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EFFECT OF COMPOSITION AND HEAT TREATMENT 

REGIME ON STRUCTURAL STATE AND CAPACITY 

OF SPECIAL ALLOY STEEL ROUND ROLLED 

PRODUCT FOR COLD UPSETTING

A. I. Zaitsev, A. V. Koldaev, and A. B. Stepanov UDC 620.191

On the basis of physicochemical prediction of the effect of component content on the phase and structural 

transformations, it is shown that in order to prepare a favourable ferrite-pearlite microstructure and to 

ensure the key capacity of round rolled product for cold upsetting, it is preferable to obtain in special alloy 

steels 40Х, 38KhGNM, 35KhGSA, 30G1R, and 12KhN an element content close to the lower grade limit. 

A study of the microstructure and hardness of round-rolled specimens from steels 35KhGSA, 38KhGNM, 

and 40Х establishes that isothermal annealing at 20–50°C below the А1 temperature and nonisothermal 

annealing at 1–30°C below the А1 temperature are the optimum for spheroidizing heat treatment. In this 

case, a different fraction of globular pearlite is obtained in the metal microstructure depending on the steel 

grade: 35KhGSA about 90%, 38KhGNM and 40Х about 30%, and in all cases there are favorable results 

for cold upsetting tests. The defi ning effect of surface defects and rolled product structural state on cold 

upsetting capacity is demonstrated.

Keywords: special alloy steels, round rolled product, cold upsetting, microstructure, globular pearlite, 
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 The most critical area for use of round rolled product of special alloy steels is manufacture by cold bulk forging (CBF) 

of high-strength fastening and other effi cient objects for automobile building, engineering, and construction, etc. [1]. Since 

during CBF there is signifi cant (up to 80–88%) cold deformation of metal, rigid specifi cations are laid down for the original 

hot-rolled product with respect to mechanical and production properties, and mainly capacity for cold upsetting, i.e., deforma-

tion along a specimen axis of round rolled product up to 1/3 of the original height without the occurrence of metal defects. 

Research results [1–4] indicate that the property in question is mainly determined by the presence of surface defects and also 

steel structural state. In particular, the presence in the metal microstructure of hard (strong) structural components, i.e., martens-

ite, bainite, coarse lamellar cementite precipitates, during testing for cold upsetting leads to unfavorable results. During prepa-

ration of articles, original round hot-rolled product is subjected to sizing and heat treatment. It has been established that the 

optimum structure, including after heat treatment, is a ferrite-pearlite microstructure with a proportion of globular (granular) 

pearlite more than 60% with grain size No. 5–7 according to GOST 5639–82 in order to ensure deformation and reduction of 

tool wear during forging of objects with an output of fi nished product up to 97–98% [1–4]. The most complex problem is 

preparation of the metal microstructure indicated. Therefore, the task of the present work was a study of the effect of composi-

tion, treatment regime for structural state, capacity for cold upsetting of round rolled product of special alloy steels.

 The objects studied were the most widespread and in demand steels 40Х, 38KhGNM, 35KhGSA, 30G1R, and 12KhN, 

representing the two main groups of special alloy steels with relatively low (<0.15 wt.%) and medium (0.3–0.5 wt.%) carbon 

content (Table 1).

DOI 10.1007/s11015-017-0536-3



580

 Using methods of physicochemical prediction and calculation [5], the effect was studied of steel composition on 

phase stability conditions and structural state. It was established that over the whole range of grade composition all the test 

steels have a good level of austenite stabilization, which facilitates structural transformation into bainite and/or martensite. 

Values of critical cooling rate for test steel containing components at the upper and lower limits of the grade composition for 

forming a ferrite-pearlite mixture, and also the temperature for the start (A1) and fi nish of austenite formation (A3) obtained 

by calculation are given in Table 2.

 As follows from Table 2, normally completion of rolling for special alloy steels (850–950°C) occurs in a region of 

austenite stability. Consequently, in order to obtain a favorable ferrite-pearlite microstructure, providing rolled product capac-

ity for cold upsetting, it is preferable that the steel chemical composition approaches the lower limit of the grade composition. 

In this case, it is possible to use faster steel cooling rates without preparing areas with an unfavorable (bainitic and/or marten-

sitic) metal structure.

 Due to the high tendency of special alloy steels for hardening, formation of these zones occurs in a number of cases 

not only during rolling, but also in surface areas of a continuously-cast billet (Fig. 1) subjected to accelerated cooling with 

supply of water to the secondary and subsequent cooling zones. In contemporary metallurgical technology (satisfying speci-

fi cations for high productivity, and reduction in expenditure), quite slow cooling rates are used. A special production method 

is used in order to reduce cooling rate, i.e., bundles of rolled product are placed in a thermostat, i.e., a box.

TABLE 1. Test Special Alloy Steel Chemical Composition Specifi cations According to GOST 10702–2016

Steel
Element content wt.%

C Si Mn Ni Cu Cr Mo Al S P B

40Kh 0.36–0.44 0.1–0.2 0.5–0.8 <0.3 <0.3 0.8–1.1 <0.15 0.01–0.035 <0.025 <0.025 –

38KhGNM 0.37–0.43 0.17–0.37 0.5–0.8 0.4–0.7 <0.3 0.4–0.6 0.15–0.25 0.01–0.035 <0.035 <0.035 –

35KhGSA 0.32–0.39 1.1– 1.4 0.8–1.1 <0.3 <0.3 1.1–1.4 – <0.02 <0.025 <0.025 –

30G1R 0.27–0.32 <0.17 0.9–1.3 <0.1 <0.15 0.15–0.3 <0.1 0.01–0.035 <0.015 <0.020 0.002–0.005

12kHN 0.09–0.15 0.17–0.37 0.3–0.6 0.5–0.8 <0.3 0.4–0.7 – 0.01–0.035 <0.035 <0.035 –

TABLE 2. Critical Cooling Rates and Temperatures for Upper and Lower Limits of Test Steel Grade Composition

Steel Critical cooling rate, °C/sec A1, °C A3, °C

Upper grade limit

40Kh 1 738 784

38KhGNM 0.2 727 779

35KhGSA 1 760 814

30G1R 0.2 715 795

12kHN 1 722 850

Lower grade limit

40Kh 0.6 743 765

38KhGNM 0.08 731 764

35KhGSA 0.5 765 788

30G1R 0.08 716 781

12kHN 0.7 722 825
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 It should be noted that in order to increase the productivity of drawing, sizing, cold upsetting during manufacture of 

fastener and other critical components, and also in order to reduce metal waste as a result of reducing the amount of cut-offs 

under industrial conditions, processing of rolled product is performed in reels weighing up to 2 tons. As noted, an important 

condition for increasing the adaptability capacity for metal for cold upsetting is the presence of a uniform ferrite-pearlite 

structure and level of mechanical properties throughout a semifi nished reel cross section. However, the metal cooling rate for 

reels at the surface of a reel of steel 40Kh round semiproduct 23 mm in diameter of is 0.8 to 1.2 °C/sec, and for central coils 

it is 0.1–0.17 °C/sec. There are also differences in conditions for accelerated cooling of rolled product over the cross section. 

This leads to the formation of a nonuniform structure throughout a reel cross section. Consequently, an increase in steel 

critical cooling rate is favorable for obtaining a uniform ferrite-pearlite microstructure. This makes it possible in principle 

to improve quality and fi nished product output. As a rule, preparation of the required strength properties is provided with a 

signifi cant reserve, and the limiting important indices with respect to elongation and especially reduction of area [1–4] depend 

to a certain extent on steel microstructure.

 Round rolled product of special alloy steels during manufacture of fasteners and other critical components is nor-

mally subject to sizing and component annealing in order to obtain a globular ferrite-pearlite structure [1]. Therefore, in this 

work optimum conditions were studied for carrying out special (spheroidizing) heat treatment performed before testing round 

hot-rolled product of special alloy steels for cold upsetting capacity. These studies were conducted on steels whose chemical 

composition is provided in Table 3. Round rolled product 15 mm in diameter of steels 38KhGNM and 35KhGSA was pro-

duced in a 170 mill; and 16 mm in diameter of steel 40Kh, in a MMK 370 mill. The temperature at the start of rolling in the 

170 mill was 1100–1140°C, and before in the fi nishing group of stands metal was cooled to 900–950°C. After emergence from 

the fi nishing groups of stands, rolled product of steels 38KhGNM and 35KhGSA was cooled to 820–840°C. The temperature 

for the start of rolling in the 370 mill was ~1130–1170°C, cooling after rolling in the fi nishing group of stands before coiling 

on to a reel was accomplished by a scheme: cooling to 950–1000°C → temperature measurement → cooling to 900–940°C. 

Coiled reels were placed in a special box and cooled at a minimum rate.

 Results of metallographic study and hardness determination showed that specimens of round rolled product of steels 

38KhGNM and 35KhGSA have a ferrite-pearlite structure with sorbite-like pearlite with a 50:50 ratio of ferrite to pearlite, 

in which individual areas of bainite and/or martensite are present. Hardness is 20.0 and 23.4 MPa, respectively. Within the 

microstructure of steel 40Kh rolled product, the ratio of ferrite and sorbite-like pearlite contents was 35:65 and hardness was 

20.1 MPa. The highest hardness applied to rolled product of steel 35KhGSA whose microstructure had the greatest proportion 

of bainite and/or martensite. Specimens of the test steel rolled product obtained were tested for cold upsetting by group 66 

in accordance with GOST 8817–82 without prior heat treatment. Unfavorable results were obtained for all specimens. The 

external appearance of metal defects formed during testing pointed to the unfavorable type of its microstructure (Fig. 2).

Fig. 1. Microstructure of CBC steel 35KhGSA metal surface.
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 In order to determine optimum heat treatment regimes (spheroidizing annealing) of steels 38KhGNM, 35KhGSA, 

and 40Kh, rolled product using thermodynamic prediction methods for steel phase composition [5] values of critical A1 and 

A3 temperatures were calculated that were 731, 761, 740 and 776, 807, 775°C, respectively.

 Since currently there is no reliable information about the optimum spheroidizing annealing parameters [6, 7], 

schemes 1–11 were studied for rolled product heat treatment both in the supercritical (at temperatures above A1) and subcrit-

ical (below A1) regions (Tables 4 and 5).

 After heat treatment (spheroidizing annealing), the hardness and proportion of globular pearlite were studied in the 

rolled product specimen microstructure. Hardness measurements were made at 20 points in a KhPO-250 instrument with a 

load of 10 kgf, and holding time under load 10 sec. The proportion of globular pearlite in the microstructure was determined 

TABLE 3. Test Steel Chemical Composition, wt.%

Steel C Si Mn S P Cr Ni Cu Mo Al Ti V N Ca Sn

38KhGNM 0.38 0.23 0.55 0.002 0.007 0.47 0.47 0.05 0.15 0.017 0.003 0.002 0.007 0.0027 0.002

35KhGSA 0.34 1.20 0.89 0.003 0.009 1.12 0.04 0.04 0.004 0.005 0.005 0.004 0.008 0.0018 0.003

40Kh 0.39 0.16 0.61 0.002 0.008 0.95 0.02 0.02 0.002 0.016 0.004 0.003 0.008 0.0026 0.001

Fig. 2. External appearance of rolled product specimens of steels 35KhGSA (a) and 40Kh (b) after 

testing for cold upsetting by group 66.

TABLE 4. Stagewise Heat Treatment Scheme for Test Steel Rolled Product

Scheme number Stage 1, Texp/τ Stage 2, ΔT/τ Stage 3, ΔT/τ

1 680/1 680–640/1 640–20/3.5

2 680/2 680–640/1 640–20/3.5

3 680/3 680–640/1 640–20/3.5

4 710/3 710–670/1 670–20/3.5

5 730/1.5 730–690/1 690–20/3.5

6 730/3 730–690/1 690–20/3.5

7 770/1.5 770–730/1 730–20/3.5

8 770/3 770–730/1 730–20/3.5

Texp is exposure temperature, °C; ΔT is temperature change, °C; τ is stage duration, h.
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by a standard scale of the ratio of granular and lamellar pearlite in accordance with GOST 8233–56. The average data obtained 

were used to plot graphical dependences for hardness and proportion of granular pearlite on heat treatment scheme (Fig. 3). 

It is seen that the optimum spheroidizing annealing regimes are schemes Nos. 4 and 11. They correspond to isothermal an-

nealing at a temperature 20–50°C above the A1 temperature and to nonisothermal annealing at a temperature 1–30°C below 

the A1 temperature. Nonetheless, in specimens of rolled product of steels 40Kh and 38KhGNM the required proportion (not 

less than 60%) of globular pearlite was not achieved. At the same time, within the microstructure of rolled product of steel 

35KhGSA the proportion of globular pearlite was about 90%. To all appearances, this is connected with the fact that rolled 

product of this steel before spheroidizing annealing had the greatest content of bainite and/or martensite, which facilitated 

acceleration of transformation (see Fig. 3).

 After performing experimental studies, rolled product specimens were tested for cold upsetting by group 66T in 

accordance with GOST 8817–82. In spite of the fact that within the microstructure of rolled product specimens of steel 

35KhGSA, the proportion of globular pearlite was about 90%, but for steels 38KhGNM and 40Kh it was 30%, in all cases 

unfavorable results were obtained for tests due to the presence of surface defects. This is impressive confi rmation of the sug-

gestion in [2] that a key factor governing capacity for round rolled product of special alloys steels for cold upsetting is surface 

defects. In order to confi rm its validity additional cold upsetting tests were conducted on of previously treated (mechanical 

Fig. 3. Effect of heat treatment scheme on hardness (a) and proportion of granular pearlite (b) 

in test steel round rolled product microstructure.

TABLE 5. Test Steel Rolled Product Stagewise Heat Treatment Schemes (continued)

Scheme 
number

Stage 1 
Texp/τ

Stage 2 
ΔT/τ

Stage 3 
Texp/τ

Stage 4 
ΔT/τ

Stage 5 
Texp/τ

Stage 6 
ΔT/τ

Stage 7 
Texp/τ

Stage 8 
ΔT/τ

9 790/1 790–750/0.5 750/1 750–710/0.5 710/1 710–660/0.5 660/1 660–20/3.5

10 760/1 760–720/0.5 720/1 720–680/0.5 680/1 680–640/0.5 640/1 640–20/3.5

11 730/1 730–700/0.5 700/1 700–680/0.5 680/1 680–640/0.5 640/1 640–20/3.5

Texp is exposure temperature, °C; ΔT is temperature change, °C; τ is stage duration, h.
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removal of a surface layer 1 mm thick) for specimens of original rolled product. For specimens of steels 40Kh and 38KhGNM, 

favorable test results were obtained, which confi rms the defi ning effect of surface defects on rolled product capacity for cold 

upsetting. Since hot-rolled product of steel 35KhGSA contained a greater amount of unfavorable structural components 

(bainite and/or martensite), then even with a complete lack of surface defects test results were unfavorable.

 After mechanical removal of defects from the surface of round rolled product specimens heat-treated by schemes 

Nos. 4 and 11, favorable results were obtained for cold upsetting for all steels. Therefore, optimum regimes have been estab-

lished for spheroidizing annealing steels 40Kh, 38KhGNM, and 35KhGSA. It has been shown that the intensity of occurrence 

of spheroidizing annealing affects the steel original microstructure. In order to accelerate pearlite spheroidization on comple-

tion of hot rolling, it is expedient to use accelerated cooling (up to 5–10°C/sec) in order to obtain a specifi c fraction of fi nely 

dispersed bainite component in rolled product metal. Results of tests for cold upsetting by group 66T indicate that even with 

a favorable microstructure of hot-rolled metal positive results are not confi rmed for tests with the presence of rolled product 

surface defects. With an unfavorable structure, even with total absence of surface defects, formation of defects is possible 

during cold deformation.

 Conclusion. From research results of studying the effect of element content on phase and structural transformations, 

it has been shown that in order to obtain a favorable ferrite-pearlite microstructure providing a key feature of special alloy 

steels round rolled product for cold upsetting, it is preferable to maintain a content of elements approaching the lower limit of 

the grade composition.

 It has been established by experiment that the optimum regimes for spheroidizing heat-treated round rolled product 

of special alloys steels 35KhGSA, 38KhGNM, and 40Kh is isothermal annealing at a temperature 20–50°C below the A1 

temperature and nonisothermal heating at a temperature 1–30°C below the A1 temperature. In this case, the proportion of 

globular pearlite within the rolled product microstructure depends on steel grade and for steel 35KhGSA it is about 90%, and 

for steels 38KhGNM and 40Kh it is about 30%. The structural state in all cases for metal is favorable for obtaining positive 

results in testing rolled product for cold upsetting. More complete transformation of lamellar sorbite-like pearlite into globular 

within the microstructure of steel 35KhGSA is connected with the greatest content of bainitic and/or martensitic structural 

component, accelerating transformation. The defi ning effect has been shown of the presence of surface defects on the capacity 

of round rolled product for cold upsetting. An unfavorable microstructure, even complete absence of surface defects, may lead 

to unfavorable test results for rolled product cold upsetting.

 This work was carried out under Subsidy Agreement No. 14.625.21.0032 of 10.27.2015. Unique project identifi er is 

REMEFI62515X0032.
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