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Abstract: The aim of the present work is to study the effect of hot rolling by different methods in a cycle of high-temperature TMT (HTMT) 
on the structure and properties of nitrogen-containing maraging steels of the same basic composition and their nitrogen-free analogs. The 
methods of investigations included metallographic analysis, hot compression tests, tensile tests and hardness measurements. Obtained hot 
strain diagrams of the studied steels show that nitrogen effectively strengthens a solid solution in a high-temperature state. Both applied 
HTMT methods are effective for strengthening of maraging steels, the more so for nitrogen-containing steels. A high-strength state of steels 
is obtained after double aging. In the LP case, a complete or partial dynamic recrystallization took place in nitrogen-alloyed steels. HTMT 
with hot RSR is recommended for strengthening of long-size and fitting articles. 
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1. Introduction 
 

The martensitic aging steels (maraging or MAS) represent 
themselves a class advanced high-strength materials with a 
lowered sensitivity to a brittle fracture. The main properties and 
structure features of MAS as well as principles of their alloying 
and heat treatment are described in detail in numerous 
publications. At present, the high-strength MAS are applied as 
structural materials for manufacturing key components in 
aerospace industry, rocket machinery, ship building. The 
Ni18Co9Mo5Ti steel is a typical example of such steels. 
However, the steels of this group are very expensive, their cost 
amounts to approximately 30,000 USD per tons. Therefore, 
economically alloyed lower-strength maraging steels of 
Cr15Ni5Cu2Ti type are often used for the articles and 
components in aircraft and rocket building. 

Introduction of nitrogen in a steel leads to increase in its 
strength, corrosion resistance and saves scarce alloying elements 
[1-3]. Additional resource for the maraging steels strengthening 
and fracture toughness increasing consists in a thermomechanical 
treatment (TMT). An increased concentration of lattice defects 
introduced by plastic deformation in the TMT cycle affects the 
structure formation processes in a steel as result of γ→α 
transformation as well as dispersion hardening The effectiveness 
of MAS strengthening as a result of TMT is determined by the 
steel composition, plastic deformation mode, strain and strain 
rate [4-8]. 

One of the effective directions of metal forming is a radial-
shear rolling (RSR), which is proposed and actively developed in 
NUST”MISIS”. The RSR is based on the principle of screw 
motion of a deformed metal throw a two- or three-fold caliber 
under high single and total reductions. A plastic flow mode with 
developed shear motion of metal parts realizes in the course of 
RSR. Such flow mode is maximally favorable for the plastic 
deformation development without defect formation. Intensive 
shear strain with general compression and screw metal flow at 
the background determines high effectiveness of the deformation-
induced improvement of the metal structure. 

The aim of the present work is to study effects of different 
modes of hot deformation in a high-temperature TMT (HTMT) 
cycle on the structure and properties of economically alloyed 
nitrogen-containing maraging steels and their nitrogen-free 
analogs. 

 
 

2. Experimental 
The nitrogen-alloyed MAS and their nitrogen-free analogs 

were studied (Table 1). 
The 20 kg-ingots of C0.05Cr15Ni5Cu2МoVNTi (2) and 

C0.2Cr15Ni3МoVCu2NTi (3) steels were obtained by remelting 
in a plasma furnace at Czestochowa Polytechnic University 
(Poland) under the molecular nitrogen pressure of 0.4 MPa. The 
C0.05Cr15Ni5МoNV (1) steel was melted in the 25 kg induction 
furnace at “Electrostal” work with following electroslag 
remelting. The nitrogen alloying was carried out by introduction 
of nitrided ferrochromium. The ingots of nitrogen-free steels (4 
and 5) were melted in open arc furnaces with following 
electroslag remelting at the “Electrostal” work. The ingots were 
homogenized at 1060 oC and then forged into 25 x 20 mm rods. 
The initial structure of the forged bars was quite homogeneous 
across the rod section in all studied steels. 

The hot deformation by longitudinal rolling (LR) in the 
HTMT cycle was carried out in one pass with 50 % reduction at 
DUO 210 rolling mill. The strain rate was 10 s-1. The true strain 

was calculated as  the deformation starting and 

finishing temperatures were 1050 and 950 oC, respectively. After 
deformation, the rolled bars were water-cooled down to ≈550 oC 
(evaluated by metal darkening) and then air-cooled. The hot 
deformation by radial-shear rolling (RSR) was carried out at the 
screw rolling mini-mills “30-10”. The heating temperature was 
the same as for the LR. The strain rate was 0.01 m/s. The (3) and 
(4) steels were rolled in the one pass with 22 % reduction of 
initial diameter 10 mm. The C0.05Cr15Ni5МoNV (1) steel was 
deformed in 5 passes with a total strain of 65 % (the diameter 
reduction from initial 23.5 to 14.5 mm). After each pass, the 
sample was followed I the furnace with initial temperature for 5 -
10 s. The last pass was followed by immediate water-cooling. 
The control quenching of all samples was carried out by heating  
at 1050 oC for the carbonitride dissolution with following water-
cooling to ≈550 oC, then air-cooling, to avoid quench-cracking. 

The hardness and tensile mechanical properties were 
determined, the structure was studied, and the hot deformation 
diagrams obtained by hot compression at the “Gleeble System 
3800” machine were analyzed. The 5 mm diam. Samples were 
compressed at a strain rate of 1 to 10 s-1 in vacuum to true 
compression strain e=0.6 and then immediately cooled in air 
down to room temperature. The deformation temperature was 
1050 oC. 
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Table 1 – Chemical composition of studied steels (mass. % ) 
Steel C Cr Ni Ti Mo V Cu Al Nb N 

C0.05Cr15Ni5МoNV (1) 0.04 15.1 5.15 - 0.7 0.34 0.12 0.1 - 0.118 
C0.05Cr15Ni5Cu2МoVNTi (2) 0.045 15.5 5.29 0.06 1.52 0.24 1.86 - - 0.13 
C0.2Cr15Ni3МoVCu2NTi (3) 0.20 14.7 3.2 0.07 1.31 0.04 1.58 0.005 - 0.045 

C0.08Cr15Ni5Cu2Тi (4) 0.08 15.0 5.0 0.06 - - 2.0 - - - 
C0.07Cr15Ni5Cu2TiMoNb (5) 0.07 15.0 5.0 0.06 1.52 - 2.0 - 0.28 - 

 
 

3. Results and discussion 
 

With the aim of hot deformation processes modeling, the hot 
compression diagrams were obtained and analyzed (Fig. 1). It 
follows from the hot strain diagrams of studied steels that strain 
resistance of higher alloyed steels is higher. The aging processes in 
nitrogen-alloyed steels result in a yielding plateau appearance in a 
deformation diagram. Increase in a strain rate leads to increase in a 
deformation resistance. The alloying by nitrogen increases the 
deformation resistance at equal deformation rates and temperatures. 
Nitrogen effectively strengthens the solid solution in a high-
temperature state and thus increases all stress characteristics. 

All steels were in martensitic or martensitic-austenitic states 
with different fractions of phase constituents after forging and 
following quenching from 1050 oC: (5) - 100% M; (4) - 85% 
M+15% A; (1) - 75% M+15% A; (2) -70% M+20% A; (3) - 80% 
M+ 20% A. The average grain size was 10-12 µm in (2) and (3) 
steels, while 37-40 µm in the rest of the studied steels. 

HTMT by longitudinal rolling of the nitrogen-free 
C0.08Cr15Ni5Cu2Тi (4) steel leads to development of dynamic 

                            

,  

 
 

       Figure 1 – Hot deformation diagrams: 
              а - C0.08Cr15Ni5Cu2Тi (4) 

b - C0.05Cr15Ni5Cu2МoVNTi (2) 
c - C0.2Cr15Ni3МoVCu2NTi (3) 
 

recrystallization (≈ 50%). The average austenite grain size decreases 
down to 18 µm (Table 2). The hot LR of the higher alloyed 
nitrogen-free C0.07Cr15Ni5Cu2TiMoNb (5) steel leads to 
obtaining elongated austenite grains. The average grain size does 
not changes ((≈ 40 µm) because niobium and molybdenum retard 
recrystallization processes.                                                                                                            

The nitrogen-alloyed C0.05Cr15Ni5МoNV (1) steel undergoes 
a partial dynamic recrystallization (≈ 70%). A non-uniform grain 
structure is observed with the size of equiaxed recrystallized grains 
of 5-7 µm. 

The hardness of both nitrogen-free (4 and 5) steels remains at 
the level of the reference quenching, i.e., 39-40 HRC for steel (4) 
and 42-43 HRC for (5) steel (Table 2). It is known that a positive 
effect of HTMT in highly-alloyed steels is the most significant for 
characteristics of fracture resistance (fracture toughness and true 
fracture resistance, Sfr) and low strain resistance (σ0.2). The hardness 
of nitrogen-containing steel C0.05Cr15Ni5МoNV (1) increases 
after HTMT (45 HRC) as compared to quenching (43 HRC) (Table 
2). 

HTMT with hot radial-shear rolling does not change the grain 
size of the studied steels as compared to quenching (Table 3). This 
fact indicates that the main hot deformation process in this case is 
dynamic poliginization with insignificant contribution of 
recrystallization. The grains with specific “screwed” shape are 
observable in transversal sections (figure 2). Such “screwed” grain 
shape accompanied by the crystallographic texture features, allows 
recommendation of these steels after HTMT RSR for fitting and 
long-size products. 

The hardness of nitrogen-containing steels pronouncedly 
increases after HTMT RSR as compared to reference quenching 
(Table 3). The higher hardness value of C0.2Cr15Ni3МoVCu2NTi 
(3) steel is related to higher carbon content and a lower retained 
austenite quantity, the letter being a consequence of lower nitrogen 
quantity. 

Strengthening of the studied maraging steels after quenching is 
attained by means of aging in the 350-500 oC temperature range as a 
result of dispersion hardening by copper-enriched zones, fine Me2C 
carbide particles precipitation and layering of solid solution with 
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Table 2 – Grain size and Rockwell hardness of steels after HTMT by hot longitudinal rolling 
 

Steel, treatment Average grain size, µm 
 

HRC hardness 

C0.08Cr15Ni5Cu2Тi (4), quenching 38±5 39 

C0.08Cr15Ni5Cu2Тi (4), HTMT LR 
 

18±1 39,5 

C0.07Cr15Ni5Cu2TiMoNb (5), quenching 
 

37±4 42 

C0.07Cr15Ni5Cu2TiMoNb (5), HTMT LR 
 

40±2 42,5 

C0.05Cr15Ni5МoNV (1), quenching 
 

37±2 43 

C0.05Cr15Ni5МoNV (1), HTMT LR 
 

16±0,7 (5÷7) 45 

 
 

 
                          а                                                                      b 
Figure 2 – Grain structure of steels after HTMT with RSR: а -  C0.05Cr15Ni5Cu2МoVNTi (2); б - C0.2Cr15Ni3МoVCu2NTi  
 
 
Table 3 − – Grain size and Rockwell hardness of steels after HTMT with RSR 
 

Steel, treatment Average grain size, µm 
 

HRC hardness 

C0.05Cr15Ni5Cu2МoVNTi (2)  HTMT RSR 
 12±0,7 48 

C0.05Cr15Ni5Cu2МoVNTi (2)  quenching 
 10±0,6 43 

C0.2Cr15Ni3МoVCu2NTi (3) quenching 
 11±0,6 45 

C0.2Cr15Ni3МoVCu2NTi (3) HTMT RSR  10±0,6 49,5 

 

Guinier-Preston type Zones formation which are enriched or 
depleted with chromium [11]. Fig.3a shows changes of the 
nitrogen-free steel (4) hardness during heating after quenching. The 
hardness decreases after 100 oC – tempering due to martensite 
decomposition and stress relaxation. The further raising of 
tempering temperature to 200-250 oC leads to further lowering the 
hardness. Beginning from 250 oC, the hardness increases due to 
formation of chromium carbides or carbonitrides. Strengthening at 
450 oC is a consequence of copper cluster formation in a martensite 
matrix. For the given steel, the regime of aging for maximum 
hardness and strength is 450 oC, 2 hr; however, this is accompanied 
by the lowest fracture toughness. HTMT does not change the 
regularity of the dependence of hardness and fracture toughness, as 
follows: minimum fracture toughness and maximum hardness are 
observed after quenching and HTMT in the 450-475 oC aging 
temperature range.  

The hardness of nitrogen-containing quenched steels at 100 oC 
increases as a result of iron nitrides precipitations (Fig.3b). The 
hardness increase at 450-500 C is connected to chromium carbides 
and carbonitrides precipitation. It was shown in [2, 6] that the 

higher strengthening of nitrogen-containing maraging steels under 
heating by means is attained after quenching  is attained by means 
of a double aging: (1) dispersion hardening by iron nitrides and 
carbonitrides precipitation at 100 oC; (2) dispersion hardening by 
complex chromium nitrides and carbonitrides precipitation at 450 
oC. Therefore, after quenching, the studied steels were heated as 
follows: (5) and (4) steels at 450 oC for 2 hours; (1), (2) and (3) 
steels at 100 oC , 1 hr + 450 oC, 1 hr. The mechanical properties of 
the studied steels obtained after final treatment are presented in 
Table 4. It follows from the Table 4 that the strength properties of 
nitrogen-containing maraging steels are higher than that of nitrogen-
free ones. The strength characteristics of C0.05Cr15Ni5МoNV (1) 
and C0.05Cr15Ni5Cu2МoVNTi (2) steels with 0.12 – 0.13 % N are 
the highest. The C0.2Cr15Ni3МoVCu2NTi (3) steel possesses 
lower strength and higher plasticity despite higher carbon content. 
This is because of lower nitrogen (0.045 %) and vanadium (0.04 %) 
contents.  Lower strength of C0.2Cr15Ni3МoVCu2NTi (3) steel as 
compared to nitrogen-free C0.08Cr15Ni5Cu2Тi (4) steel can be 
explained by softer rolling mode (RSR as against LR). 
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Figure 3 – Dependence of hardness of C0.08Cr15Ni5Cu2Тi (а) and C0.2Cr15Ni3МoVCu2NTi (b) steels on aging temperature 
 
Table 4 – Mechanical properties of studied steels after aging: C0.05Cr15Ni5МoNV (1), C0.05Cr15Ni5Cu2МoVNTi (2) и 

C0.2Cr15Ni3МoVCu2NTi (3) at 100 °С, 1h. + 450 °С, 1 h.; C0.08Cr15Ni5Cu2Тi (4), C0.07Cr15Ni5Cu2TiMoNb (5) at 450 °С, 2 h.  
 

Steel, treatment σB, МPа , МPа Sfr, МPа % δuniform.,% Ψ, % HRC 
C0.08Cr15Ni5Cu2Тi                (4)  
 control quenching 1280 1160 2250 17 - 64 39,5 

C0.08Cr15Ni5Cu2Тi                (4) 
HTMT LR (50%) 1320 1200 2310 17 6 64 40,5 

C0.07Cr15Ni5Cu2TiMoNb (5) 
control quenching 1290 1180 - 18 - 64 41,5 

C0.07Cr15Ni5Cu2TiMoNb (5) 
HTMT LR (50%) 1340 1270 - 18 - 62 42,5 

C0.05Cr15Ni5МoNV               (1)  
HTMT LR (50%) 1298 904 - 11 10 56 43 

C0.05Cr15Ni5МoNV               (1)   
HTMT RSR (65%) 1460 1190 - 16 14 51 42 

C0.05Cr15Ni5Cu2МoVNTi (2) 
HTMT RSR (22%) 1579 1441 2395 21 8 46 50 

C0.2Cr15Ni3МoVCu2NTi (3) 
HTMT RSR (22%) 1185 1109 2250 25 7 73 52,5 

 
4. Conclusions 
1. Nitrogen effectively strengthens a solid solution in the studied 
maraging steels in high-temperature state, it increases all stress 
characteristics. 
2. HTMT by various modes is effective for strengthening of 
maraging steels, especially nitrogen-containing ones. Under HTMT 
by longitudinal rolling, the hardness of nitrogen-containing steels 
somewhat increases, while the hardness of nitrogen-free steels 
corresponds to reference quenching. HTMT by radial-shear rolling 
mode pronouncedly increases the hardness of all studied steels as 
compared to reference quenching. HTMT by RSR is recommended 
for products for which high strength and plasticity in a definite 
direction are important. 
3. HTMT followed by double tempering at 100 oC and 450 oC, 1 hr 
leads to obtaining high-strength state of nitrogen-containing steels. 
The higher nitrogen content in a steel, the higher the strength 
characteristics. 
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