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Abstract 

A high strength steel with a combination of ~930 MPa yield strength 
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and excellent low temperature toughness with an upper shelf energy of 

above 200 J and ductile brittle transition temperature (DBTT) of lower than 

−90 oC, are developed. The strengthening and toughening mechanisms are

investigated systematically based on the detailed characterization on 

microstructures including matrix and precipitates. The results indicate that 

the steel is composed of fine lath martensite with nanoscale rod-like Cu 

precipitates. The strength is contributed by a combination of solid-solution 

strengthening, dislocation strengthening, grain boundary strengthening and 

precipitation strengthening of nanoscale Cu-precipitates. The instrumented 

Charpy impact results indicated that the crack propagation is the main 

factor affecting DBTT while the dislocation density has an obvious effect 

on both crack initiation and propagation. Fine lath structure of low carbon 

martensite increases the crack resistance and delay the rapid unstable crack 

propagation at low temperatures. The strengthening and toughening are 

discussed in details. 

Keywords: Nanoprecipitate-strengthened steel, Ductile-brittle transition, 

Impact toughness, Crack propagation, Strengthening mechanisms. 

1. Introduction

High-strength low-alloy (HSLA) steels have good strength–toughness

combination and excellent weldability, which can be widely applied to 



 

 

shipbuilding, marine engineering equipment, bridge construction, oil 

pipeline, etc. [1-3]. The microstructure components of low carbon HSLA 

steels can be tuned to include one or more of three common 

microconstituents: polygonal or acicular ferrite, low-carbon bainite and 

lath martensite [4]. The quenched martensite is an unstable structure and 

its high dislocation density results in a relative low plasticity even though 

for low carbon martensite. Thus, tempering treatments are required to 

optimize the overall performance of the martensitic steels [5-7]. 

The decrease in dislocation density after tempering will lead to a 

decrease in yield strength. Precipitation strengthening can be designed to 

enhance the tempered low carbon martensite in HSLA steels [8]. In general, 

aging temperatures from 450−650 oC are applied to induce the precipitates 

in most HSLA steels. This temperature range is the same with the 

tempering temperatures of the quenched martensite. Thus, the aging and 

tempering processes are combined together, two in one for technical 

operation. Aging process controls the expected precipitate size and number 

density to improve the strength [9-14]. It has been found that a high yield 

strength of up to 1700 MPa could be achieved in a Fe-0.008C-1.5Mn-

2.5Cu-4Ni-1Al-1.5W (wt.%) steel. Cu-enriched precipitates provide more 

than 700 MPa yield strength through precipitation strengthening 

mechanism after aging at 500 oC for 5 h [11].  

Aging at 450−550 oC can greatly improve the strength, but it is often 



 

 

accompanied by a decrease in toughness [1, 4, 14, 15]. In some steels, 

element segregation occurs during aging at 350−550 oC, and impurity 

elements segregate at grain boundaries, leading to intergranular fracture 

[16, 17]. D. Jain et al. found that tempering martensite can cause the 

formation and coarsening of cementite, which can initiate brittle fracture 

[18, 19]. Another study suggested that the martensite tempering can cause 

the thermal decomposition of interlath retained austenite and the 

coarsening of a large amount of interlath cementite, resulting in the 

decrease of toughness [8]. Besides, in the process of aging treatment, lath 

martensite may change to polygonal morphology and lose the hierarchical 

structure of lath martensite [18]. It was found that improper copper content 

leads to segregation of copper at grain boundaries and results in grain 

boundary embrittlement [20, 21]. Due to the above reasons, it is difficult 

to obtain high strength and excellent toughness simultaneously. 

Recently, H.J. Kong et al. chose high aging temperature of 640 oC to 

avoid the temper embrittlement regime, and obtained a steel with a yield 

strength of ∼900 MPa and impact energy of 200 J at −40 oC while with a 

low elongation of ~12% due to the introduction of the cold rolling process  

[22]. Z.J. Xie et al. used a two-step intercritical heat treatment to control 

the content of retained austenite to around 10% in lath martensite and 

obtained an impact energy of 65 J at −80 oC in a steel [23]. However, the 

yield strength is only 540 MPa due to the high content of austenite. L.Y. 



 

 

Kan et al. found that the addition of Ti can promote the precipitation of Cu-

rich precipitates and increase the content of high-angle grain boundaries 

(HAGBs) in HSLA steels. A high impact energy of 132 J at −40 oC were 

obtained at a yield strength of 1055 MPa [24]. However, to date it is seldom 

reported that an excellent low temperature toughness with the DBTT of 

lower than -90 oC can be obtained in a steel with the yield strength greater 

than 900 MPa. 

In this work, a high-strength steel with a combination of high strength, 

ductility, and superior low-temperature impact toughness were developed 

by proper control of the fine lath martensite structure along with the Cu-

rich nanoscale precipitation. The DBTT and crack propagation during 

Charpy impacting were investigated in detail. The effects of dislocation 

density on crack initiation, crack propagation and low-temperature 

toughness were systematically investigated. The strengthening and 

toughening mechanisms are also discussed. 

2. Materials and methods 

The composition of the nanoprecipitate-strengthened steel is list in 

Table 1. The steel was prepared via melting high purity elements in a 

vacuum induction furnace under argon atmosphere. The as-cast ingot was 

homogenized at 1200 oC for 20 h and then hot rolled to 25 mm followed 

by water quenching. These hot-rolled samples were solution-treated at 900 



 

 

oC for 50 min and then water quenched (labeled as SS). The SS samples 

were then aged at 525 oC for 25 h and followed by air cooling (AG525). In 

order to quantitatively evaluate dislocation density by XRD, a reference 

sample (labeled as RS) was prepared through complete annealing at 1000 

oC for 1 h by furnace cooling and stress relief annealing at 750 oC for 10 h 

by furnace cooling.  

Table 1. Chemical composition of the steel (wt.%) 

C Si Mn Mo Cu Ni Cr Nb + Ti 

0.048 0.25 0.9 0.5 1.3 3.0 0.55 0.04-0.07 

Tensile tests were conducted using an INSTRON 5565 testing 

machine with a strain rate of 1.3 × 10−3/s at room temperature. An 

extensometer with a gage length of 25 mm was applied. Tensile tests were 

repeated thrice for each sample. The yield strength was determined at 0.2% 

offset. 

The Charpy impact tests for determining toughness were carried out 

at various temperatures on a Zwick/Roell 450 J impact tester. Impact test 

specimens with dimension of 55×10×10mm were machined from the 1/2 

thickness of the steel plates in the transverse direction. The V-notch were 

cut by electro discharge machine in the thickness direction according to the 

ASTM E23-18 standard. Prior to the testing, the specimens were immersed 

in a bath of a mixture of anhydrous ethyl alcohol and liquid nitrogen at 2 

oC below the actual impact temperature for more than 20 min to ensure a 



 

 

uniform temperature across the entire specimens. DBTT was estimated as 

a temperature corresponding to the half of the sum of the upper and lower 

shelf energy. Three samples were tested for each condition and the average 

value is reported. The error is determined by the standard deviation of the 

average. 

The microstructures were characterized by transmission electron 

microscopy (TEM) and electron backscattered diffraction (EBSD). EBSD 

with orientation imaging microscope system was employed on a Hitachi S-

3400N SEM to investigate the effective grain size and grain boundary 

characteristics. Phase identification was performed using X-ray diffraction 

on an X’Pert Pro X diffractometer with Cu Ka. The quantitative analyses 

of dislocation densities were performed based on the XRD data from the 

tested tensile samples using the Williamson-Hall method [25]. For this 

method, the following mathematical relation was used to relate the integral 

breadth (𝛽𝛽), average domain size (𝐷𝐷𝑉𝑉), and the microstrain (𝜀𝜀), and is given 

by: 
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
𝜆𝜆

= 1
𝐷𝐷𝑉𝑉

+ 2𝜀𝜀(2𝑆𝑆𝑆𝑆𝑆𝑆𝛽𝛽
𝜆𝜆

)                  (1) 

Regression analysis of the plot for 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 𝜆𝜆⁄  vs. 2𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠 𝜆𝜆⁄  gives the values 

of 𝜀𝜀  and 𝐷𝐷𝑉𝑉 , from the slope and the ordinate intersection, respectively. 

The dislocation density, 𝜌𝜌, is calculated by the analyzing the microstrain 

through the following equation [26]: 

𝜌𝜌 = 𝑘𝑘𝑘𝑘
𝑏𝑏2

                         (2) 



 

 

where 𝑘𝑘 is the material constant (14.4 for ferrite), and 𝑏𝑏 is the Burger's 

vector of ferrite (0.284 nm). 

Sharp needle-shaped specimens needed for APT analysis were 

prepared with lift-outs and annular milling in a FEI Scios focused ion 

beam/scanning electron microscope (FIB/SEM). APT was performed with 

a Cameca LEAP 5000 XR local electrode atom probe operated in a voltage 

pulse mode, with a pulse repetition rate of 200 kHz, a pulse fraction of 0.2, 

and a specimen temperature of 50 K. 

3. Results 

3.1 Mechanical Properties 

 The tensile properties of the SS and AG525 samples are plotted in 

Fig. 1(a). It can be seen that after a 50 min solution treatment at 900 oC 

followed by water quenching, the SS sample has a high yield strength of 

~905 MPa and an ultimate strength of ~1134 MPa while keeping a ductility 

of ~15%. The AG525 sample shows a yield strength of ~927 MPa, an 

ultimate strength of ~950 MPa while the ductility increases to ~21%. These 

results indicate that the aging process increases the yield strength and 

elongation while gets the ultimate strength decreased. 

The impact energy under various temperatures of the steel are plotted 

in Fig. 1(b). Boltzmann function fitting based on the experimental data was 

conducted to obtain the curves of the impact energy versus temperatures 



 

 

[27]. The Boltzmann function can fit the toughness data very well with a 

coefficient of determination (R2) greater than 0.998. The upper and lower 

shelf energy was determined as the value of impact energies measured at 0 

oC and −196 oC, respectively. The upper shelf energy of SS and AG525 at 

0 oC is 229 and 216 J, respectively. When decreasing the temperature to 

−80 oC, the absorbed energy of SS and AG525 remains at a high level. 

When the impact temperatures further drop to −100 oC, the impact energy 

of SS and AG525 still keeps above 110 and 60 J, respectively. According 

to the results of regression analysis, the DBTT of SS and AG525 are 

estimated as −100 and −91 oC, respectively. 

 
Fig. 1. Engineering tensile stress-strain curves (a) and impact energy vs. test 

temperatures along with the Boltzmann function fitting based on the experimental 
data (dash-line) (b). 

The impact load and absorbed energy versus displacement of SS and 

AG525 at various temperatures are shown in Fig. 2. The corresponding 

crack initiation energy, crack propagation energy and total impact energy 

for SS and AG525 samples at various temperatures are summarized in 

Table 2. The data are obtained from instrumented impact experiments at 



 

 

−60 oC, −80 oC, −100 oC and −196 oC, respectively. At −60 oC, the curve of 

AG525 shown in Fig. 2a is a typical stable process for crack initiation and 

propagation in steel, including the initial elastic deformation, the 

occurrence of the general yield, the initiation of fracture crack at the peak 

load and the stable crack propagation period till the fracture. It is generally 

considered that the crack propagation roughly initiates at peak load [28]. 

Hence, the area before the peak load can be deemed to the crack initiation 

energy, which consists of elastic and plastic deformation stage, and the area 

from peak load to fracture is corresponding to the crack propagation energy 

[29]. It can be seen from Fig.2a that there is no general yield point in the 

curve of SS sample, which is similar to the result of engineering tensile 

stress-strain curve. It is obvious from Table 2 that the crack initiation 

energy of AG525 at −80 oC is almost equal to that at −60 oC. However, in 

the crack propagation period at −80 oC, there is an obvious inflexion (pink 

point) in the curve, indicating the change in propagation from the stable to 

unstable state, as shown in Fig.2b. The slope of load curve within the 

unstable crack propagation period is much larger than that of stable crack 

propagation, and the total absorbed energy lost from −80 oC to −60 oC is 

mainly in the unstable stage. As for the sample impacted at −100 oC, the 

crack unstable propagation occurs fast, leading to a decrease in the 

toughness. When the impact test temperature was decreased down to −196 

oC, the unstable crack propagation occurs immediately after the initial 



 

 

elastic deformation for both SS and AG525 samples, leading to the very 

low impact energy of ~7 and ~9 J, respectively. It is clearly from Table 2 

that, when decreasing the impact temperature down to −100 oC, for both 

SS and AG525, the crack initiate energy remains unchanged while the total 

absorbed energy is determined by the propagation energy. When 

decreasing the impact temperature to −196 oC, the crack initiate energy 

decreases abruptly and there is no absorbed energy contributed from the 

crack propagation period. 

 
Fig. 2 The impact load and work curves versus displacement obtained from 

instrumented impact experiments of SS and AG525 at various temperatures: (a) −60 

oC, (b) −80 oC, (c) −100 oC, and (d) −196 oC. 
Table 2. The crack initiation energy, the crack propagation energy and total impact 

energy for SS and AG525 samples at various temperatures. 
Temperature 

(oC) 
Crack initiate 

energy (J) 
Crack propagation 

energy (J) 
Total impact energy 

(J) 
 SS AG525 SS AG525 SS AG525 

−60 55 44 173 155 228 199 



 

 

−80 54 45 156 123 210 168 
−100 54 44 59 23 113 67 
−196 9 7 0 0 9 7 

 

3.2 fractographs 

Fig. 3 demonstrates the fracture surfaces of the Charpy impact 

specimens of AG525 after impact fracture from −60 oC to −196 oC. 

According to the ASTM E23-18 standard, the fracture surface of a Charpy 

impact specimen consists of four regions. The fracture initiation region 

below the notch, the unstable fracture region in the center of the fracture 

surface, the shear lip regions near the edges of the specimen and the final 

fracture region on the opposite of the notch. The percentage of shear 

fracture (PSF) on the fracture surface is typically calculated by the ratio of 

the area of unstable fracture region and the total fractured area. The upper 

right corner of Fig. 3 shows the macro fracture morphology of Charpy 

impact specimens. It can be seen that as the temperature decreases, the 

unstable fracture region in fracture surface increases, which is consistent 

with the unstable propagation in Fig. 2. Dimple-like feature surface, a 

character of a ductile failure, is observed in the micrographs of the samples 

impacted at −60 oC and −80 oC. For the samples impacted at −80 oC and 

−100 oC (Fig. 3b and c), the impact fracture surfaces have a mixed feature 

combining quasi-cleavage and dimples. In Fig. 3b, 60% of the fracture 

surface is covered by dimples, while 40% by tearing edge of quasi-



 

 

cleavage fracture. For the sample impacted at −80 oC, most area of the 

fracture surface is covered by tearing edge of quasi-cleavage, and dimples 

are distributed only on the steps between part of the interface plane. For 

the sample impacted at −196 oC (Fig. 3d), the fracture plane is very flat and 

has almost no undulation, which is a typical cleavage transgranular failure. 

These results are in general qualitative agreement with the impact energy 

obtained at the corresponding temperatures. 

 
Fig. 3 Typical impact fracture surfaces of AG525 fractured at (a) −60 oC, (b) −80 

oC, (c) −100 oC and (d) −196 oC. 

3.3 Microstructure characterization 

Microstructures of the SS and AG525 samples observed by SEM are 

shown in Fig. 4. After a full austenitization at 900 oC for 50 min and 

quenching in water, a fine lath martensitic microstructure is obtained in the 



 

 

SS samples, as shown in Fig. 4a. Fig. 4b displays the microstructure of the 

AG525 steel. After aging at 525 oC for 25 h and air-cooling, the lath 

martensite was tempered. The lath structure of martensite in prior austenite 

grains is no longer clear, and the prior austenite grain boundaries are visible 

in the aged samples. 

Fig. 4(c) illustrates the X-ray diffraction patterns of the SS, AG525 

and RS samples. The patterns for all the three samples exhibit mainly three 

peaks, corresponding to the (110), (200) and (211) crystallographic plane 

of the bcc structure, respectively. Obviously, all of the samples are single 

phase martensite. No austenite and precipitation phases can be detected 

through XRD. Applying the values of 𝜀𝜀 obtained from Eq. (1), the 𝜌𝜌 for 

SS and AG525 can be calculated by Eq. (2), and the values are 9.06×1014 

and 4.84×1014 m−2, respectively. These results indicate that aging induced 

a slight decrease in dislocation density. 



 

 

 
Fig. 4. SEM micrographs of (a) SS sample, (b) AG525 sample and the X-ray 

diffraction patterns of AG525, SS, RS steel. 

To attain precise information on the microstructures of the steels, 

EBSD and TEM observations were carried out for the AG525, and the 

results are shown in Fig. 5. It can be seen from Fig. 5a that the tempered 

martensite in AG525 still retains the lath martensite structure. The 

misorientation map of grain boundaries and prior austenite grain 

boundaries are analyzed by EBSD (Fig. 5b). The black lines denote the 

HAGBs (misorientation (θ) > 15o) which compose of prior austenite grains, 

martensite packets and block boundaries. The green lines represent the low 

angle grain boundaries (LAGBs, misorientation (θ) < 5o), which mainly 

compose of lath boundaries. The grain boundaries in the range from 15o to 

50o are plotted as black thick lines on the bottom left of the map. These 



 

 

boundaries are considered to be the prior austenite grain boundaries [30, 

31]. The average value of prior austenite grain size (PAGS) is 14.8 μm. 

Previous investigations have indicated that the HAGBs are able to promote 

the crack deflection during crack propagation and hinder the crack 

extension [32]. Therefore, the “block” size is identified as the effective 

grain size (EGS) in lath martensitic steel, for discussing their effects on 

both strength and toughness. Fig. 5c and 5d show the misorientation angle 

distribution of grain boundaries and grain size distribution for AG525. The 

average angle is 25.3o and the EGS is evaluated as 3.6 μm for AG525. Fig. 

5e shows the fine lath structure of the AG525 steel. After aging at 525 oC 

for 25 h, the AG525 still has the typical elongated lath martensite 

morphology and quite fine lath width of ~90 nm.  



 

 

 
Fig. 5. EBSD and TEM images of AG525 steel. (a) band contrast map, (b) 

misorientation map of grain boundaries, (c) misorientation angle distribution, (d) 
grain size distribution, (e) TEM micrograph of the fine structure. 

To verify the dislocation density of AG525, the kernel average 

misorientation (KAM) map and local misorientation angle distribution of 

AG525 is shown in Fig. 6. The average misorientation angle in the KAM 

map is ~1.02o. In general, most residual dislocation can be considered as 

geometrically necessary dislocations to accommodate local strain [33]. As 

a result, the residual dislocation density, 𝜌𝜌𝐺𝐺𝐺𝐺𝐷𝐷, which is directly related to 

the local misorientation, 𝛩𝛩, can be estimated by the following approach 

[34, 35]: 



 

 

𝜌𝜌𝐺𝐺𝐺𝐺𝐷𝐷 = 2𝛩𝛩
u𝑏𝑏

                        (3) 

where u = 300 nm is the unit length of a circuit around a specific point of 

interest (which is equal to the scanning step length), 𝑏𝑏 = 0.25 nm is the 

magnitude of Burgers vector for iron, and 𝛩𝛩 = 1.02o is evaluated from the 

local misorientation profile in the KAM map. The calculated density of 

residual dislocations in the steel is 4.75× 1014 m−2, which is consistent with 

the dislocation densities calculated by XRD. 

 
Fig. 6. Kernel average misorientation map. 

3.4 Nanoscale precipitates 

In order to examine the nanoscale precipitates of SS and AG525 steel, 

APT studies were carried out. The APT 3D reconstructions of the SS 

(Fig.7a) show a homogenous distribution of all atoms in the APT tip, 

revealing neither the existence of Cu nor carbide precipitates. The APT 3D 

reconstructions of AG525 are presented in Fig. 7b. The Cu-rich precipitates 

in AG525 have a rod-like structure with a cross-sectional radius of ~3.2 nm 

and a length of ~20 nm. The length directions of all rod-shaped 



 

 

precipitation are the same. The number density of Cu-rich precipitates is 

approximately 5.3×1022/m3 , corresponding to a volume fraction of 1.56%. 

The proximity histograms depicting the composition of the Cu-rich 

precipitates are plotted in Fig. 7(c). The Cu-rich precipitates are enriched 

with a high level of Cu about 50 at.% at the center. A diffuse segregation 

of Ni (3-5 at.%) and Mn (1-3 at.%) can be determined at the interface 

between the Cu-rich precipitates and the matrix. 

 
Fig. 7. APT 3D reconstructions of SS (a) and AG525 (b) at 10 at.% Cu iso-

concentration surfaces; (c) proximity histograms of Cu-rich 
 precipitates in AG525 steel. 



 

 

4. Discussion 

4.1 Strengthening mechanisms 

To understand the strengthening mechanisms of the steels with and 

without Cu-rich nanoprecipitates, all strengthening components 

contributing to yield strength are carefully examined, including the solid-

solution strengthening ( 𝜎𝜎𝛽𝛽𝛽𝛽 ), grain boundary strengthening ( 𝜎𝜎𝐺𝐺𝐺𝐺 ), 

dislocation strengthening (𝜎𝜎𝑑𝑑𝑆𝑆𝛽𝛽𝑑𝑑𝛽𝛽), and precipitation strengthening (𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝). 

The yield strength can be evaluated by cumulating the strength for various 

individual strengthening methods [13, 36]: 

𝜎𝜎 = 𝜎𝜎𝐺𝐺𝐺𝐺 + 𝜎𝜎𝛽𝛽𝛽𝛽 + 𝜎𝜎𝑑𝑑𝑆𝑆𝛽𝛽𝑑𝑑𝛽𝛽 + 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝                 (4) 

The grain boundary strengthening can be described by Hall-Petch 

equation: 

𝜎𝜎𝐺𝐺𝐺𝐺 = 𝜎𝜎0 + 𝑘𝑘𝑦𝑦𝑑𝑑
−12                     (5) 

where 𝜎𝜎0 is the friction stress with the value of 50 MPa [13, 37], and 𝑘𝑘𝑦𝑦 

= 600 MPa μm1/2 is the Hall-Petch coefficient of HSLA steels [38]. Since 

it is hard for the LAGBs to migrate at low aging temperature, we suppose 

that the EGS of SS and AG525 does not change. With the effective grain 

size, 𝑑𝑑 = 3.57 μm in SS and AG525 steels, the strength contributed by 

grain boundary strengthening can be estimated as 367 MPa for both SS and 

AG525 steels. 

Solid solution strengthening can be expressed as follows [39]: 



 

 

𝜎𝜎𝛽𝛽𝛽𝛽 = 4570[𝐶𝐶] + 37[𝑀𝑀𝑠𝑠] + 83[𝑆𝑆𝑠𝑠] + 38[𝐶𝐶𝐶𝐶] + 11[𝑀𝑀𝛽𝛽] + 0[𝑁𝑁𝑠𝑠] −

30[𝐶𝐶𝐶𝐶]                      (6) 

where [𝑋𝑋𝑠𝑠] is the content of element Xi dissolved in the steel, in wt.%. 

Based on the concentration of the matrix determined by APT, the 

contribution by solid solution is estimated as 139 MPa for AG525 steel and 

178 MPa for SS steel. The low value for AG525 steel can be attributed to 

the low Cu concentration in the matrix in AG525 steel after aging. 

The dislocation strengthening can be evaluated as follows [33, 40]: 

𝜎𝜎𝑑𝑑𝑆𝑆𝛽𝛽𝑑𝑑𝛽𝛽 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑏𝑏�𝜌𝜌                  (7) 

where 𝑀𝑀 = 0.2 is a constant, 𝑀𝑀 = 3.0 is the Taylor factor, 𝑀𝑀 = 80 GPa is 

the shear modulus of α-Fe matrix and 𝑏𝑏 = 0.25 nm is the Burgers vector of 

dislocations in the α-Fe matrix. The strength contributed by dislocation 

strengthening is estimated as 361 and 264 MPa for SS and AG525, 

respectively. 

Cu-rich precipitates tend to form the elongated rod-like morphologies 

to reduce the interfacial energy. This is consistent to some previous 

observations [19, 41-43]. Therefore, The effective ellipsoid radius based 

on a sphere of the same total volume as the ellipsoid can be calculated from 

[44]: 

𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑝𝑝𝛽𝛽𝛽𝛽𝑆𝑆𝑑𝑑 = �(𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝛽𝛽𝑚𝑚)(𝐶𝐶𝑚𝑚𝑆𝑆𝑆𝑆𝛽𝛽𝑚𝑚1)(𝐶𝐶𝑚𝑚𝑆𝑆𝑆𝑆𝛽𝛽𝑚𝑚2)3             (8) 

The effective ellipsoid radius of these Cu precipitates in AG525 is 

calculated to be ~4.7 nm. Due to the large size of Cu-rich precipitates in 



 

 

AG525 sample, it is believed that Orowan strengthening plays the most 

important role through Orowan looping mechanism [45]: 

∆𝜎𝜎𝑂𝑂𝑚𝑚𝛽𝛽𝑂𝑂𝑚𝑚𝑆𝑆 = 0.1𝑀𝑀𝑏𝑏 𝑓𝑓1/2

𝑅𝑅
ln 𝑅𝑅

𝑏𝑏
               (9) 

where f is the volume fraction of the nanoscale precipitates (𝑓𝑓 = 0.03) and 

𝑅𝑅 is the mean precipitate radius (𝐶𝐶𝑒𝑒𝑑𝑑𝑑𝑑𝑆𝑆𝑝𝑝𝛽𝛽𝛽𝛽𝑆𝑆𝑑𝑑  = 4.7 nm). The contribution 

from Orowan strengthening is calculated to be 156 MPa. 

The contribution from each strengthening mechanism, derived from 

above equations, are summarized in Table 3 and plotted in Fig. 8. It can be 

seen that the estimated strength for both SS and AG525 steel are in good 

agreement with the tested values, confirming the validity of the estimation. 

It is evident that after aging, precipitation strengthening from Cu-

precipitates contributes an extra strength of ~156 MPa, as compared to the 

SS steel. However, the contributions from both the solid-solution 

strengthening and dislocation strengthening are reduced. Thus, the total 

increment in yield strength is around ~20 MPa after aging. 
Table 3. Contributions of the various strengthening mechanisms to the yield 

strength of the SS and AG525 steel 

 
Tested 
value 
(MPa) 

Calculated 
value 
(MPa) 

σGB 

(MPa) 
σss 

(MPa) 
σdislo 

(MPa) 
σppt 

(MPa) 

SS 905 906 367 178 361 - 
AG525 927 924 367 139 262 156 

 



 

 

 
Fig. 8. Contributions of the various strengthening mechanisms to the yield 

strength of the SS and AG525 steel. 

4.2 Toughening mechanisms 

Impact toughness is an important design criterion for many 

engineering applications. Temper embrittlement is one of the major causes 

for reduced impact toughness in ferritic and martensitic steels due to the 

segregation of impurities along the prior austenite grain boundaries [8, 14, 

15]. These impurities weaken the grain boundaries and cause intergranular 

fracture, which can significantly reduce the impact toughness [46]. 

However, only ductile fracture and transgranular cleavage fracture 

occurred in AG525 at various temperatures. It shows that there is no 

temper-embrittlement in AG525 steel. This is mainly due to the uniform 

distribution of the Cu precipitates in steel. The other reason is that there are 



 

 

no brittle phases or impurities at the grain boundaries. 

As the impact temperature decreases, the steel gradually transforms 

from ductile to brittle fracture. However, the crack initiation energy does 

not change significantly (Tab. 2). For both SS and AG525 samples, with 

the decrease in temperature, the crack unstable propagation stage begins to 

appear in the process of crack propagation, and the crack stable 

propagation stage gradually decreases, indicating that the crack 

propagation is the main factor affecting DBTT. The microstructure of the 

lath martensite has significant effects on the propagation of cleavage crack 

due to its hierarchical structure [30, 47]. The structure of the fine lath 

martensite can increase crack resistance at the preliminary stage of crack 

propagation and delay the rapid unstable crack propagation. When cracks 

intersect block/packet boundaries of martensite, the cracks can be blunted 

due to the misorientations of cleavage planes at the block boundaries [48]. 

Fig. 9 is the schematic diagram showing such a multi-level structure of 

martensite. Lath martensite consists of hierarchically arranged 

substructures within a prior-austenite grain (PAG), namely the packets and 

blocks of laths. A block contains laths with the same orientation, while a 

packet is a group of blocks with the same habit plane. The lath boundaries 

are LAGBs while the packet and block boundaries are HAGBs. These are 

the main reasons for the low DBTT of SS. The excellent low temperature 

toughness of SS and AG525 is mainly due to the hierarchical structure of 



 

 

lath martensite. 

 
Fig. 9 The illustration of multi-level microstructures for lath martensite 

It is generally believed that the lath martensite is polygonized after 

tempering, and the lath structure is destroyed [8]. In this study, we found 

that AG525 still retains the lath martensitic structure after aging at 525 oC. 

EBSD and SEM results clearly reveal the typical hierarchical structure of 

lath martensite in AG525, as shown in Fig. (5). This is because the addition 

of Mo, Cr, Ti, and Nb significantly improves the tempering resistance of 

steel and reduces the speed of recovery [49].  

Compared with AG525, the SS has a higher upper shelf energy and a 

lower DBTT. The higher upper shelf energy is due to the higher dislocation 

density of SS. Higher dislocation density leads to higher work hardening, 

which leads to higher peak loads and higher crack initiation work as shown 

in Table 2.  

The basic parameter to control the crack fracture mode is the stress 

intensity, K, which characterizes the degree of the stress concentration 



 

 

around a loaded crack [50, 51]. If the stress intensity at the crack-tip Ktip 

exceeds the critical value required for fracture (the Griffith value for a 

mode I crack, KIC), the material will fracture in a brittle manner [52]. A 

model for crack tip plasticity was proposed by Hartmaier [53, 54] and 

Roberts [55, 56], as shown in Fig.10. Their models make use of a global, 

externally applied load, Kapp, and a local, effective stress intensity, Keff, at 

the crack tip. If the effective stress intensity (Keff = Kapp − Kdis) reaches the 

critical stress intensity, then fracture will occur (Keff  = KIC). If Keff never 

reaches KIC for any applied load, then the material shows ductile behavior 

[51]. The nucleation of dislocations takes place in the vicinity of the crack 

tip where dislocations are emitted from dipole sources. Image forces make 

them glide to the crack tip free surface where they are annihilated and thus 

cause crack tip blunting. Dislocations that glide away from the crack tip 

are so called shielding dislocations [57]. If sufficient dislocation activity 

occurs, the high level of Kdis can keep Ktip below the value required for 

fracture, so that condition is never satisfied and the material is then ductile. 

The DBTT in bcc metals is determined by the differences of the mobile 

dislocation density in front of the crack tip. 



 

 

 
Fig. 10 A model for crack tip plasticity [53] 

Ashby and Embury proposed that keff decreases with the increase in 

dislocation density [58]. The dislocation density in SS sample is higher 

than that in AG525. Thus, AG525 sample has a higher keff, which is more 

prone to occur crack unstable propagation, leading to a higher DBTT.  

5. Summary 

Based on the systematic studies on the tensile properties, 

microstructure, strengthening mechanisms and the DBTT of the newly 

developed steel, the following conclusions can be drawn: 

(1) A high strength steel with a combination of 167 J/cm2 V-notch impact 

toughness at −80 oC, a 927MPa yield strength and a 21% total 

elongation were obtained. The DBTT is −91 oC and the upper shelf 

energy is 216 J. 

(2) The microstructure of the SS sample is lath martensite with a high 



 

 

dislocation density. After aging, the dislocation density decreases and 

large amounts of Cu-rich precipitates emerge, while the lath martensite 

structure and EGS of steel remains unchanged. 

(3) In SS steel, the strengthening mechanism includes solid-solution 

strengthening (178 MPa), dislocation strengthening (361 MPa) and 

grain boundary strengthening (367 MPa). After aging, precipitation 

strengthening from Cu-precipitates contributes an extra strengthening 

of ~156 MPa, and both of the solid-solution strengthening and 

dislocation strengthening are reduced. The total increment in yield 

strength is around ~20 MPa after aging.  

(4) Crack propagation is the main factor affecting DBTT, and fine lath 

martensite can increase crack resistance at the preliminary stage of 

crack propagation and delay the rapid unstable crack propagation. 

Higher dislocation density leads a higher crack initiate energy and a 

lower keff, which is less prone to occur crack unstable propagation, 

leading to a lower DBTT.   
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