 

not have sub-blocks. The variants seem to be distributed randomly and variant pairs, such as V1-

V4, V2-V5 and V3-V6 that are frequently reported in FM steels [5], are not present. This is similar to 

the observation of high carbon lath martensite from Ref. [5]. The morphology of the sub-blocks is 

mostly equi-axed, which also differs from the lath shape of the FM steel shown in Fig. 3. 

 

Figure 4. (a) A typical EBSD measurement of a lath martensite island in DPC steel. The top purple and 

bottom red grains are ferrite grains. The small martensite grains are separately shown in (b). {110} 

plane traces are marked for every block for identification of the variants belonging to the same packet. 

Variant V1-V6 belong to the same packet. Variant V16 and V18 are from a second packet. The small 
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variant marked with a question mark do not originate from the prior austenite grain containing the 

numbered variants. The white arrows indicate the shared (110) plane, which is also the habit plane. 

The red arrows indicate the variants which do not belong to the major packet.  (c) {001} pole figure of 

the complete area. (d) {001} and (e) {110} pole figure of only the variants V1-6. The projection point 

marked in red denotes the common habit plane. (f) Plotting of misorientation values along the orange 

arrow in (a), in which the red curve represents to point-to-point misorientation, and the blue curve 

depicts the misorienation with respect to the origin of the orange arrow. 

The habit plane traces, as explained above, when they are straight and organized, can be used to 

verify if a sub-block/block belongs to a certain packet and to identify the variants that belong to a 

different packet than the rest of the blocks. Using the same method, a second martensite island is 

analysed, as shown in Fig. 5(a). Analysis reveals that the red block marked by the red arrow does 

not belong to the packet which contains all unmarked regions. This martensite island therefore also 

consists of one main packet and a minor variant of a different packet, similar to the one analysed in 

Fig. 4. In contrary to the martensite shown in Fig. 4, the laths in this region have a higher 

length/width aspect ratio, but their shape is still ‘blocky’ compared to the laths in the FM steel (Fig. 

3). In this measurement, variant pairs are present, e.g. V1 shares a boundary with V4, while V2 and 

V5 share a boundary as well. The {001} and {011} pole figures of variant V1-V6 in Fig. 5(b,c) 

confirms that this island is mainly composed of a single packet.  

 

Figure 5. (a) A martensite island from DPC mainly composed of a packet with all 6 variants and a 

minor variant V15 from the same prior austenite. This is confirmed by the {001} and {011} pole 

figures of variants V1-V6 (b,c). The projection point marked by the red circle represents the common 

boundary plane of variants V1-V6. 
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Figure 6 shows an EBSD micrograph of a lath martensite band around the centre of the thickness 

direction of the DPC sheet. Since comparable colours between martensite and ferrite may trigger 

confusion, the IPF map (Fig. 6(a)) is shown together with an image quality (IQ) map (Fig. 6(b)). The 

dark regions in the IQ map have a lower image quality compared to the adjacent ferrite and are 

identified as martensite because the large density of dislocations inside the laths distorts the crystal 

lattice and thus the Kikuchi patterns. The main martensite regions are divided into five domains, 

which are marked with blue outlines and numbers in Fig. 6(a). These domains are analysed 

separately and shown in Fig. 6(c-g). One packet is identified in each domain, where only the variants 

that belong to the main packet are shown, together with their {001} and {011} pole figures. The 

orange arrows in the IPF indicate the locations in the martensite band where minor variants exist 

that do not belong to the main packet and are therefore made invisible. It is interesting that all these 

minor variants are found to belong to the same prior austenite as the main packet. The projection 

points marked by the red circle in the {011} pole figures represent the habit plane of the packet, 

which is shared by all the variants. Similar to the observations of the martensite islands in Fig. 3,4, 

the sub-structure boundaries are approximately parallel to the {110} plane trace and all the 6 

variants are present in the identified packet for domain 1, see Fig. 6(c). Variant pairs are observed 

for all three blocks. The adjacent domain 2 does not show straight and parallel sub-structure 

boundaries. But still a packet is found with 6 variants, as shown in Fig. 6(d). Domain 3 has been 

identified to be a single packet, but not all 6 variants are present. The presence of only 2 blocks does 

not give a certain {110} pole of habit plane based only on information of the projection points. 

However, due to the parallel boundaries between the yellow block and two blue blocks, the habit 

plane has a normal direction which is perpendicular to the boundary traces. Therefore, the probable 

projection point is marked in the {110} pole figure in Fig. 6(e). The boundaries are irregular inside 

domain 4, which is identified to be a full single packet with minor variants of the same prior 

austenite grain. The identified packet in domain 5 shows regular substructures and variants are 

fully present in the packet, as indicated by Fig. 6(g).  
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Figure 6. (a) IPF and (b) IQ map of a lath martensite band in the middle of the thickness direction of 

DPC steel. The dark region in the IQ map represents martensite, the major band is divided into domains 

by blue lines. In (c-g) the variants belonging to the identified main packet of domains 1-5 are shown in 

the IPF together with the {001} and {011} pole figures. The orange arrows indicate the locations in the 
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martensite band where minor variants exist that do not belong to the main packet and are therefore 

made black. The red circles in the {011} pole figures mark the projection point of the habit plane, which 

is shared by all variants. 

Out of the martensite band, four full packets can be identified in the band, whereas the fifth 

packet contains only two blocks. In addition, most of the adjacent packets do not originate from the 

same prior austenite grain. This is similar to the measured martensite islands (Fig. 4-5), which are 

predominantly a single packet with minor variants from another packet of the same prior austenite 

grain. However, conclusions may be different for the many smaller martensite islands that exist and 

that are difficult to measure by EBSD with good image quality. Note, however, that these small, 

strong islands seem to show a much lower degree of deformation than the large islands [21] and, 

therefore, may not play an important role in the overall mechanics of DP steel. The martensite 

domain size is inherited from the size of prior austenite grains, which are nucleated during the inter-

critical annealing at the boundaries of ferrite grains, and is controlled by the local austenite grain 

growth rate. The competition between austenite nucleation and grain growth determines the final 

austenite grain size. In martensite regions to the top right of domain 5 in Fig. 6, the nuclei of 

austenite are probably more numerous than in other regions, which leads to smaller austenite 

grains and therefore smaller packets after transformation.  

It can be seen from Figs. 3-6 that refinement of prior austenite grains leads to smaller packet 

size, as reported in [5, 22-25], and  smaller block size [25] (although block size could also be 

influenced by some alloying elements, e.g., by Mn [22,23]). DPC steel studied in this work has 

martensite islands with size of mostly 2-4 µm. Examples of fully martensitic steel, with similar prior 

austenite grain size as the martensite island in DPC, are shown in Fig. 7(a, b) reproduced from Morito 

et al. [22]. The substructure of this fine-grained fully martensitic steel is similar to the substructures 

of martensite islands in DPC (Figs. 3, 4). They both have only one major packet with all 6 variants 

and some minor variants from other packets. The difference is that sub-block / variant boundaries 

are more regular in DPC martensite islands. This can be related to the surroundings of prior 

austenite grains. In the case of DP steels, softer ferrite is adjacent and martensite laths bear less 

constraints from the surroundings than the case of fine-grained fully martensitic steel in which 

neighbouring region is martensite. This has been proved in [26], showing that ferrite grains close 

to martensite islands are deformed to accommodate the shape strain of martensitic transformation. 
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When the prior austenite grains are coarse, multi-variant transformation takes place in a 

manner that the overall shape strain of the phase transformation is minimum [24]. The opposite 

extreme case is that when the prior austenite grain size is very small (~1 µm or smaller), a single 

variant can form within one prior austenite grain because the spatial constraints prevents 

formation of new variant [24]. For the intermediate sizes of prior austenite grains, the substructure 

of lath martensite after transformation lies in between the former two extreme cases. However, the 

detailed reason of why only one major packet is formed (both for the cases of DP steel and fine-

grain fully martenstic steels, as shown in Figs. 4, 5, and 7) needs to be further clarified. 

 

Figure 7. (a, b) Examples of  lath martensite of a fine-grained fully martensitic steel with prior austenite 

grain size of ~3 µm, which is comparable to the martensite islands in the DPC as shown in Figures 4, 5. 

The solid white lines and dashed white lines indicate, respectively, prior austenite grain boundaries 

and packet boundaries. This figure is reproduced from [22]. 

According to Ref. [27] the initial variant that is formed is triggered through energy minimization, 

which is followed by the formation of a block from a second packet belonging to the same Bain zone 

corresponding to the first one. This might explain the existence of the minor sub-blocks (variant 16, 

which is from the same bain zone of variant 1) from the second packet in Fig. 4 if the biggest variant 

1 is formed the first. In addition, the size of sub-blocks/blocks are different within the same packet. 

The larger ones are expected to form at earlier stages when more space was available for the laths 

to grow [18]. The later-formed ones have less space and the austenite lattice is already strained by 

the adjacent prior martensite transformation. Hence, they are smaller and more dislocated, leading 

to a lower image quality in the EBSD measurement. This phenomenon will probably lead to 
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heterogeneity of mechanical properties of lath martensite, which can be assessed by locally probing 

the mechanical material behaviour by means of nanoindentation, which is discussed next. 

Due to the small dimensions of the martensite islands in DP steel, the nanoindentation 

measurements will be affected by the softer ferrite phase, which makes a reliable measurement of 

any correlation between the hardness and the lath size unfeasible. However, as can be seen in Fig. 

3, the FM microstructure also shows laths with different dimensions. Hence, a series of nano-

indentation tests have been applied on the FM steel, where the location of each indent has been 

correlated with the lath width measured with EBSD, as shown in Fig. 8(a). The hardness has been 

plotted as a function of the width of the indented lath, see Fig. 8(b). Even though there is a very large 

scatter in the data due to the large variability in the (subsurface) microstructure and chemical 

distribution at each indent location, the hardness does show a significant decrease with increasing 

lath width. The same trend was observed for nano-indentation results in the literature, obtained by 

two research groups [18, 28].  One reason is that the martensite substructure boundaries act as 

barriers to dislocation motion, as recently observed in direct micro-mechanical uni-axial tensile test 

on the same FM material [29]. Another reason was proposed in [18], which is that the thicker (and 

longer) laths contain less dislocations because these laths are the first laths to transform after 

quenching below the Ms temperature. Indeed, the biggest laths also have the highest EBSD image 

quality, i.e. in Fig. 8(a) their brightness is higher. According to [30], this means that the larger laths 

have a higher probability to fail during service, which is supported by a recent work [31].  

 

Figure 8. Nano-indentation of the FM steel. (a) EBSD inverse pole figure map (of one of the measured 

areas), showing the laths’ arrangement, overlapped with image quality map, showing the position of 
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the indents (black triangles). (b) ‘Nano-hardness’ as a function of the width of the indented lath, 

showing a decrease in hardness with increasing lath width.  

3.3 Element distribution 

The element distribution is analysed through reconstructed 3D maps from APT measurements. 

First, one APT specimen from the early-formed (DPCA) and one from the late-formed (DPCB) 

martensite in the quenching process of coated DPC are discussed, followed by APT results for the 

un-coated DPL and FM material. Figure 9 shows an overview of the element distribution for 

specimen DPCA. Partitioning of carbon into layers occurs, while all the analysed substitutional 

elements, Cr, Mn and Si, are homogeneously distributed. To visualize the C partitioning more clearly, 

the iso-surface at 5at% C is presented in Fig. 9(f), where the carbon-enriched boundary layer is 

clearly visible. Three layers with high C concentration are observed and the distance between the 

top two layers is ~60 nm, which corresponds to the average lath thickness. The logical explanation 

is to identify these two layers as lath boundaries regions. The average C concentration at the bottom 

right of the specimen is considerably lower, i.e. only 0.23 at%, which is a clear indication that this is 

ferrite, as shown similarly in [32]. The rest of the specimen is martensite with an average C 

concentration of 2.24 at%, which is significantly higher than the calculated C content for martensite, 

i.e. (1.70.2) at%, assuming a homogeneous C distribution in martensite and a martensite volume 

fraction of ~25%. The bottom layer is thus a boundary region between ferrite and martensite, 

where the carbon content is significantly higher than the average in martensite. The distribution of 

the main elements inside the blue frame in Fig. 9(f) along the direction crossing the bottom 

boundary layer is shown in Fig. 9(g). This plot confirms the heterogeneous distribution of C, in 

contrast to the homogenous distribution of substitutional elements across ferrite, martensite, and 

their boundary layer. The chemical composition of the volume enclosed by the green frame in Fig. 

9(f) is presented in Fig. 9(h), which shows a nearly homogenous distribution of all alloying elements 

inside the laths.  
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Figure 9. 3D element distribution maps of specimen DPCA taken from early-formed martensite in DPC. 

(a) Inhomogeneous layerwise C distribution is visible. (b-d) Substitutional elements (Cr, Mn, Si) 

distribution and (e) Map of the base element Fe. (f) Iso-surfaces of C with 5at% of specimen DPCA. (g,h) 

the element distribution proxigram in the highlighted blue and green volumes respectively in (f). 

The C distribution of the late-formed martensite DPCB is shown in Fig. 10(a). The 3D maps of the 

other elements are not presented because segregation was again not observed. The overall C 

concentration is 2.98at%, which is considerably higher than in the martensite of specimen DPCA. In 

contrast to the enriched C layers observed in Fig. 9, this specimen shows a strong partitioning of C 

atoms in a network-like structure for which a maximum C concentration as high as ~16at% is found. 

This network is more visible in the iso-surface shown in Fig. 10(a), which has the appearance of the 

3D structure of a dislocation network. Therefore, the most logical interpretation is that the 

enrichment of C in this network is caused by C segregation in the Cottrell atmosphere of the 

dislocations [33]. The consequence of the carbon segregation in boundary layers and dislocation 

networks is that the carbon concentration in dislocation-free regions inside the laths must be 
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significantly lower than the average C content in martensite, as observed for instance in the top part 

of the specimens (Fig. 9(f), Fig. 10(a)). 

 

Figure 10. (a-c) C distribution maps along with their 5 at% iso-surface for (a) DPCB specimen taken 

from late-formed martensite in coated DPC steel. (b) The un-coated DPL specimen, and (c) the FM 

material. The particle size of the C map is moderated to increase the visibility of carbon concentrations 

in the materials.  

The C distribution map and the iso-surfaces of the un-coated DPL specimen are shown in Fig. 

10(b). In contrast to the coated DPC specimens, the C distribution in DPL is far more homogeneous 

with an average concentration of 1.94at%, which is in agreement with the homogeneous C content 

in martensite of (1.70.3) at% (note the somewhat larger estimated error bar than for the un-coated 

DP). No clear (dislocation) networks or (boundary) layers of C enrichment regions are observed as 

the density of 5at% C iso-surface regions is significantly less than the 5 at% iso-surfaces of the DPC 

samples (Fig. 9(f), Fig. 10(a)).  

The C distribution map and the iso-surfaces of C from the FM specimen are shown in Fig. 10(c). 

The average C concentrations of FM and DPC are identical since the base material of FM is obtained 

by heat treatment of DPC. A change of martensite volume fraction from ~25% to 100% lowers the 

C concentration with a factor of 4 in the martensite. The average C concentration is 0.57at%, which 

is slightly higher than the overall C concentration of DPC/DPL (0.43at%). However, the C atoms in 
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the APT tip reveal a much minor partitioning to the Cottrell atmosphere of two dislocations, as 

indicated by the C map and the 5at% iso-surface. The number of Cottrell atmospheres is much less 

than that of specimen DPCB, which suggests that the dislocation density in FM martensite is not that 

high.  

Generally, the distribution of the substitutional alloying elements is homogeneous in the three 

tested materials, which complies with the observations in the literature [17,34]. On the contrary, 

the C distribution shows partitioning to different degrees. The Ms temperature of FM is estimated 

to be ~370°C using the formula proposed in [35]. Therefore, auto-tempering of several seconds can 

occur in the FM steel during quenching. On the other hand, due to the large prior-austenite grain 

size, the dislocation density in the FM specimen is lower than that of the DPC specimens, therefore, 

the Cottrell atmospheres in the FM specimen are less numerous than in specimen DPCB. The Ms 

temperature is estimated to be ~270°C for both the coated DPC and un-coated DPL specimens. 

Therefore, a shorter period of auto-tempering is expected to have occurred in both DP materials. 

Similar to the FM specimen, the C enrichment in the un-coated DPL is not obvious, i.e. only a small 

number of C-enriched regions are visible in the 5% iso-surface map, which seems to be random 

scattering in the specimen volume. In contrast, the DPC samples show significant partitioning. This 

difference is due to tempering at 450°C for 300 seconds during the industrial coating process which 

enables the diffusion to redistribute the C atoms in DPC to the dislocation cores and boundary layers. 

Therefore, whereas the auto-tempering during quenching has only a limited influence on the C 

segregation, the tempering treatment accompanying the coating process causes strong C 

segregation.  

Carbon partitioning to the boundary regions and dislocation structures is driven by the 

supersaturation of C in martensite. In specimen DPCA, the thickness of the enriched C layers 

between two adjacent martensite laths is ~10nm. Based on the C concentration of ~5at%, these 

~10nm-thick layers may be layers of inter-lath retained austenite, as a similar thickness and C 

concentration was found for inter-lath retained austenite layers in [17]. The Cottrell atmosphere 

around dislocations in martensite and bainite has been measured (by APT) in Refs. [17,34,36,37]. 

The maximum C concentration in the core of a Cottrell atmosphere was found to be higher than the 

theoretical maximum value of 6at% [38], but lower than the C concentration in carbides [39]. 
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Therefore, these Cottrell atmospheres can be the possible regions of carbides formation if more C 

atoms are able to segregate there, as suggested in [40].  

The two DPC specimens were fabricated from the same martensite island, however, they show a 

completely different C atom segregation behaviour. This may well originate from the 

transformation sequence, as already briefly addressed in the EBSD results. The substructure size in 

early-formed martensite is larger than that in late-formed martensite because more space was 

available for the phase transformation at the earlier stage. In contrast, in the late-formed martensite, 

more dislocations are present for the accommodation of C atoms, as a result of the larger 

transformation-induced strain emanating from the growing constraint on the remaining austenite. 

This explanation is supported by the EBSD measurements of the lath martensite in DP steel, as the 

smaller sub-blocks and blocks have a lower image quality of the measured Kikuchi patterns, as 

visible in IQ maps in Fig. 3(b) and Fig. 6(b). These observations are in line with the proposed relation 

between substructure size and transformation sequence for martenstic steels in Ref. [18]. Due to 

the tempering effect during the coating process, the solute C atoms can further diffuse to the 

dislocation regions or the boundary regions. These two mechanisms, namely C enrichment in 

boundary regions and at dislocation cores, compete with each other. The destinations of the C 

diffusion, whether to the boundary regions or the vicinity of dislocations, depend on the presence 

and proximity of these two defect structures. Dislocations are more available in late-formed 

martensite, and they are probably closer for C atoms, leading to the observed C concentration 

network.  

4. Conclusions 

The crystallography and alloying element distribution of lath martensite in DP steel has been 

studied by EBSD, TEM, and APT. The main findings are: 

1. Unlike coarse-grained FM steels, the martensite islands in DP steel do not span the full range 

of the 24 K-S variants. The measured islands are mostly composed of a single packet with 

all 6 variants and a small number of minor variants from the same prior austenite grain. The 

variants in DP steels do not always appear in pairs, as is the case for FM steels.  

2. The examined rolling-induced martensite band consists of multiple packets, out of which 

four with full 6 variants, while one packet has only 2 blocks.  
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3. The element distribution has been measured for early-formed and late-formed martensite 

in coated commercial steel DPC, martensite in lab-processed uncoated DPL, and FM 

martensite. The C atoms segregate in all these materials to a different extent, while the 

substitutional elements are homogenously distributed in all cases. Un-coated DPL and FM 

specimens show only minor C segregation because the effect of auto-tempering during the 

quenching process is limited. However, the tempering accompanying the coating process 

has a significant influence on the C distribution. C atoms re-distribute at either lath 

boundary regions or at Cottrell atmospheres in the vicinity of the dislocation cores.  

4. The martensite transformation sequence influences the size of substructures of lath 

martensite in DP steel and the dislocation densities inside. The early-formed laths are larger 

with lower dislocation density, whereas the late-formed ones are smaller with higher 

dislocation density, organized in dislocation networks. From a mechanical perspective, as 

confirmed by nano-indentation measurement, the larger early-formed laths are softer.  
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