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a b s t r a c t

The optimal aging temperatures of 400e550 �C for high strength steels falls into the

dangerous temperature range of temper-embrittlement. To obtain a good low-temperature

toughness, temperatures above 600 �C are usually selected for aging treatments, resulting

in a huge loss of strength. In this work, the effects of aging treatments at 500 and 550 �C on

the impact performance of a Cu precipitation-strengthened steel at a low temperature of

�80 �C were systematically investigated. The solute segregation at lath boundaries is found

to be the main factor controlling the low-temperature toughness. Excellent impact per-

formance of ~180 J at �80 �C along with a high yield strength of ~1050 MPa and a total

elongation of 19% can be obtained by controlling the segregation of solute elements, spe-

cifically Mo and Mn at the lath boundaries. The evolutions of matrix and precipitates

during aging treatments were investigated. The strengthening and toughening mecha-

nisms are also critically discussed.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-strength low-carbon (HSLC) steels are critical in engi-

neering applications, such as automotive, shipbuilding, and
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construction industries [1e6]. Cu-precipitation strengthening

is one of the most effective methods for low-carbon steels to

achieve high strength, high toughness, and excellent weld-

ability [7e9]. The mechanical properties of precipitation-
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strengthened steels are highly dependent on the microstruc-

tures of precipitation, including the particle size, number

density, morphology, and distribution [10,11]. Cu-

precipitation can provide more than 720 MPa of yield

strength at the peak aging state, however, the strengthening

capability declines significantly with the coarsening of pre-

cipitates and the decrease of number density when overaged

[12,13].

Tempering is a typical heat treatment process that is used

to improve the ductility and toughness of martensitic steels,

but often at the expense of strength. In general, the optimal

aging/tempering temperature at 400e550 �C for most

precipitation-strengthened steels falls into the dangerous

temperature range of temper embrittlement [7,14e18]. Brittle

failures of tempered high-strength steels are usually attrib-

uted to temper-embrittlement (TE) and tempered martensitic

embrittlement (TME) [19e22]. TE is usually considered a result

of the segregation of impurity elements, such as P, Sb, Sn, S

and As, at the prior austenite grain boundaries [23]. The

segregation causes an intergranular fracture, which can be

eliminated by high-temperature tempering and fast quench-

ing (>600 �C) [24]. TME generally refers to the decomposition of

martensite into Fe3C in the intra-lath region, which usually

leads to transgranular fracture and is irreversible [22]. In HSLC

steels, by reducing the content of carbon and other impurity

elements, the precipitation of coarse-sized Fe3C and segrega-

tion of impurity elements can be avoided. However, brittle

fracture still occurs after tempering at 400e550 �C, and the

mechanism of the embrittlement remains controversial

[11,25]. Many researchers choose to increase the aging tem-

perature to avoid this range. However, this approach would

lead to the rapid growth of Cu precipitates and hence the great

degradation of the strengthening capability. Another way is

that a critical quenching process is applied before aging

treatments for obtaining a small amount of retained austenite

to increase the toughness. However, this approach also re-

duces the strength and raises the production costs [25e27].

The segregation of some solute elements on grain bound-

aries can improve the impact toughness of steels. The segre-

gation of element B on prior austenite grain boundaries can

effectively reduce the grain boundaries energy and enhance

the cohesion of the boundary [28,29]. Yoo et al. found that Mo

can segregate on the prior austenite grain boundaries and

inhibit grain boundary cracking, effectively reducing the

occurrence of intergranular fracture [30,31]. However, these

studies mainly pointed out the effects of element segregated

on the prior austenite grain boundaries on toughness and the

inhibition of intergranular transformation. The solute

element segregation at lath boundaries and their effects on

the transgranular cleavage fracture were seldomly reported.

Therefore, it is of technically necessity to understand the

mechanism of temper embrittlement via a systematical

investigation on the microstructural evolution of both the

matrix, specifically lath boundaries and Cu-precipitates in the

aging process to achieve a high toughness without sacrificing

the strength.

In this study, we developed a nano-Cu precipitation-

strengthened steel with a combination of high strength, good

ductility, and excellent low-temperature toughness by deli-

cately controlling microstructures of the matrix and Cu-
precipitates. Particularly, the segregation of solute elements

at the martensitic lath boundaries and its effects on the

toughness were thoroughly investigated.
2. Experimental

The composition of the nano-Cu precipitation-strengthened

steel was measured using optical emission spectroscopy and

is reported in Table 1. The steel was fabricated by melting in a

vacuum induction furnace under an argon atmosphere. The

cast ingot was then homogenized at 1150 �C for 2 h and hot

rolled to 25 mm in thickness, followed by water quenching.

The hot-rolled samples were solution-treated firstly at 820 �C
for 30 min, followed by water quenching. The as-quenched

samples were aged at 500 and 550 �C for different periods of

time, followed by water quenching.

The Vickers hardness measurement were conducted using

an applied load of 500 g for 15s. Each reported microhardness

value is an average of 10 measurements and the error is the

standard deviation. Tensile tests were carried out on an INS-

TRON 5565 testing machine at 25 �C with a strain rate of 0.001

s�1. Two specimens were tested for each condition, and the

error is determined by the standard deviation of the average.

The 0.2% offset method was taken to estimate the yield

strength. The Charpy V-notch impact tests were performed on

a Zwick/Roell 450 J instrumented impact machine with ASTM

E23 standards. The specimens were immersed in a bath

composed of a mixture of anhydrous alcohol and liquid ni-

trogen at�80 �C formore than 20min before impacting. Three

samples were impacted for each condition, and the error was

determined by the standard deviation.

Electron backscattered diffraction (EBSD) and transmission

electron microscopy (TEM) were used to analyze the micro-

structure. The grain boundary and crystallographic orienta-

tion of the samples were characterized by Hitachi S3400

scanning electron microscope (SEM), which is equipped with

an EBSD detector. A step size of 0.3 mm was used for the EBSD

scan, and the post-treatment of the obtained data was con-

ducted using the HKL Channel 5 software. The phase com-

ponents of the samples were characterized by PANalytical

X'Pert Pro X-ray diffractometer (XRD). Cu Ka target was

selected for the XRD tests with a step size of 0.02�. TEM

specimens were prepared by the focused ion beam (FIB)

technique in an FEI Scios scanning electronmicroscope (SEM).

The thickness of the FIB samples is around 50 nm. The TEM

characterizations were conducted on a JEM 2100F microscope

under an operating voltage of 200 kV. The high-angle annular

dark-field imaging (HAADF) and energy dispersive X-ray (EDX)

spectroscopy were carried out on a Titan G2 60e300

aberration-corrected TEM operated at 300 kV. The number

densities of Cu precipitates and carbides were estimated

based on the counted number of precipitates in TEM images

and the correspondingmeasured area and the thickness of the

FIBed samples. The number densities of both the Cu pre-

cipitates and carbides were also verified by atom probe to-

mography results.

Atom probe tomography (APT) characterizations were

performed in a local electrode atom probe (Cameca LEAP 5000

XR). Data acquisition was performed at a low temperature of

https://doi.org/10.1016/j.jmrt.2023.03.110
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Table 1 e Chemical composition of the steel. (wt.%).

Fe Cu Ni Mn Si Mo Cr Nb þ Ti C Als P S

Bal. 2.1 6.0 0.9 0.2 0.5 0.5 0.04e0.07 0.04 0.02 0.005 0.0007
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50 K with a pulse repetition rate of 200 kHz and a pulse frac-

tion of 20%. The Imago Visualization and Analysis Software

(IVAS) version 3.8 was employed for creating the 3-

dimensional (3D) reconstructions and data analysis.
3. Results

3.1. Mechanical properties

The hardness and low-temperature impact toughness profiles

of the steel aged at 500 and 550 �C are shown in Fig. 1 as a

function of aging time. The age hardening and over-aged

softening take place at both temperatures. The hardness of

the steel reaches a peak value after aging for 0.2 h at 550 �C,
faster than that aged at 500 �C. The as-quenched steel exhibits

an excellent impact toughnesswith an impact energy of about

170 J. However, the impact energy decreases rapidly at the

early stage of aging. The minimum impact energy appears at

the peak-age hardening state for both temperatures. Then the

impact energy increases with the increase in aging time.

When the aging time exceeds 10 h at 500 �C, the impact energy

decline again.

Tensile stress-strain curves of the steel after aging for

30 min and 100 h at 500 �C (500/30 min and 500/100 h,

respectively) and 2 h at 550 �C (550/2 h) are shown in Fig. 2. The

yield strength of the 500/30min sample is 1163 ± 28MPa. It has
Fig. 1 e Microhardness and impact energy versus aging

time at 500 �C and 550 �C.
the highest strength, but its impact energy is only 20 ± 3 J.

With a long-term aging for 100 h, the yield strength decreases

to 969 ± 3 MPa, while the impact energy is still very low, only

18 ± 9 J. For the 550/2 h sample, the yield strength is

1048 ± 4 MPa, and the impact energy is 177 ± 11 J, showing an

excellent combination of high strength and toughness.

3.2. Microstructure characterization

To investigate the mechanism of embrittlement and de-

embrittlement in this steel, systematical microstructure

characterizations were conducted. Fig. 3 shows the XRD pat-

terns of the 500/30 min, 500/100 h, and 550/2 h samples,

confirming that all samples consist of a single BCC structure.

No austenite or precipitation phases can be detected through

XRD.

The SEM images and Charpy impact fracture surfaces of

the 500/30 min, 500/100 h, and 550/2 h samples are shown in

Fig. 4. The SEM images (Fig. 4aec) reveal that all the samples

have a lath martensite morphology. Quasi-cleavage trans-

granular fractures appear in the fractography of 500/30 min

(Figs. 4d) and 500/100 h (Fig. 4e) samples, while dimple-like

features, the characteristics of ductile failure in the 550/2 h

sample (Fig. 4f). Intergranular fracture caused by conventional

tempering brittleness are not observed in this steel. These

observations are consistent with the Charpy impact results.

Detailed microstructures of the 500/30 min, 500/100 h, and

550/2 h samples were investigated by EBSD and TEM, as

shown in Fig. 5. The multi-leveled microstructure with prior-

austenite grains, packets, blocks, and laths in the EBSD in-

verse polar figures (IPF) (Fig. 5aee) conform with the similar

microstructures of lath martensite for all the three samples.

Generally, the boundaries of packets and blocks are high angle

grain boundaries (HAGBs, black lines in Fig. 5aec), which can
Fig. 2 e Engineering stress-strain curves of typical states.

https://doi.org/10.1016/j.jmrt.2023.03.110
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Fig. 3 e The X-ray diffraction patterns of 500/30 min, 500/

100 h, and 550/2 h.
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effectively hinder the propagation of cracks [32]. Therefore,

the size of ‘blocks’ is considered as the effective grain sizes

(EGS) in lath martensite [32e34]. Fig. 5def presents the bright-

field TEM micrographs of the three samples. Typical lath-type

martensitic microstructures can be seen clearly, indicating

that the aging treatments did not change the lath structures at

the three states.

The corresponding misorientation angle distribution, local

misorientation angle distribution, and EGS distribution are

shown in Fig. 6. The HAGBs content of the 500/30 min, 500/

100 h, and 550/2 h samples (Fig. 6aec) are 45.2%, 44.8%, and

47.5%, respectively, showing no obvious differences. The EGS

of the 500/30 min, 500/100 h, and 550/2 h samples (Fig. 6g) are

3.14 ± 0.15, 3.41 ± 0.18, and 3.19 ± 0.11 mm, respectively. With

the aging time increasing from 30 min to 100 h at 500 �C, the
Fig. 4 e SEM micrographs of (a) 500/30 min, (b) 500/100 h, and (

samples (d) 500/30 min, (e) 500/100 h and (f) 550/2 h, respective
EGS increased by 8.6%, indicating that the aging time has little

effect on the EGS. The change of density of geometric neces-

sary dislocations (GND), which are mainly depend on the

value of local misorientation (Q), can be calculated by Refs.

[35,36]:

rGND ¼
2Q
ub

(1)

where u is the scanning step length 300 nm, and b is the

Burgers vector 0.248 nm. Q was obtained from the local

misorientation profile in Fig. 6def. The calculated rGND of the

500/30 min, 500/100 h, and 550/2 h samples are 5.81 � 1014,

5.42 � 1014, and 5.54 � 1014 m�2, respectively.

To explore the effects of aging treatments on the chemistry

of lath boundaries, the EDS elemental mappings of lath

boundary were carried out for the 500/30 min, 500/100 h, and

550/2 h samples, as shown in Figs. 7e9, respectively. It can be

found that in the 500/30min sample (Fig. 7), there is Ni andMn

segregation at the lath boundary. Meanwhile, a large number

of fine Cu-precipitates are dispersed in the lath interior and

boundaries, which would be the cause for the high yield

strength. In the 550/2 h sample (Fig. 9), the segregation of Ni

and Mn at lath boundaries decreases, while the Mo segrega-

tion occurs at the lath boundaries. The Cu-precipitates in the

lath and lath boundary coarsen, resulting in the reduction of

yield strength. In the 500/100 h sample (Fig. 8), the segregation

of Mo on the grain boundary disappears, and the segregation

of Ni and Mn is obvious. The number density of Cu-

precipitates decreases significantly.

Fig. 10 shows the concentration profiles across the lath

boundaries in the 500/30 min, 500/100 h and 550/2 h samples.

The results are consistent with the EDS elemental mappings

in Figs. 7e9. The Cu segregation in the 500/30 min sample is

due to the formation of Cu precipitate on the lath boundary. It

is found that Mn segregates on the lath boundary at the early

stage of aging, which results in a low toughness (Fig. 1). With

the prolonged aging time, Mo begins to gradually segregate at
c) 550/2 h. The fracture surfaces of Charpy impact in the

ly.

https://doi.org/10.1016/j.jmrt.2023.03.110
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Fig. 5 e IPF and bright-field TEM images: (a) IPF, 500/30 min, (b) IPF, 500/100 h, (c) IPF, 550/2 h, (d) TEM, 500/30 min, (e) TEM,

500/100 h, and (f) TEM, 550/2 h.

Fig. 6 e Corresponding misorientation angle distributions and local misorientation angle distributions of (a) (d) 500/30 min,

(b) (e) 500/100 h, and (c) (f) 550/2 h; and EGS distributions (g).
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Fig. 7 e The EDS element mapping of the lath boundary in the 500/30 min sample.
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grain boundaries, leading to a significant increase in tough-

ness. When the aging time is extended to 100 h at 500 �C, the
content of Mo element on the grain boundary decreases, the

content of Mn and Ni elements increases, and the toughness

decreases again.

Fig. 11 shows the Cumaps andHAADF images of the 500/30

min, 500/100 h, and 550/2 h samples along the [0 0 1]bcc axis.

The size and the number density of the Cu precipitates in the

500/30 min sample (Fig. 10a) are approximately 1e3 nm and

9.8 � 1023/m3, respectively. The weak contrast changes and

lattice coherence make precipitates difficult to be identified in

HRTEM (Fig. 11d). Intense B2 ordered spots from the (0 1 0) B2

axis can be identified in the FFT patterns acquired from the

precipitates (the inset of Fig. 11d). For the 500/100 h sample,

the size of the Cu-precipitates is 8e20 nm, while the number
Fig. 8 e The EDS element mapping of the la
density is 2.1� 1022/m3. The shape of the precipitates changed

from spherical to rod-like, and the structure changes from the

B2 to FCC structure. The precipitates in the 550/2 h sample are

larger than that in the 500/30min sample,which are 4e9 nm is

size, and the number density is 2.2 � 1023/m3. The two FFT

patternswere extracted from the precipitates: one is the (0 1 0)

B2 ordered point of a fine Cu-precipitate, and the other is a

coarse precipitate with a FCC structure.

To accuratelymeasure the composition andmorphology of

the precipitates, APT characterizations were carried out. Cu

precipitates and Carbides are delineated by 10 at.% Cu iso-

concentration and 5 at.% (C þ Mo þ Cr) iso-concentration

surfaces of the 500/30 min, 500/100 h, and 550/2 h samples

are displayed in Fig. 12, respectively. The 500/30 min sample

has a high number density of fine Cu-precipitates: the average
th boundary in the 500/100 h sample.

https://doi.org/10.1016/j.jmrt.2023.03.110
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Fig. 9 e The EDS element mapping of the lath boundary in the 550/2 h sample.
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size of ~1.4 ± 0.3 nm in radius and number density of

1.16 � 1024/m3. In the 500/100 h sample, the Cu-precipitates

grow into platelet-like, and the effective radius of a sphere

with the same volume is calculated to be ~6.8 nm. The car-

bides are also observed in the reconstruction and their average
Fig. 10 e Concentration profiles across the lath boundary in the

image shows the line scan across the lath boundary).
radius is ~2.9 ± 0.4 nm. Based on the number density and

average size of carbides, the volume fraction can be estimated

as 0.5%. This may be the main reason for the decrease of Mo

content at the lath boundary of the 550/100 h sample. The

radius of Cu-precipitates in the 550/2 h sample grows to
(a) 500/30 min, (b) 500/100 h, and (c) 550/2 h samples (above

https://doi.org/10.1016/j.jmrt.2023.03.110
https://doi.org/10.1016/j.jmrt.2023.03.110


Fig. 11 e EDS element mapping and [0 0 1]bcc HRTEM image of the Cu-precipitates in (a), (d) 500/30 min, (b),(e) 500/100 h, and

(c) (f) 550/2 h samples.
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2.8 ± 0.4 nm, and the number density decreases to 1.2 � 1023/

m3. In addition to spherical precipitates, rod-shaped pre-

cipitates were also observed. The volume fraction of Cu-

precipitates in the 500/30 min, 500/100 h, and 550/2 h sam-

ples were calculated to be 1.2%, 2.8%, and 1.9%, respectively.

The proximity histograms of Cu precipitates and carbides

for the 500/30 min, 500/100 h, and 550/2 h samples are shown

in Fig. 13. The proximity histogram direction of these particles
Fig. 12 e APT 3D reconstructions of 10 at.% Cu iso-concentration

samples. The proximity histogram of carbides in (d) 500/100 h
was marked with red cylinder in Fig. 12. The surface of Cu-

precipitates is enriched with Ni. The Cu content in the core

of fine Cu-precipitates is ~60% in the 500/30 min sample and

exceeds 80% in the 500/100 h and 550/2 h samples. The

composition of the carbides in the 500/100 h sample is

49.2Moe8.8Cre29.5Ce2.8Fee7.1Nie1.1Mne1.1Cue0.35Si in

at.%, as shown in Fig. 12d. SimilarM2C carbides have also been

reported in other steels [11].
surfaces in (a) 500/30 min, (b), (c) 500/100 h, and (d) 550/2 h

sample.

https://doi.org/10.1016/j.jmrt.2023.03.110
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Fig. 13 e Proximity histograms of Cu-precipitates in (a) 500/30 min, (b) 500/100 h, and (c) 550/2 h samples. The proximity

histogram of carbides in (d) 500/100 h sample.
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4. Discussion

4.1. Strengthening mechanisms

The strength origin of the present steel can be approximately

rationalized to the strength increments caused by solid-

solution strengthening, grain boundary strengthening, dislo-

cation strengthening, and precipitation strengthening. The

yield strength of the steel is expressed by Refs. [12,13,25,37,38]:

s¼ sGB þ sss þ sdislo þ sppt (2)

The equations for the grain boundary strengthening,

dislocation strengthening, and solid solution strengthening

can be expressed by Refs. [39e41]:

sGB ¼s0 þ kyd
�1
2 (3)

sdislo ¼MaGb
ffiffiffi
r

p
(4)

sSS ¼4570½C� þ37½Mn� þ83½Si� þ 38½Cu� þ11½Mo� � 30½Cr� (5)

where s0 ¼ 50 MPa is the friction stress [8,38], ky is the Hall-

Petch slope 200 MPa mm1/2 for martensite packets [37], a

equals 0.2 for high dislocation density, M is the Taylor factor

3.0 for BCC metals, G is the shear modulus 80 GPa of the a-Fe

matrix, r is the GND density, b¼ 0.25 nm is the Burgers vector,

and ½Xi� is the content of the element Xi (wt.%) dissolved in the
steel. The total strength contribution of grain boundary

strengthening, dislocation strengthening and solution

strengthening for the 500/30 min, 500/100 h and 550/2 h

samples were estimated to be 709, 695, and 732 MPa,

respectively.

The strength increment due to the Cu precipitation can be

calculated from the particle shear or Orowan dislocation

looping. The increase in yield strength by the orowan mech-

anism is given by Refs. [25,42,43]:

DsOrowan ¼0:1Gb
f 1=2

R
ln

R
b

(6)

where R is the average particle radius, f is the volume fraction

of the Cu-rich precipitates. The radius and number densities

were taken from the APT results. Since the number of Cu

precipitates observed in 550/2 h and 500/100 h samples in APT

(Fig. 12) is relatively small, the number densities of Cu pre-

cipitates in the two states were taken from the TEM results

(Fig. 11). The contribution from the Orowan strengthening for

the 500/30min, 500/100 h and 550/2 h samples were estimated

to be 276, 175, 238 and MPa, respectively. The M2C carbides

appeared in the 500/100 h sample, which is usually considered

to be strengthened by the Orovan mechanism [37,44,45]. The

contribution of M2C carbides is 121 MPa.

Strengthening by particle shearing occurs primarily due to

order strengthening, modulus strengthening, and coherency

strengthening, which can be estimated as follows [42]:

https://doi.org/10.1016/j.jmrt.2023.03.110
https://doi.org/10.1016/j.jmrt.2023.03.110


Fig. 14 e Contribution of the various strengthening

mechanisms to the total yield strength of the 500/30 min,

500/100 h, and 550/2 h samples.
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Dsorder ¼0:81M
gapb

2b

"�
3pf
8

�1=2
#

(7)

Dsmodulus ¼M
Gb
l

"
1�

�
UP

UM

�2
#3=4

sin�1

�
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where the parameters G, M and b are the same as those in Eq.

(9), gapb ¼ 0.5 J$m-2 is the average antiphase boundary energy

of NiAl [46], l ¼ 0:866ðRNÞ�1=2 is the precipitate spacing in the

slipe plane, ε ¼ 0.35 J$m�2 is the lattice misfit and UP and UM

are the dislocation line energy in Cu precipitates and a-Fe

matrix, respectively. The ratio UP=UM depends on the particle

radius, R, and is described by Refs. [42,47]:

Up

Um
¼U∞

p log R
r0

U∞
m log r

r0

þ log r
R

log r
r0

(10)

where r ¼ 2.5 b and r0 ¼ 1000 r are the inner and outer cut-off

radius, respectively, andUP=UM ¼ 0.62 is the ratio of the energy

per unit length of a dislocation in an infinite medium [25]. The

contribution from the shearing strengthening for the 500/30

min, 500/100 h and 550/2 h samples were estimated to be 468,

539, and 490 MPa, respectively.

The contributions from each strengthening mechanism,

calculated by using the above equations, are summarized in

Fig. 14. It can be seen that the shearing mechanism fits well

with the tested value for the 500/30min sample. However, the

calculated values of the shearing mechanism are inconsistent

with the experimental values of the 550/2 h and 500/100 h

samples. This shows that the particle shearing model is only

suitable for fine coherent precipitates in the early stage of

aging. For the 550/2 h sample, the tested value is between the

shearing model and the Orowan model. It is very likely that

both mechanisms work in this stage. The calculated value of

the Orowan model of the 500/100 h sample is in good agree-

ment with the experimental result, showing that Orowan

bypassing mechanism is feasible in this stage.

4.2. Toughening mechanisms

The impact toughness of the as-quenched sample is excellent

due mainly to the hierarchical structure of lath martensite,

which is consistent with the previous research [32,48]. After

the aging treatments, the toughness degrades sharply, and the

fracture mode changes from ductile fracture to brittle quasi-

cleavage fracture (Fig. 3). However, the elongation does not

decrease significantly in the low toughness range with no

intergranular fracture, indicating that the decrease of tough-

ness is not caused by the segregation of impurity elements at

the prior austenite grain boundaries. The size of HAGBs and

EGSs and dislocation densities in different aging treatments

are almost unchanged, indicating that these are not the main

factors leading to the change of toughness. Also, the differ-

ence in the composition, such as Mn, Mo and Ni on block and

packet boundaries cannot be identified after various aging
time. Compared to the 550/2 h and 500/100 h samples, the 550/

2 h sample has a higher strength and higher impact energy,

indicating that the increase in strength is also not the main

reason for the decrease in toughness in this steel.

It can be found in Figs. 6e9 that the contents of solute

segregation at the lath boundaries change continuously at the

different aging stages. Many studies show that the embrit-

tlement after tempering in steels is related to the impurity

segregation at the grain boundaries [49,50]. Mo is considered

to be able to effectively enhance the grain-boundary cohesion,

preventing a transition from ductile to brittle fracture [30,51].

The segregation of Mn reduces the grain boundary cohesion

[49,52e54]. With the decrease of the cohesion at the lath

boundary, the crack initiation and propagation become easier,

resulting in a low impact energy.

The effect of Mn and Mo segregation at the lath boundary

can be measured by the theory proposed by Seah [55].

Assuming that there is no redistribution of solute atoms

segregated on the lath boundaries during fracture, the segre-

gation effect on the bonding force at the lath boundary can be

evaluated by the pair-bonding between the different atoms.

The actual energy required to break the lath boundary bonds

can be calculated by calculating the energy per unit area and

multiplying them by the total number of lath boundary bonds.

For a binary system of solute B in solvent A, the fracture en-

ergy of the nearest neighbor bond can be given by:

Eð0Þ¼ �
�
Zs

a2
A

�
εAA (11)

where Zs is the co-ordination of atoms on one side of the lath

boundary with adjacent layers on the other side, a2A is the area

of an A atom on the surface, and εAA is the nearest neighbor

bond energies assigned to AA.

The fracture energy of B with a molar fraction Xb at lath

boundaries is:

EðXbÞ¼ � Zs

a2
A

(�
1� 1

2
Xb

�2

εAA þXb

�
1�1

2
Xb

�
εAB þ 1

4
X2

bεBB

)
(12)
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Table 3 e The effect of Mn and Mo segregation on fracture energy.

XMnðHsub*
Fe �Hsub*

Mn Þ (J/m2) XMoðHsub*
Fe �Hsub*

Mo Þ (J/m2) Sum (J/m2)

500/30 min 10.4 0 10.4

500/100 h 9.9 �4.2 5.7

550/2 h 4.5 �7.1 �2.6
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The values of εAA and εBB can be determined from themolar

sublimation enthalpies:

Hsub
A ¼ � 1

2
ZNεAA;H

sub
B ¼ �1

2
ZNεBB (13)

whereN is Avogadro's number and Z is the total co-ordination.

The fracture energy reduction due to segregation can be

approximately written as:

Eð0Þ�EðXbÞ¼Zs

Z
Xb

h
Hsub*

A �Hsub*
B

i
(14)

The value of Hsub*
�
¼ Hsub

Na2

�
for Fe, Mn and Mo can be calculated

as 13.3, 8.8, and 17.5 J/m2, respectively. The extra segregation

was calculated according to the difference between the peak

segregation at the grain boundary and inside the martensite

laths of each sample in Fig. 10. The Mn content of the extra

segregation at the lath boundary in the 500/30 min, 500/100 h,

and 550/2 h samples are 2.3, 2.2, and 1.0 at.%, respectively. The

Mo segregation in the 500/30 min, 500/100 h, and 550/2 h

samples are 0, 1.0, and 1.7 at.%, respectively. Taking the above

values into Eq. (14), the effect of Mn andMo segregation on the

fracture energy can be calculated, as summarized in Table 3.

Since Zs
Z is a positive number, the larger the total value, the

more the decrease in lath boundary cohesion caused by the

segregation. The segregation of Mn at the 500/30 min condi-

tion significantly deteriorates the lath boundary cohesion,

resulting in a low impact toughness. The segregation of Mo at

the 550/2 h condition compensates the decrease in the lath

boundary cohesion caused by the Mn segregation, which in-

creases the toughness. While due to the decrease of Mo

segregation in the 500/100 h condition, Mn again dominates

the deterioration of the toughness. Some researchers pointed

out that the segregation of Ni at lath boundaries also has a

detrimental effect on toughness [56,57], and thus, the high Ni

segregation in the 500/100 h samples may have exacerbated

its brittle fracture.
5. Conclusions

In this paper, a nano-Cu precipitation-strengthened steel with

a combination of high strength, good ductility, and excellent

low-temperature toughness were developed by delicately

controllingmicrostructures of thematrix and Cu-precipitates.

The evolution of solute segregation at the lath boundaries of

martensite and their effects on the low-temperature tough-

ness of a Cu-strengthened steels were thoroughly investi-

gated. The following conclusions can be drawn.

1) The high-strength steel has a combination of ~180 J V-

notch impact toughness at �80 �C, ~1050 MPa yield

strength, and 19% total elongation.
2) Aging at 500 and 550 �C for different periods of time has

little effects on the microstructures of the matrix,

including the EGS, dislocation density, martensitic lath

size, and the content of high angle grain boundaries.

3) There is no conventional temper embrittlement at 500 and

550 �C for the Cu precipitation-strengthened steel. Mo

segregation at the lath boundary can significantly improve

the lath boundary cohesion, while Mn segregation can

reduce the lath boundary cohesion.

4) The variation of yield strength in the different aging stages

is mainly due to the change in precipitation strengthening.

The high number density of fine Cu precipitates at the early

stage of aging provides a high strength through the

shearing mechanism. In the middle stage, due to the

growth of Cu precipitates, the strengthening is dominated

by the combination of particle shearing and Orowan

dislocation looping. In the late stage, coarse Cu precipitates

and M2C contribute to the strength via the Orowan dislo-

cation looping.
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