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Abstract 

During operating lifetime of a nuclear power plant, the pressure boundary components, usually 

in 16MND5 (SA508 Cl. 3) steel, are subjected to thermal aging that may induce phosphorus 

intergranular segregation. This is known to decrease brittle fracture stress and induce 

intergranular fracture, which causes reversible temper embrittlement. Large components such 

as the reactor pressure vessel presents microstructure heterogeneity due to forging and welding. 

Tempered martensite can locally be found in the nominally bainitic steel. The question of 

microstructure susceptibility to reversible temper embrittlement has been raised in literature 

suggesting that tempered martensite has higher sensibility to phosphorus intergranular 

segregation than tempered bainite. In this paper, a comparative study of intergranular 

segregation in tempered bainitic and martensitic 16MND5 steel after thermal aging is conducted 

using energy dispersive X-ray spectroscopy on transmission electron microscope. Focus ion 

beam is used to precisely prepare lamellae at prior austenite grain boundaries on step cooled 

bainitic and martensitic samples. Different types of grain boundaries are identified using 

https://www.elsevier.com/open-access/userlicense/1.0/
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precession assisted crystal orientation mapping and then the local chemical composition is 

analyzed. Phosphorus, nickel, manganese and molybdenum were observed at all types of grain 

boundaries in both microstructures. The segregation levels are higher in prior austenitic grain 

boundaries than in other types of boundaries for both microstructures. Taking into account the 

segregation amount in different types of boundaries, the phosphorus bulk depletion is shown 

negligible. The results show similar segregation levels in the two studied microstructures, 

indicating that the susceptibility to thermally induced grain boundary segregation between the 

tempered bainite and tempered martensite is the same.  

 

1. Introduction 

Thermal aging in nuclear power plants is due to long life time (> 40 years) operation at relatively 

low temperatures (290°C - 325°C, up to 345°C locally in the pressurizer). The degradation of 

material due to thermal aging is manifested by the decrease of fracture toughness and the 

increase of the Ductile-to-Brittle Transition Temperature (DBTT). One characteristic of thermal 

aging is a change of fracture mode from transgranular cleavage to intergranular fracture; the 

term “intergranular” here applies to the Prior Austenite Grain Boundaries (PAGBs). This 

phenomenon is known as Reversible Temper Embrittlement (RTE), which is a non-hardening 

mechanism due to the embrittlement of grain boundaries by segregation of impurities, notably 

phosphorus [1]–[5]. Intergranular segregation describes the local rearrangements of solute 

atoms at grain boundaries. This phenomenon can strongly affect the cohesive energy of the 

grain boundary, and thus the material properties. 16MND5 steel (similar to SA 508 Class 3) is 

widely used in the nuclear industry for the main pressure boundary components of the primary 

circuit of pressurized water reactors. The microstructure of these different components is 

nominally upper bainite [6]–[9]. However, martensite can be obtained in heat affected zones of 
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welds or claddings, in particular near the fusion line or in mesosegregations. Evidences of 

phosphorus intergranular segregation were confirmed in both western and eastern reactor 

pressure vessel steels [8], [10]–[14]. Miller et al. [14] mentioned that phosphorus intergranular 

segregation coverage in A533B steels after stress relieving heat treatment at 620°C, whose 

phosphorus bulk content is 110 wt ppm, is about 5% before service and 7% after 30 years of 

thermal aging at 290°C.  

There are different studies [2]–[5], [10], [15]–[23] that have shown how phosphorus 

intergranular segregation is related to the mechanical property degradation. Druce et al. [4] 

showed that in coarse grain A533B steel, the change in DBTT is proportional to the P/Fe peak 

height ratio measured by Auger Electron Spectroscopy (AES). More studies [15], [16], [19] have 

also confirmed that phosphorus intergranular segregation has a direct link to the DBTT shift 

after aging. Boasen et al. [3] observed intergranular fracture on both A533B reference (80 wt 

ppm P) and weld metal (130 wt ppm P) after thermal aging. Erhart et al. [17] showed that 

intergranular fracture percentage increases when phosphorus grain boundary segregation 

increases. Nakata et al. [2] showed that the phosphorus peak height ratio is proportional to 

DBTT shift and intergranular fracture percentage. Similar effect was observed by Naudin et al. [5] 

on a model steel that has a composition similar to that of A-segregates (ghost lines). Those 

authors also observed that when the phosphorus monolayer coverage increases, the critical 

fracture stress decreases. Takayama et al. [18] have proposed an equation to elaborate the 

relationship between DBTT shift and phosphorus intergranular segregation. Their equation 

highlights the synergetic effect between hardness and segregation then further includes the 

influence of grain size. These different factors have also been confirmed by others in different 

steels [10], [20]–[23].  
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Literature [4], [5], [8], [11], [24]–[27] has raised the discussion of the microstructure 

susceptibility to RTE. The observations of different RTE behaviors between the base metal 

(upper bainite) and the heat affected zone (bainite and martensite) in several studies have led 

to the assumption of distinct phosphorus intergranular segregation behaviors between the 

martensitic and bainitic microstructure. Viswanathan and Joshi [27] worked on Cr-Mo-V steel 

(250 wt ppm P) and found that after the same tempering time, the phosphorus peak height ratio 

by AES is higher in martensite than in bainite. They also showed that at comparable ΔFATT 

(Fracture Appearance Transition Temperature shift), martensitic microstructure presents higher 

intergranular fracture percentage than bainitic microstructure. The same conclusion is 

confirmed by other studies [8], [11], [24], [25]. 

To measure intergranular segregation, the most common technique used is AES [12]. AES 

requires fresh intergranular fracture surfaces obtained under ultra-high vacuum. Its drawback is 

the impossibility to measure non-embrittled grain boundaries. Other techniques such as atom 

probe tomography [28]–[30] and Energy Dispersive X-ray Spectroscopy (EDX) on Transmission 

Electron Microscope (TEM) [31]–[37]  were also used to measure grain boundary segregation as 

these techniques provide the possibility to analyze any grain boundary thanks to the 

development of Focus Ion Beam (FIB). The authors of this paper have recently developed a 

quantitative method for the measurements of grain boundary segregation by EDX using the 

Scanning mode on a Transmission Electron Microscope (STEM-EDX)  [38], [39]. 

There are different factors that can influence the phosphorus segregation behavior, such as the 

bulk phosphorus content [2], [16], [17], [40], grain size [11], [41], and interactions with other 

alloying element [17], [42]–[46]. In general, phosphorus intergranular segregation prefers High 

Angle Grain Boundaries (HAGBs) and Σ3 boundaries have zero or very low segregation level [30], 
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[34], [47], [48]. The martensitic transformation breaks down the austenite grains into different 

sub-grains during phase transformation, which results in packet, block, and lath boundaries. The 

morphology of lath martensite in steels was well described in [49], [50]. Although the 

morphology of bainite can be more complicated to define as described by different authors 

[51]–[54], the same grain boundary categorization as for martensite can still be applied for 

bainitic grain boundaries since the phase transformation from the austenite parent phase 

follows certain orientation relationships [15], [55], [56]. Gourgues et al. [56] studied a A533B 

steel with martensite and upper bainite structures using Electron Backscatter Diffraction (EBSD) 

and suggested that upper bainite has highly misoriented packet boundaries (misorientations 

between 47° - 60°) that are not twin related and that martensite has a high population of Σ3 

boundaries. Due to the nature of AES measurements – that inherently require a grain boundary 

to have been sufficiently embrittled such that intergranular fracture can be induced – PAGBs are 

the most analyzed among other types of grain boundaries. Apart from PAGBs, very few 

measurements were performed on other grain boundaries. Miller et al. [14] have discovered 

phosphorus intergranular segregation in lath boundaries by atom probe field ion microscopy. 

Doig et al. [57] also suggested that there are amounts of “alloying elements” segregated at 

bainite lath boundaries, but the amount is four times smaller than at PAGBs. Zhang et al. [30] 

analyzed 16MND5 weld and showed phosphorus segregation at all sorts of grain boundaries.  

To further elaborate the different intergranular segregation behaviors in bainite and martensite, 

a hypothesis is proposed in the literature. Raoul et al. [11] showed that martensitic 

microstructure is more sensitive to intergranular fracture than bainitic microstructure for A533B 

steel. They suggested that this is because bainite has non PAGBs that can trap phosphorus and 

prevent it from segregating to PAGBs. Reversely, non PAGBs in martensite would trap less 

phosphorus, leaving more phosphorus free to segregate at PAGBs. In other words, the trapping 
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effect of phosphorus in bainite would be more important than in martensite, so that martensite 

would be more sensitive to thermal aging. Park et al. [8], partially confirmed the reasoning of 

Raoul et al. [11]. They showed that under the same thermal treatment, phosphorus 

concentration at PAGBs is higher in martensite (10.7%) than in bainite (7.1%). However, their 

AES results are given without details of peak height ratio interpretation. Also, they performed 

picric acid etching on bainitic and martensitic A508 Gr. 4N Ni-Cr-Mo steels, showing that 

phosphorus segregation appears also at packet boundaries in fully bainitic microstructure. They 

suggested that bainitic packet boundaries often have high misorientation, while high 

misoriented martensitic grain boundaries are often Σ3 boundaries. In other words, bainitic 

microstructure has more grain boundaries where phosphorus segregates than martensitic 

microstructure. Their assumption agrees with the study of Gourgues et al. [56] on the 

categorization of bainitic and martensitic grain boundaries. 

The objective of this work is to understand the microstructure susceptibility to intergranular 

segregation induced by thermal aging. To achieve this, upper bainitic and martensitic low alloy 

steel samples were prepared. Step cooling heat treatment was performed to simulate thermal 

aging and induce phosphorus intergranular segregation. Microstructural studies were conducted 

using chemical etching and EBSD. FIB thin foils were prepared to precisely target PAGBs and 

other grain boundaries in the samples. Then the different types of grain boundaries in bainite 

and in martensite were identified using Precession Assisted Crystal Orientation Mapping 

(PACOM) in the TEM. The local composition at different types of grain boundaries was 

quantified using STEM-EDX. The quantification method was based on the box method proposed 

by the authors in a previous study [38]. The effect of microstructure on intergranular 

segregation is determined based on the results of STEM-EDX measurements conducted on 132 

different grain boundaries. 
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2. Methodology 

The material used in this study is a 16MND5 steel (similar to SA 508 Class 3) sampled in a heavy 

section forged shell in the quenched and tempered state (tempering at 645°C for about 7h). The 

measured chemical composition is listed in Table 1, with the phosphorus concentration of 0.008 

wt%. Note that the chemical composition of the studied material complies with the French RCC-

M standard.  

Table 1 – Chemical composition of the studied material in weight percent. 

C Mn Si S P Ni Cr Mo Cu V Al Co Ti 

0.15 1.33 0.22 0.007 0.008 0.69 0.20 0.52 0.06 <0.005 0.03 0.02 0.004 

 

The upper bainitic sample in this study was the original microstructure of the studied material, 

also referred to as the base metal. The martensitic sample (15 mm thickness) was created from 

the base metal that underwent austenitization at 900°C for an hour followed by water quench 

(cooling rate > 100°C/s at the center). This ensured a simple martensitic microstructure 

configuration to represent the heat affected zone to facilitate this study. The samples 

underwent a typical tempering process at 645°C for 6h45. To induce intergranular segregation, 

an accelerated step cooling cycle similar to the one in [11], [58] was applied on both samples. 

Figure 1 shows the step cooling cycle. One step cooled bainitic sample named as “bainite step 

cooling” (BSC) and one step cooled martensitic sample named as “martensite step cooling” 

(MSC) were prepared for STEM-EDX intergranular segregation analyses.   
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Figure 1: Step cooling cycle used for aging treatment. 

 

Optical microscope and EBSD were used to investigate the studied microstructures. The as-

quenched martensite sample and the two step cooled samples (BSC & MSC) were etched in 

nitric acid to reveal the microstructures and the carbides for optical microscope examination. 

Then the two samples were polished until colloidal silica, cleaned by water jet and ethanol 

ultrasound bath for EBSD acquisitions. The EBSD acquisitions were performed using a CMOS 

OXFORD SYMMETRY detector on Zeiss Supra 55 SEM for the bainitic sample and using a NORDIF 

UF1100 detector on a TESCAN SEM MIRA 3 for the martensitic sample.  

The grain boundary misorientation information provided by EBSD can be used to identify the 

PAGBs. They were identified using the misorientation criterion provided by Morito et al. [50]. In 

this work, grain boundaries that have misorientation angles between 21.5° to 46.5° are 

considered as PAGBs as other types of grain boundaries (packet, block, and lath boundaries) are 

excluded from this range of misorientation due to the orientation relationship of the austenite-

martensite phase transformation [50], [56].  
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TEM thin foils were prepared using FIB (FEI Helios DualBeam 600) as it provides the possibility to 

prepare lamella at a precise PAGB identified by the misorientation criterion mentioned above. A 

typical thin foil preparation procedure was done, the final milling current ranges from 920 to 

30 pA. The final thickness of each thin foil is around 100 nm to ensure enough signals for STEM-

EDX analyses. To ensure no strong oxidation or diffusion that can influence the analyses, each 

thin foil was analyzed no later than two days after preparation and all samples were always 

preserved under vacuum with silica gel to reduce humidity. In total, seven FIB thin foils were 

prepared, among which three on BSC and four on MSC. In principle, each FIB thin foil contains 

one PAGB and many other grain boundaries. However, one MSC thin foil showed no grain 

boundaries between 21.5°-46.5° thus a fourth thin foil was prepared. Three PAGBs were 

analyzed for BSC and MSC. 

The TEM used in this study was a FEI Tecnai OSIRIS operating at 200 kV, the beam conditions 

were adjusted so that the beam diameter was around 1 nm and the beam current was about 0.5 

nA. PACOM acquisition was performed using the NanoMEGAS ASTAR system. Acquisition was 

done on each thin foil so that the PAGB can be re-identified using the same misorientation 

criteria (21.5°-46.5°) [50] and the misorientation angle of other grain boundaries present in the 

thin foil can be identified. Figure 2 shows an example of index quality map obtained using 

PACOM. The grain boundary portions indicated in red have a misorientation in the range of 

21.5°-46.5°, meaning that they belong to a PAGB. By continuity, the portions indicated by the 

blue arrows are also considered as PAGB. 
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Figure 2: Index quality map of PACOM acquisition for a martensitic thin foil, PAGBs with 

misorientation angle between 21.5◦ - 46.5◦ are marked in red. The blue arrows show the 

portions of the PAGB having misorientation outside the range of 21.5° - 46.5°. Green boxes 

(out of scale) represent the positions of the STEM-EDX acquisitions conducted on different 

segments of the PAGB. 

 

The analytical system is based on the EDX FEI SuperX using four windowless detectors. The grain 

boundary was aligned parallel to the incident beam before acquisition. Elemental mapping was 

acquired using the hypermap function of Esprit v1.9 by Brukers. The mapping size was 

approximately 161 x 40 or 114 x 40 nm, giving a pixel size of 0.16 or 0.11 nm2. The acquisition 

time was usually around 40 minutes for the entire map. The drift correction option in Esprit was 

used and the drift correction during the acquisitions was around 30 nm on average. These 

conditions were the same in the authors’ previous works [38], [39]. STEM-EDX acquisitions were 

first performed on each portion of the PAGB, see green boxes in Figure 2. It was considered 

relevant to perform acquisitions on each PAGB segments because these different segments have 

different misorientation angle and rotation axes; in other words, they are different in nature. 

Then, acquisitions were performed on other non-PAGBs present in the thin foil. The selection of 

these non-PAGBs was somewhat random depending on their alignment with respect to the 

1 µm
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incident beam. Table 2 shows the number of TEM thin foils per sample, and the number of EDX 

acquisitions performed on different types of grain boundaries.  

Table 2: Summary of STEM-EDX analysis on different samples and different types of grain 

boundaries. 

Sample #FIB thin toils Lath boundary other LAGB 
Portions of 

PAGB 

other 

HAGB 
Σ3 

BSC 3 24 7 22 17 0 

MSC 4* 9 1 24 10 11 

Total 7 33 8 46 27 11 

*One of the thin foils for MSC does not contain PAGB, thus a fourth thin foil was prepared. 

Figure 3(a) shows the typical EDX acquisition map on a grain boundary with segregations. The 

STEM-BF image shows that the grain boundary was well-aligned parallel to the incident beam 

and a portion of each adjacent grain was included in the mapping. The five element maps clearly 

show that phosphorus, molybdenum, manganese, and nickel segregate at grain boundaries in 

the studied low alloy steel.  

To extract the segregation peaks (P Kα, Mo Lα, Mn Kα, Ni Kα) without the spectrum background 

and artefacts, the box method proposed previously by the authors [38] was used. This method 

relies on three box spectra extracted from the STEM-EDX map: one “GB” spectrum containing 

the segregation signals at the grain boundary (red box in Figure 3(a)) and two “Grain” spectra 

from each adjacent grain (yellow boxes in Figure 3(a)). The average of the two “Grain” spectra 

allows obtaining a reference spectrum used for spectrum background removal. Figure 3(b) then 

shows the superposed EDX spectra of the “GB” spectrum and the reference spectrum obtained 

from the “Grain” spectra. The segregation of the four elements (marked in red) can be clearly 

seen while the presence of spurious peaks (notably Zr, Si, Cu [59]) and artefacts (Ga and Pt from 

FIB preparation) were removed by the reference spectrum. The net P Kα, Mo Lα, Mn Kα, and Ni 
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Kα peaks were obtained by subtracting the reference spectrum from the GB one (see Figure 

3(c)). Gaussian functions were fitted to the peaks to determine the four peak intensities. The 

iron peak intensity was obtained in the same manner by fitting a Gaussian function to the iron 

Kα peak directly on the “GB” spectrum. 

 
(a) 

 
(b) 
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(c) 

Figure 3: Example of STEM-EDX grain boundary analysis on 16MND5 steel. (a) STEM-BF image 

showing the grain boundary and the element qualitative mappings, (b) superposed GB spectrum 

and reference spectrum showing segregations of P, Mo, Mn, and Ni, (c) net P Kα, Mo Lα, Mn Kα, 

and Ni Kα peaks after background subtraction (GB spectrum minus reference spectrum) fitted by 

a Gaussian function. 

 

The Cliff-Lorimer [60] method is used to quantify the segregated elements, the adapted formula 

is [38]: 

 �� �
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��
���

 

is the intensity ratio of the element i Kα or Lα peak and Fe Kα peak. The k factors used in this 
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������ /�� and �$%/�� are values given by the JEOL software (a TEM also operating at 200 kV). 

The reason of choosing these values is because the JEOL software proposes values that are 

closer to the measured ��/�� and to the values given in [61] compared to other sources. ACF for 

each element are calculated based on the same method mentioned in [38], [62]. The interface 

segregation can be expressed in atom/nm2 using [32], [38]:  

 '� � ()	��
	�

��  (2) 

where '� is the interface concentration of element i in atom/nm2, ) is the matrix density in nm-3 

(85.5 nm-3 for iron), 	�� and 	� are the atomic mass of iron and element i, respectively, w is the 

GB box width. The unit atom/nm2 was chosen so that the provided intergranular segregation 

quantification can be free from hypothesis such as grain boundary thickness needed for at% or 

wt% or Miller’s index of the segregation plane needed for the monolayer coverage. The “GB” 

box width was optimized case by case to ensure the minimum width that contains all signals 

from the grain boundary was selected. The counting error and detection limit of the method are 

of the order of 0.1 atom/nm2. More details can be found in the authors’ previous work [38]. 

 

3. Microstructure Investigation 

Figure 4(a) shows the optical micrograph of the as-quenched martensitic sample where the 

needle-shaped laths can be clearly seen. This observation ensures the water quench cooling rate 

being fast enough to obtain martensitic microstructure of the studied material.  Figure 4(b) then 

shows the optical micrograph of the step cooled martensitic sample (MSC) where carbide 

precipitates are visible. Figure 2(c) shows the optical micrograph of the step cooled bainitic 
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sample (BSC) where carbide clusters located within the ferritic grains can be seen. Although the 

microstructure of the base metal of similar grade steel is commonly believed to be upper bainite 

[63]–[65], Figure 2(c) resembles the granular bainite proposed by Zajac et al. [54]. A possible 

explanation of the formation of these carbide clusters is the presence of “retained austenite and 

martensite islands (M-A constituents)” after quenching that have higher carbon content. It is 

known that the tempering treatment dissolves M-A constituents and forms carbides [51].  

   
(a) (b) (c) 

Figure 4: Optical micrograph of chemically etched sample surfaces showing grain boundaries 

and carbides of (a) as-quenched martensite, (b) step cooled tempered martensite (sample 

MSC), (c) step cooled tempered bainite (sample BSC). 

 

Figure 5(a) and (b) show the EBSD orientation map of the two step cooled samples. The 

misorientation angle threshold for grain construction was chosen to be 3°. Figure 5(c) and (d) 

show the grain boundary map, where ferritic grain boundaries (i.e., block and packet 

boundaries), PAGBs and Σ3 boundaries are marked in different colors. The PAGBs marked out in 

Figure 5(c) and (d) are based solely on the misorientation criteria (21.5° - 46.5°) [50]. Then, 

Figure 5(e) and (f) shows the reconstruction of prior austenite grains using the iterative method 

proposed by Nyyssönen et al. [66], implemented in the MTEX environment [67]. It can be seen 

in Figure 5(c) and (d) that there are more Σ3 boundaries in martensite than in bainite, which was 

expected. It is also observed that the reconstructed prior austenite grains (Figure 5(e) and (f)) 

basically follows the red PAGBs marked in Figure 5(c) and (d).This further indicates that the 

misorientation criteria used to identify PAGB in this work can be applied to both microstructures. 
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(e) (f) 

Figure 5: Mappings obtained from EBSD acquisitions: orientation map for (a) BSC and (b) MSC; 

Ferritic grain boundaries (i.e., block and packet boundaries), PAGBs and Σ3 boundaries for (c) 

BSC and (d) MSC; prior austenite grain reconstruction for (e) BSC and (f) MSC.  

 

The prior austenite grain size was determined from the EBSD orientation maps using the 

interception method; the ferritic (block) grain size was determined automatically from the EBSD 

acquisitions (see Table 3). For the martensitic microstructure, the obtained prior austenite grain 

size is similar to the one obtained by Pous-Romero and Bhadeshia. [68] after similar 

austenitization temperature and duration. The bainitic sample, on the other hand, presents an 

austenitic grain size that is twice that of the martensitic sample. In the study of Pous-Romero 

[68], it can be seen that the composition, austenitization temperature, and duration can all 

influence the austenite grain size. As the bainitic samples were directly cut from an industrial 

shell with greater thickness, the level of uncertainty on the austenitization temperature and 

time are higher than for the martensitic sample. This may explain why the PAG size was found 

larger in the bainitic sample. The determination of lath sizes was done using the interception 

method on STEM-BF images as laths are barely visible in the EBSD maps. A typical STEM-BF 

image of the samples is presented in Figure 6 (a) and (b). 

Table 3: Different grain sizes in bainitic and martensitic 16MND5 steel studied in this work. 

Sample Prior austenite grain (μm) Ferrite grain (μm) Lath (μm) 

BSC 19.3 4.2 0.6 

MSC 9.1 3.1 0.4 
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(a) (b) 

 

 
(c) (d) 

Figure 6: STEM Bright Field (BF) image of a TEM thin foil of a (a) BSC thin foil and a (b) MSC thin 

foil. (c) and (d) are corresponding PACOM orientation map overlapped with index quality map. 

The blue arrows in (a) points out carbide clusters present in the bainitic microstructure. 

 

Figure 7(a) and (b) show the grain boundary misorientation angle distribution of the two 

samples respectively. For BSC, there are two high peaks near 60° and 54° (green box and yellow 

arrows in Figure 7(a) respectively); For MSC, only one high peak around 60° (green box in Figure 

7(b)) is present. This high peak in martensite suggests more abundant twin boundaries of 60° 

⟨111⟩α, i.e., Σ3 boundaries, while the height of the peak at 54° (yellow arrow in Figure 7(b)) is 

significantly lower. The distributions of grain boundary misorientation angle in this work are 

similar to those obtained by Gourgues et al. [56]. Those authors suggested that the 

misorientation distribution between upper bainite and martensite can be distinguished by the 
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height ratio between the peaks at 54° and 60°; on the other hand, lower bainite should have a 

similar distribution to martensite. From Figure 7(a) and (b), it is very obvious that the height 

ratio between the peaks at 54° and 60° for bainite microstructure is higher than that for 

martensite microstructure, which again confirms that the studied microstructures are upper 

bainite and martensite. Considering that the bainitic sample (BSC) was extracted from the 

original microstructure, this observation also agrees with the common microstructure 

observation of similar grade steels in the literature [63]–[65]. 

  
(a) (b) 

Figure 7: Grain boundary misorientation distribution histogram of (a) bainite (sample BSC), (b) 

martensite (sample MSC).  

 

Figure 8 shows the distribution of grain boundary rotation axes for bainite and martensite in 

three different misorientation ranges. The 21.5°-46.5° range (red rectangles in Figure 7) contains 

in principle only PAGBs. Figure 8 shows a random distribution of the rotation axes in that range, 

which is consistent with the PAGB nature of those grain boundaries. It can also be noted that 

the misorientation angle distribution is relatively flat in this range (see red boxes in Figure 7(a) 

and (b)). More distinctive differences can be observed for misorientation angles in the ranges of 

46.5°-56° and 56°-63°, corresponding to the two high misorientation peaks of Figure 7. The 
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bainitic microstructure does not present a high density of [111] or [110] rotation axes at any 

misorientation (see Figure 8(a)). The high density zones seem to be in the middle of [111] and 

[110], which have a rotation axis close to [221] and [331] for misorientation between 46.5°-56°; 

while rotation axes are more shifted toward [011] close to [331] and showing a secondary hot 

zone close to [443] for misorientation above 56°. The martensitic microstructure, on the other 

hand, shows three hot zones for the range of 46.5°-56°, around [111], [011] and [331]. This 

already shows a distinctive difference with the bainitic structure; there is also a high density of 

[111] and [110] rotation axes for misorientation above 56° (see Figure 8(b)), which are not seen 

for the bainitic structure. This indicates the high population of Σ3 boundaries compared to 

bainite, as suggested in [8], [56]. 

 

 
(c) 

(a) 

 

 
(b)  

 
Figure 8: Rotation axis distribution in the different misorientation angle ranges for (a) bainite 

(sample BSC), (b) martensite (sample MSC). (c) Theoretical location of main rotation axes 

between [110] and [111]. 

56°-63°21.5°-46.5° 46.5°-56°

56°-63°21.5°-46.5° 46.5°-56°
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STEM-BF images of one of the BSC thin foils and one of the MSC thin foils are shown in Figure 

6(a) and (b), respectively. Figure 6(c) and (d) shows the corresponding orientation maps 

(overlapped with the index quality map) obtained using the PACOM acquisitions. The reason to 

show an overlapped map instead of only showing the orientation map for PACOM acquisitions is 

due to the low misorientation between the laths. The orientation map often presents little color 

differences making the identification of the lath boundaries complicated, for example in Figure 

6(c).  

For both thin foils presented in Figure 6, it can be seen that the form of the laths can be 

different depending on the direction. They seemed elongated in the left grain Figure 6(c), but 

rather isotropic in Figure 6(d). This is related to the lath orientation with respect to the thin foil. 

Carbide clusters of different sizes were observed in the studied low alloy steel. Larger ones as 

shown in Figure 2(c) can be observed using optical microscopy and smaller ones were observed 

on TEM thin foils, see blue arrows in Figure 6(a). It can be seen that large carbides (hundreds of 

nms) form a cluster that is located only on the middle right, and another one that is on the top 

right corner of the thin foil. Some other smaller precipitates can also be seen in Figure 6(a). 

STEM-EDX was used to identify the chemical composition of the different carbides. The results 

show typical carbides in this low alloy steel that were also observed in [69]. These include 

cementite (Fe3C) that is rich in Mn; another one rich in Mo is believed to be Mo2C. The same 

carbides were observed in the martensitic thin foils. More detailed investigations for the 

carbides were not performed in this study since the focus was mainly on intergranular 

segregation measurements. 
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4. STEM-EDX Analysis of Grain Boundary Segregation 

In this work, 132 different grain boundaries were analyzed using STEM-EDX. For each grain 

boundary, the misorientation angle was obtained using PACOM. The quantification of 

phosphorus, molybdenum, manganese, and nickel segregation at the 132 grain boundaries 

analyzed in the two studied microstructures (bainite and martensite tempered and aged by step 

cooling) are presented in Figure 9. The error bar shown is the standard deviation of each group 

of grain boundaries. The analyzed grain boundaries are categorized into five different groups 

depending on the misorientation angle: 

1. Lath boundaries: misorientation below 7°, 

2. Other LAGBs: misorientation between 7 - 15°, 

3. PAGBs: misorientation between 21.5° - 46.5° [50]. The PAGBs defined by continuity 

(see blue arrows in Figure 2), which are not in the 21.5° - 46.5° range, were also included 

in this category, 

4. Other HAGBs: grain boundaries with misorientation angle above 15° but not PAGBs, 

5. Σ3 boundaries. 
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Figure 9: Concentration of each element at different types of grain boundaries for the two 

samples (BSC & MSC). The error bars are the standard deviation in each group. The numbers 

indicated on the bars represent the number of grain boundaries analyzed in each group (also 

shown in Table 2). The groups containing 0 or 1 measurement do not have an error bar. For 

MSC, the standard deviation of certain series of measurements was forced very large and 

could hence not be shown in the figure. 

 

Figure 9 shows that P, Mo, Mn, and Ni segregate at all types of grain boundaries in both bainite 

and martensite. In any case, it can be seen that PAGBs have the highest segregation level and 

that lath boundaries have the lowest. It is remarkable that the segregation levels in the different 

grain boundary categories always follow the same ranking: PAGB > Other HAGBs > Other LAGBs 

> Lath boundaries. This is true for all the elements in the two microstructures (bainite and 

martensite). This result is a quantitative and statistically sound confirmation of the common 

assumption that in bainitic and martensitic steels, PAGBs are more prone to segregation than 

any other types of boundaries [8], [11], [24], [25]. This has to be related to the more random 

nature of PABGs, the other grain boundary types being constrained by particular orientation 
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relationships obeyed by the martensitic or bainitic transformation, like Kurdjumov-Sachs (KS) or 

Nishiyama-Wassermann (NW) for example. 

In principle, block and packet boundaries have only a limited number of possible misorientation 

angles and rotation axes, as listed by Gourgues et al. [56] for the KS and NW relationships. An 

attempt was made in this work to identify individually block and packet boundaries by 

comparing their misorientation angle and rotation axis obtained using PACOM with the 

theoretical ones listed by Gourgues et al. [56]. However, no strict correspondence could be 

obtained, possibly because of experimental uncertainties and/or deviation of the orientation 

relationship from strictly KS or NW. Hence, block and packet boundaries could not be 

individually identified in this work. Apart from the Σ3-type boundaries, all the other block and 

packet boundaries are gathered in the “Other LAGBs” and “Other HAGBs” categories. It is clear 

from Figure 9 that block and packet boundaries have segregation levels intermediate between 

PAGBs and lath boundaries. 

Apart from PAGBs and Σ3 boundaries, a clear correlation between the level of segregation and 

the misorientation angle is observed: Other HAGBs (> 15°) > Other LAGBs (7°-15°) > Lath 

boundaries (< 7°). Again, this is true for all the four elements segregated at the grain boundaries. 

This correlation between segregation and misorentation is in agreement with the results from 

Zhang et al. [30] obtained using atom probe tomography measurements on different grain 

boundaries in a 16MND5 weld. It should be mentioned however that the segregation levels 

measured in a given grain boundary category are quite widely scattered (see the standard 

deviation bars in Figure 9). In other words, for two grain boundaries with very close 

misorientation, significantly different levels of segregation can be found. 
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As Σ3 boundaries are very rare in bainite, no Σ3 boundary was analyzed in BSC. In contrast, 11 Σ3 

boundaries were analyzed in sample MSC. It can be seen that all four elements segregate at Σ3 

boundaries, and segregation levels for Mo, Mn, and Ni are only slightly lower than for the group 

“Other LAGBs”. On the contrary, the P segregation level at Σ3 boundaries is low (lower than lath 

boundaries). However, significant scatter was found among the 11 measurements: seven of 

them have no detectable phosphorus segregation, whereas among the four other 

measurements, the phosphorus segregation can go up to 0.99 atom/nm2, which is nearly half of 

the average segregation at PAGBs and is very significant. In summary, these measurements 

show that Σ3 boundaries are not necessarily free from phosphorus segregation, which is in 

contrast to what the literature suggested [8].  

Considering the four segregated elements, phosphorus is not the most segregated element 

regardless of it being identified as the cause of RTE. The highest phosphorus segregation 

measured was around 3 atom/nm2 at PAGBs in both microstructures. Manganese and 

molybdenum levels are the highest among the four at any analyzed grain boundary, probably 

due to their high bulk concentration (see Table 1). Very high standard deviation is observed for 

molybdenum measurements compared to other elements. The maximum molybdenum 

concentration can be up to four times higher than the minimum value. These extreme cases 

were not common, but no further investigations were done as it was not the focus of this work. 

From the analyzed grain boundaries in the two studied microstructures, the intergranular 

segregation induced by step cooling simulating thermal aging remained very similar in bainite 

and martensite. The segregation level of each element between the two microstructures is very 

close disregarding the grain boundary group. This overwrites the hypothesis given in the 

literature that the phosphorus segregation behavior would be different in bainite and 
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martensite [8], [11]. In contrast, the results of this work show that the phosphorus intergranular 

segregation level does not vary between microstructures and thus does not play a primary role 

in the different microstructure susceptibility to RTE. 

It was also suggested that trapping of phosphorus is higher in bainite than in martensite [8], [11], 

which could explain the better resistance to RTE of bainite by less segregation at PAGBs. To 

further verify this assumption, the amount of phosphorus trapped in the different types of grain 

boundaries was determined for the two microstructures. To have a simple approach, only three 

types of grain were considered: PAG, laths and ferrite grains (including blocks and packets). 

Laths were assumed to have an elongated “fries” shape, whereas PAG and ferrite grains are 

considered isotropic. 

The grain boundary density (grain boundary area per unit volume) is 3/d for isotropic grains and 

2/d for “fries” grains, where d is the grain size. The concentration of trapped phosphorus (in 

atom/nm2) can be easily obtained by multiplying the grain boundary density by the phosphorus 

grain boundary concentration. This trapped phosphorus concentration can then be converted 

into wt ppm and compared to the nominal phosphorus content (80 wt ppm). Table 4 shows the 

calculation of the trapped phosphorus at different types of grain boundaries for the two 

samples. The grain size of the different types of grains are from Table 3. Figure 10 shows the pie 

charts of how the phosphorus is distributed between the bulk and the different types of grain 

boundaries for both samples.  It can be seen that the total phosphorus trapped by different 

grain boundaries is rather low and not very different in the two microstructures (~15% in bainite 

and ~25% in martensite). This further supports that the microstructure susceptibility to 

phosphorus intergranular segregation is similar between bainite and martensite. It is to be 

noted that the two microstructures do not have the same PAG size, but the effect of grain size 
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to the trapping calculation is very little. The main difference shown in Table 4 comes from 

trapping by lath boundaries, where martensite has smaller lath size and a significant higher 

measured segregation level. However, segregation measurements for lath boundaries present 

large standard deviation, so the trapping at lath boundaries may be overestimated. 

Table 4: Phosphorus trapped in different types of grain boundaries in bainite & martensite. Grain 

sizes are from Table 3. 

Sample 

Grain 

boundary 

type 

Grain 

size (d) 

(µm) 

GB density 

(m²/m3) 

P 

intergranular 

segregation 

concentration 

(atoms/nm²) 

Trapped phosphorus 

atoms 

/nm3 

at 

ppm 

wt 

ppm 
%* 

  

BSC 

  

PAGB 19.3 3/d 1.5 x 105 3.35 5 x 10-4 6.1 3.4 4.2% 

Other GB 4.2 3/d 7.2 x 105 1.2 9 x 10-4 10.0 5.6 7.0% 

Lath 

boundaries 
0.6 2/d 3.2 x 106 0.12 4 x 10-4 4.5 2.5 

3.1% 

Total 1.8 x 10-3 20.6 11.5 14.3% 

  

MSC 

  

PAGB 9.1 3/d 3.2 x 105 2.60 9 x 10-4 10.0 5.6 7.0% 

Other GB 3.1 3/d 9.6 x 105 0.82 8 x 10-4 9.2 5.1 6.4% 

Lath 

boundaries 
0.4 2/d 4.5 x 106 0.35 1.6 x 10-3 18.4 10.2 

12.8% 

Total 3.2 x 10-3 37.7 20.9 26.2% 

*Percentage calculated based on the nominal content (80 wt ppm)  

 

 

  
(a) (b) 

Figure 10: Trapping of phosphorus at different types of grain boundaries for (a) sample BSC, (b) 
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sample MSC. 

 

To understand the correlation between different solutes, the measured concentrations of each 

element (P, Mn, Mo, and Ni) at each grain boundary were plotted against each other. Figure 

11(a) shows the correlation between two elements (six possible combinations) in bainite and in 

martensite. Each dot represents one analyzed grain boundary. The color code of different grain 

boundary group remains the same as Figure 9. It is clearly shown that P concentration increases 

as Mn or Ni concentration increases in both bainite and martensite (Figure 11(a)). In other 

words, when comparing two different grain boundaries with different phosphorus contents, the 

grain boundary containing more phosphorus also contains more nickel and more manganese. 

When comparing the three solutes with Mo (Figure 11(b)), the dots are more dispersed. Mo 

does not seem to have any relationship with either of the elements in both microstructures 

(although a slight correlation with Mn might be suspected).  

Among the different analyzed grain boundaries, the grain boundary characteristics change, 

meaning that the number of available site changes from one grain boundary to another. The 

correlations observed in Figure 11(a) suggests that P, Mn, and Ni indeed segregate to the same 

grain boundary sites: when a given grain boundary offers a high number of segregation sites, a 

correlated increase of P, Mn, and Ni concentration is observed. On the other hand, Figure 11(b) 

shows the quasi-absence of correlation between Mo and the other elements, suggesting that 

this element segregates to different sites. This is in agreement with ab-initio simulations by Paré 

et al. [70] showing that Mo segregates preferentially to sites in tension in the grain boundary, in 

contrast to P segregating to sites in compression. 
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(a) 

 
(b) 

Figure 11: Correlation between segregation of each element in atom/nm2 measured at each 
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analyzed grain boundary in the two studied samples. The different color code represents the 

different category of grain boundaries (same as in Figure 9).  (a) relations between P, Mn, Ni, 

(b) relations between Mo and the other three elements. The maximum values on both axes are 

adjusted to be the same in both figures to facilitate comparison. Note that only two dots in (b) 

are excluded due to this adjustment.   

 

5. Conclusions 

This study investigates the microstructure susceptibility to intergranular segregation of a 

quenched and tempered 16MND5 (SA508 Cl.3) steel with a bainitic or a martensitic 

microstructure. Chemical etching and EBSD investigations confirm that the studied 

microstructures are upper bainite and martensite. They present different carbide distributions 

and distinctive grain boundary misorientation distribution. The results showed that martensite 

has a higher population of high coincidence boundaries than bainite. In order to obtain 

statistically reliable results, a large number (132) of different types of grain boundaries were 

quantitatively analyzed using a STEM-EDX method developed in previous works. It was shown 

that phosphorus, manganese, molybdenum, and nickel segregate to all types of grain 

boundaries in both microstructures. Results have shown that PAGBs are the most susceptible 

and lath boundaries are the least susceptible to segregation. Other grain boundaries show 

intermediate levels of segregation. Also, it has been shown that high coincidence boundaries 

(i.e., Σ3) present segregation with a concentration not necessarily much lower compared to 

other grain boundaries. Also, the phosphorus intergranular segregation level remained quite low 

(≈3 atom/nm2) even after step cooling. The trapping effect, i.e., the bulk depletion of 

phosphorus due to grain boundary segregation, was estimated in both tempered martensitic 

and tempered bainitic microstructures. It was shown that the total phosphorus content 

segregated at the different types of grain boundaries does not exceed 25% of the nominal 

content (80 wt ppm). It was concluded that this effect is not expected to strongly affect the 



31 

 

phosphorus segregation behavior. Among the four segregated elements, it was observed that P, 

Mn, and Ni most likely occupy the same type of segregation site, while Mo occupies different 

sites. The different analyses showed that the studied bainitic and martensitic microstructures of 

the same low alloy steel have very similar behavior of solute intergranular segregation. The 

different RTE susceptibility of bainitic and martensitic pressure vessel steel led some authors to 

assume that those two microstructures had different solute grain boundary segregation 

behaviors. The quantitative study presented in this paper contradicts this assumption and 

suggests that the grain boundary segregation alone cannot explain the different susceptibility 

degrees of bainite and martensite to RTE. 
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