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A B S T R A C T   

The microstructures and mechanical properties of new Cr–Mo–V–Ni high strength steel subjected to tempering 
and deep cryogenic treatment (DCT) following water quenching are investigated. The results indicate that the 
mean width of martensite laths and the precipitated carbides play critical roles in the mechanical properties of 
the steel. Outstanding mechanical properties are obtained upon tempering at the temperature of 230 �C, which is 
a synergetic result of the refinement of the martensite laths and the strengthening effect from the precipitated 
carbides. Subjected to DCT prior to tempering at 230 �C, the ultimate tensile strength (σb) slightly increases, and 
the yield strength (σs) considerably increases from 1243 � 12 MPa to 1426 � 14 MPa, and the impact toughness 
is enhanced. The improvement of strength and toughness of the steel due to DCT is attributed to the refinement of 
martensite laths and the precipitation of secondary carbides. The correlation between the microstructures and 
mechanical properties of the Cr–Mo–V–Ni high strength steel is discussed.   

1. Introduction 

Impelled by the unprecedented environmental challenges facing 
society, the past several decades have witnessed the rapid development 
of high strength steel in various mechanical engineering applications, 
such as bridges, ships, railways, aerospace, vehicles, and wind energy 
[1,2]. With the progress of these industries, the demand for high 
strength steel has been considerably increasing for lightweight design 
strategies of constructions as well as for many other purposes. However, 
the enhancement of strength is usually accompanied by the deteriora-
tion of ductility, which is known as strength-ductility trade-off [3,4]. 
Therefore, it is of interest to develop new high strength steel to evade the 
strength-ductility trade-off to meet the requirements of safety and 
reliability. 

Optimization of heat treatment processes is usually employed to tune 
the microstructures of steel to obtain expected properties. In the recent 
years, considerable works have attached great importance to tempering 
because of its significance in enhancing the strength and toughness of 
steel. It has been found that a tempering temperature in the range of 
570–600 �C results in a direct-quenched and tempered steel with an 
optimal balance of strength and toughness in low-alloy strip steel [5]. 

Zhang et al. have found that the tensile fracture strength and the yield 
strength of Ferrium S53 steel reach the highest values of 1945 MPa and 
1543 MPa due to tempering at 482 �C, respectively [6]. It has been re-
ported that an excellent combination of strength (1550 MPa) and impact 
energy (91.5 J) is achieved due to tempering at 230 �C in a designed 
3Mn–Si–Ni martensitic steel; however, tempered martensite embrittle-
ment occurs when the tempering temperature increases from 320 to 550 
�C [7]. 

Besides the conventional heat treatment methods, deep cryogenic 
treatment (DCT) has been found to be effective in improving the hard-
ness, toughness, wear resistance, and fatigue behavior of materials due 
to refinement of martensite and martensite transformation of retained 
austenite [8–18]. The hardness, compression strength, wear resistance 
and fatigue resistance of WC-Co cemented carbides are considerably 
enhanced due to DCT, while the bending strength and toughness only 
slightly change [15]. Subjected to DCT following quenching, both the 
dry wear resistance and the hardness of AISI M2 high speed steel, and 
the toughness and the wear resistance of AISI H13 are considerably 
improved [16]. The hardness and fatigue behavior of AISI 302 stainless 
steel are significantly improved due to DCT at 88 K, while its tensile 
strength, yield stress and corrosion resistance slightly change [17,18]. 
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Hence, based on the previous works, DCT is a potential method to evade 
the strength-ductility trade-off dilemma of steel. 

In addition to the matrix, the mechanical properties of steel are 
closely related to the types, sizes, morphologies and amount of the 
precipitated phases in the matrix. It has been found that different types 
of carbides precipitate in Nb–V–Ti microalloyed steel due to tempering 
at different temperatures, and the properties of the steel are closely 
related to these precipitated carbides [19]. The matrix of steel, i.e., 
ferrite, martensite and retained austenite, and their proportions, grain 
sizes and morphologies are readily tuned by heat treatment processes 
[20,21]. Based on the discussion above, a synergistic combination of 
controlling the matrix and the precipitated phases is a promising strat-
egy to tune the microstructures of steel to obtain excellent mechanical 
properties with high strength and good toughness. In the present work, 
tempering and DCT following quenching were employed to tune the 
microstructures of designed Cr–Mo–V–Ni high strength steel. The results 
show that outstanding properties with high strength and good toughness 
in the new Cr–Mo–V–Ni steel are obtained subjected to tempering and 
DCT. 

2. Experimental 

2.1. Materials 

New Cr–Mo–V–Ni high strength steel was designed for investigation 
in the present work, and its chemical composition is provided in Table 1. 
The studied Cr–Mo–V–Ni steel was prepared by medium-frequency in-
duction melting of a mixture of raw materials with industrial purity and 
cast into a metal mold. The as-cast steel was austenized at 950 �C for 2 h, 
followed by furnace cooling to 850�Cfor keeping for 1 h, and finally air 
cooling to room temperature. After the pre-treatment, the studied ingot 
was again austenized at 930 �C for 0.5 h, followed by water quenching to 
room temperature. The quenched ingot was cut by wire-electrode cut-
ting into samples with a dimension of Ø10 mm � 10 mm for later 
tempering and DCT. Finally, the quenched samples were tempered at 
temperatures of 180 �C–530 �C for 2 h. The samples for DCT were 
immersed in liquid nitrogen (� 196 �C) for 8 h after water quenching, 
and then tempered at 230 �C. The heat-treatment schedules of the 
samples are shown in Table 2. 

2.2. Microstructural observations and mechanical properties 

The samples were mechanically ground with metallographic sand-
papers, polished with diamond paste and etched in 4% Nital solution. 
The microstructures of the samples and the impact fracture morphol-
ogies were observed by scanning electron microscopy (SEM, JSM-6510, 
Japan) operated at 20 kV. Transmission electron microscopy (TEM, 
Tecani G2 F30 S-TWIN, USA) was employed to investigate the distri-
bution and the types of the precipitated carbides. The TEM samples were 
first sliced to 200 μm thickness and ground to 50 μm thickness from both 
sides with emery papers. Then the slices were punched to disks with a 
diameter of 3 mm, and finally electro-polished by a twin-jet polisher in a 
solution of 7% perchloric acid and 93% ethanol. The retained austenite 
in samples was identified by X-ray diffraction (XRD, Rigaku Dmax-2500) 
using Cu-Kα radiation. 

The tensile properties, Rockwell-C hardness (HRC)and impact en-
ergy (Charpy U-notch) were tested at room temperature using an elec-
tronic universal testing machine (AG-100), a Rockwell hardness tester 
(HR-150 A) and a drop weight impact tester (JB-300B), respectively. The 
tensile test samples had a cross section of 2 mm � 10 mm and a gauge 

length of 40 mm. The Charpy U-notched samples had a cross section of 
10 mm � 10 mm, a length of 55 mm, and a notch depth of 2 mm. 

3. Results and discussion 

3.1. Microstructures and mechanical properties due to tempering 

The engineering stress-strain curves of the studied steel tempered at 
the temperatures of 230 �C, 380 �C and 530�Care represented in Fig. 1 
(a). The maximum yield strength σs (1243 � 12 MPa) and the ultimate 
tensile strength σb (1689 � 17 MPa) were obtained after tempering at 
230 �C. The ultimate tensile strength and the yield strength of the 
samples due to tempering at different temperatures are shown in Fig. 1 
(b). As the tempering temperature increases from 180 �C to 230 �C, σb 
slightly increases from 1654 � 17 MPa to 1689 � 17 MPa, and σs in-
creases from 1286 � 13 MPa to 1321 � 13 MPa. Both σb and σs decrease 
gradually when the tempering temperature increases to 330 �C. Notably, 
both σb and σs decline sharply after tempering at 380 �C, and then 
change slightly with further increasing tempering temperature. The 
Charpy impact toughness of the studied steel due to tempering at 
different temperatures is presented in Fig. 1(c). It is found that the 
impact toughness of the samples reaches a maximum value (40 J/cm2) 
after tempering at 180 �C, and it declines rapidly as the tempering 
temperature increases to 380 �C, indicating the occurrence of tempered 
embrittlement. The hardness of the studied steel tempered at different 
temperatures is shown in Fig. 1(d). The hardness increases to 49HRC as 
the tempering temperature reaches 230 �C, and then it decreases slightly 
when the tempering temperature is increased to 330 �C. The hardness 
considerably declines as the tempering temperature is above 380 �C. 
These property changes are the results of the microstructure evolution 
due to tempering at different temperatures. 

Some characteristic SEM images of the steel tempered at different 
temperatures are displayed in Fig. 2, indicating that the microstructure 
of the tempered steel is mainly composed of lath-shaped martensite, 
retained austenite and precipitated phases. TEM observations were 
employed to investigate the details of the microstructures. Fig. 3 (a), (b) 
and (c) present the TEM images of the samples tempered at 230 �C, 380 
�C, and 530 �C, respectively. The mean widths of the martensite laths in 
the samples after tempering at different temperatures are evaluated 
from the TEM images, and the results are shown in Fig. 3(e). Accom-
panying the decomposition of martensite, carbides precipitate during 
tempering as verified by the TEM results (Fig. 4). Fig. 4depicts the TEM 
images of some samples tempered at different temperatures and the 
insets are the selected area electron diffraction (SAED) patterns of the 
corresponding carbides. Two kinds of carbides exit in the samples due to 
tempering, i.e., a considerably large amount of strip-like carbides and a 
few spherical ones (Fig. 4). It is obvious that the carbides prefer to 
precipitate along the grain boundaries and in the martensite lath in-
terfaces. The precipitated carbides are identified by the SAED patterns. 
The strip-like carbides are thermodynamically unstable ε-carbides that 
precipitate in the tempered martensite during tempering at the tem-
peratures below 230 �C [22], and the spherical carbides are identified to 

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

C Si Mn P S Cr Mo V Ni 

0.35 0.28 0.73 <0.003 <0.003 1.32 0.62 0.46 1.60  

Table 2 
Heat-treatment schedules of the studied samples (Q ¼ Quenching (930 �C, 0.5 
h)).  

Sample Details of treatment processes 

1 Q þ Tempering (180 �C, 2 h) 
2 Q þ Tempering (230 �C, 2 h) 
3 Q þ Tempering (280 �C, 2 h) 
4 Q þ Tempering (330 �C, 2 h) 
5 Q þ Tempering (380 �C, 2 h) 
6 Q þ Tempering (430 �C, 2 h) 
7 Q þ Tempering (480 �C, 2 h) 
8 Q þ Tempering (530 �C, 2 h) 
9 Q þ DCT (� 196 �C, 8 h) þ Tempering (230 �C, 2 h)  
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be M23C6 (Fig. 4(b)). When the tempering temperature increases to 380 
�C, the strip-like ε-carbides decompose into M7C3 but the spherical 
carbides remain unchanged (Fig. 4(c) and (d)). With the further increase 
of the tempering temperature to 530 �C, the strip-like M7C3carbides as 

well as the spherical M23C6 carbides transform to M2C-type and MC-type 
ones, respectively (Fig. 4(e) and (f)). 

It has been found that martensitic laths are a critical structural unit 
influencing the strength of steel [23]. As the tempering temperature 

Fig. 1. Mechanical properties of the steel achieved by tempering at different temperatures after water-quenching: tensile stress-strain curves(a), tensile strength and 
yield strength (b), impact toughness (c) and hardness (d). 

Fig. 2. SEM images of the samples tempered at different temperatures of 180 �C (a), 230 �C (b), 280 �C (c), 330 �C (d), 380 �C (e), 430 �C (f), 480 �C (g) and 530 �C 
(h) and the sample of DCTþ230 �C (i). 
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increases from 180 �C to 230 �C, the martensitic laths become finer. The 
mean martensitic lath width decreases from 177 � 9 nm (180 �C) to 165 
� 8 nm (230 �C) (Fig. 3 (e)), which considerably strengthens the matrix. 
When the tempering temperature increases from 280 to 530 �C, the 
martensitic laths considerably coarsen, and the mean width of 
martensite laths increases from 193 � 10 nm to 303 � 15 nm (Fig. 3(e)). 
The recombination of subgrain boundaries leads to the disappearance of 
lath boundaries and coarsening of the martensite laths during the 
tempering process [19]. Concurrently, dislocations considerably recover 
with increasing tempering temperature [24], which results in a sub-
stantial decrease of the dislocation density and obvious weakening of the 
strengthening effect of dislocations. Moreover, the carbides precipitated 
upon tempering also play an important role in the strengthening of the 
steel. The mechanical properties of the steel are closely related to the 
strip-like carbides since they are the predominant precipitates. As long 
as the tempering temperature is below 230 �C, strengthening of the 

matrix is considerably enhanced due to the presence of abundant 
ε-carbides (with a mean width of ~18 nm) distributed in the tempered 
martensite. However, when the tempering temperature is higher than 
230 �C, the ε-carbides dissolve gradually and transform to M7C-type and 
M2C-type ones (Fig. 4 (c) and 4 (e)), during which the coherent relation 
between ε-carbides and martensite matrix is destroyed and the 
strengthening effect is considerably weakened. As a result, the sample 
tempered at 230 �C shows the highest strength, and both σb and σs 
deteriorate with increasing the tempering temperature. 

The phenomenon of tempered embrittlement at 380 �C is due to the 
precipitation of intermittent thin shell carbides within the interfaces of 
the lath martensite (indicated by the arrows in Fig. 3 (b)) during the 
decomposition of the martensite, resulting in substantial weakening of 
the grain boundaries. On the other side, the precipitated M7C3 carbides 
formed upon tempering at 380 �C (Fig. 4(c)) are potential sources of 
cracks that easily break through the grain boundaries during plastic 

Fig. 3. TEM images of the samples subjected to tempering at 230 �C (a), 380 �C (b), 530 �C (c) and DCTþ230 �C (d). The mean widths of the martensite laths in the 
samples as derived from the TEM images are shown in (e). 
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deformation [24,25], which is critically detrimental to the impact 
toughness. Hence, the propagation of cracks requires less energy to pass 
through the boundaries, which leads to a rapid decrease of the impact 
toughness. In this sense, the precipitation of M7C3-type carbides should 
be suppressed in the steel to obtain good impact toughness. However, 
the impact energy of the samples increases substantially with the further 
increase of the tempering temperature from 430�C to 530 �C, which is 
the result of the combined toughening effects from the matrix and the 
carbides. The decomposition of martensite at high temperatures leads to 
formation of a ductile phase ferrite. Meanwhile, the precipitated car-
bides transform to M2C-type carbides and tend to spheroidize, which 
substantially decreases the development of potential microcracks during 
plastic deformation. As a result, the toughness of the steel is rapidly 
enhanced upon tempering at temperatures higher than 380 �C. 

The hardness of the tempered steel is the result of a synergetic effect 
of matrix and the precipitates. As the tempering temperature increases 

from 180 �C to 230 �C, more ε-carbides precipitate. Under this condition, 
the strengthening effect of ε-carbides plays a dominant role in the 
hardness of the steel compared to the weakening effect from the 
decomposition of martensite. As a result, the hardness increases as the 
tempering temperature increases from 180 �C to 230 �C. When the 
tempering temperature is higher than 230 �C, the precipitated carbides 
decompose, and the strengthening effect of the precipitates becomes 
weakened. Meanwhile, the decomposition of martensite results in a 
substantial decrease of hardness. In particular, the hardness decreases 
rapidly after tempering at the temperature of 380 �C. During the 
tempering at high temperatures, the martensite almost completely de-
composes into ferrite and cementite, which considerably weakens the 
matrix. Moreover, the coherent relation between ε-carbides and 
martensite matrix is destroyed due to transformation of the carbides. 
Hence, the hardness rapidly decreases after tempering at temperatures 
higher than 380 �C (Fig. 1 (d)). The hardness of the steel changes slightly 

Fig. 4. TEM images of teh samples tempered at temperatures of 230 �C (a) and (b), 380 �C (c) and (d), and 530 �C (e) and (f). The morphologies and types of 
precipitated carbides are provided in the figure. 

Z. Yan et al.                                                                                                                                                                                                                                     



Materials Science & Engineering A 787 (2020) 139520

6

when the tempering temperature increases from 430 �C to 530 �C, which 
is attributed to the hardening effect of the precipitated carbides of the 
alloying elements (Cr, Mo, V) at high tempering temperatures that 
compensates the weakening effect due to decomposition of martensite. 

3.2. Microstructures and mechanical properties due to DCT 

The SEM image of the sample of DCTþ 230 �C (Fig. 2(i)) shows that 
its matrix is completely composed of martensite, which indicates that 
the retained austenite transform into martensite due to DCT. This is 
further verified by the XRD results. The XRD patterns of the sample 
tempered at 230 �C and the sample of DCTþ 230 �C are shown in Fig. 5 
(a). It is indicated that there exists a considerably small amount of the 
retained austenite in the sample tempered at 230 �C, which is difficult to 
be identified by XRD pattern. This suggests that the transformation of 
undercooled austenite into martensite almost completes by water 
quenching because of good hardenability. The XRD pattern further 
verifies that the retained austenite completely transform into martensite 
due to DCT, which is consistent with the work of Li et al. [26]. Moreover, 
the martensite is obviously refined due to DCT, which is clearly clarified 
in a TEM image (Fig. 3(d)). Compared with the sample tempered at 230 
�C, the mean width of the martensite laths of the sample of DCTþ 230 �C 
is substantially decreased from 165 � 8 nm to 127 � 6 nm (Fig. 3 (e)), 
which indicates that the martensite laths are considerably refined due to 
DCT. The microstructure changes due to DCT are expected to be bene-
ficial to the improvement of mechanical properties of the steel. 

The mechanical properties of the samples due to DCT prior to 
tempering at 230 �C (DCTþ 230 �C) are shown in Fig. 5 (b), (c) and (d). 
For convenience of comparison, the data of the samples after tempering 
at 230 �C is also provided. The results show that the ultimate tensile 
strength (σb) slightly increases due to DCT. However, the yield strength 
(σs) considerably increases from 1243 � 12 MPa to 1426 � 14 MPa 
(Fig. 5 (b)), which is attributed to the refinement of martensite laths and 
the transformation of the retained austenite into martensite. It is shown 
that there is no obvious change for the hardness (Fig. 5 (c)), and the 
impact toughness is enhanced (Fig. 5 (d)), which can be understood from 
the microstructure changes. Fig. 6 presents TEM images of a DCTþ230�C 
sample, showing that finer ε-carbides and small secondary carbides 

precipitate due to DCT compared to the samples only tempered at 230 �C 
(Fig. 4 (a)), which is consistent with results of Li et al. [26]. The 
refinement of the ε-carbides and the precipitation of secondary carbides 
are beneficial to the improvement of the strength and impact toughness. 
The precipitation of secondary carbides is advantageous to improve the 
hardness. However, the martensite matrix is readily decarbonized due to 
precipitation of the secondary carbides [27], which deteriorates the 
hardness of the matrix. As a result, the hardness of the studied steel 
remains nearly unchanged upon DCT. The hardness remains nearly 
unchanged and the impact toughness is obviously improved. 

3.3. Fracture behavior 

Characteristic SEM images of the impact fracture morphologies of 
some representative samples after tempering at 230 �C, 380 �C, 530 �C 
and of a DCTþ230 �C sample are provided in Fig. 7. Ductile trans-
granular fracture occurs in the samples after tempering at 230 �C (Fig. 7 
(a)); a large amount of dimples appear in the fractograph. On the con-
trary, brittle intergranular fracture is observed for the samples tempered 
at 380 �C (Fig. 7 (b)). It can be seen that the number of ductile dimples 
decrease significantly, and large intergranular microcracks form, which 
is due to a large γ grain size and the easy combination of cracks [28]. As 
a result, both the strength and the impact toughness substantially 
decline (Fig. 1), i.e., tempered embrittlement occurs. When the steel is 
tempered at temperatures higher than 380 �C, e.g., 530 �C, the fracto-
graph consists of mixed intergranular fracture zones and some 
fibrous-like microstructure composed of ductile shadow dimples (Fig. 7 
(c)). The shadow dimples indicate that less energy is absorbed by the 
samples during the plastic deformation before fracture [29], which 
means a lower strength of the steel (Fig. 1(a)). A fractograph of a 
DCTþ230 �C sample is shown in Fig. 7 (d). It is similar to the features 
found for samples tempered at 230 �C (Fig. 7 (a)), i.e., plenty of ductile 
dimples appear together with a few microscopic voids, which contribute 
to higher strength (Fig. 5). 

4. Conclusions 

The microstructure and mechanical properties of the new designed 

Fig. 5. XRD patterns of the sample tempered at 230 �C and the sample of DCTþ230 �C (a) and their mechanical properties: tensile engineering stress-strain curves 
(b), hardness (c) and impact toughness (d). 
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Cr–Mo–V–Ni high strength steel subjected to tempering and DCT are 
investigated. The following results are obtained:  

(1) Excellent mechanical properties of the studied steel are obtained 
due to tempering at 230 �C; the properties deteriorate with 
increasing tempering temperature; tempered embrittlement oc-
curs after tempering at 380 �C.  

(2) The refinement of martensite laths and precipitation of carbides 
substantially enhance the strength of the steel; the decomposition 
of martensite and the emergence of M7C3-type carbides result in 
embrittlement after tempering at 380 �C.  

(3) Compared to samples tempered at 230 �C, the ultimate tensile 
strength (σb) slightly increases upon DCT prior to tempering at 
230 �C; the yield strength (σs) considerably increases from 1243 
� 12 MPa to 1426 � 14 MPa; this is attributed to a refinement of 
martensite laths, the transformation of retained austenite into 
martensite and the precipitation of secondary carbides. 
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