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A B S T R A C T

The paper presents the effect of isothermal annealing at the tempera-

tures higher than the temperature of carbide phase graphitization in in-

definite cast iron on quantitative and qualitative parameters of graphite 

inclusions, depending on vanadium content and nitrogen presence in 

the alloy. This material is used for manufacture of the working layer of 

a dual-layered rolling roll. Absolute and relative variations of amount 

and average size of graphite inclusions are determined depending on the 

degree of alloy alloying in as-cast and heat treated states. Regularities of 

variation of graphite phase morphology depending on the degree of alloy 

alloying and presence of high-temperature heat treatment are examined.
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Introduction

The technology of manufacture of dual-layered roll-

ing rolls, where the working layer is produced from alloyed 

molted iron and the core is produced from grey iron, is 

widely distributed worldwide. It allows to combine in this 

product wear-resistant and hard working surface with more 

cheap and “soft” base that is more suitable for final me-

chanical working (such as forming of wobbler and necks). 

Manufacturing technology of such rolls includes centrifu-

gal casting of the working layer and static pouring of upper 

and lower necks as well as roll core. In this case grey iron is 

poured in crystallized working layer, what leads to heating 

and partial melting of this working layer. Therefore, the 

features of temperature variation after pouring become 

non-monotonous. Pouring of large amount of core metal, 

its crystallization and cooling lead to isothermal holding 

of iron working layer at higher temperature compared 

with initial temperature of carbide phase graphitization. 

Thereby cast iron structure of the working layer consists of 

martensite-austenite metallic base, eutectic and secondary 

carbides as well as graphite (its presence is mandatory for 

indefinite iron) [1–6]. In addition to iron rolls, steel rolls 

also can be applied for hot rolling [7–9], and they displays 

good results, especially in heavy plate mills.

Graphite has a positive effect on wear resistance of rolls 

due to following advantages: locations of spheroidal graph-

ite are reservoirs for lubrication; solid abrasive particles are 

absorbed by large graphite inclusions; iron heat conduc-

tivity increases; kinetics of oxide film forming on roll sur-

face improves; thermal wear resistance enlarges. It should 

be mentioned in this connection that excessive graphite 

amount loosens metallic base and decreases wear resist-

ance, while absorption of abrasive particles by graphite 

inclusions can be observed only in the case of correspond-

ence of sizes. Appearance of thermal fatigue cracks and 

graphite extraction promote oxidation of iron structural 

components, and in the conditions of friction forces influ-

ence in the deformation area lead also to detachment of 

cementite particles. However, this process does not distrib-

ute inside metal owing to graphite. It should be noted that 

both quantitative and qualitative parameters of graphite in-

clusions have the effect on working layer resistance. Cast 

iron with uniformly distributed graphite is characterized 

by thermal fatigue limit by 40% higher than cast iron with 

graphite conglomeration in the form of nests and sockets, 

while fine-comminuted inclusions provide minimal sus-

ceptibility to origination of erosion cracks [10–15].

Correlation of the amounts of structural components 

determines the level of operating properties and reliability 

of a rolling roll. Heat treatment — tempering for release 

of stresses, more complete decomposition of overcooled 

austenite and additional extraction of secondary phases – 

is a mandatory technological stage in manufacture of roll-

ing rolls. However, heat treatment in the form of low- and 

medium-temperature tempering has no essential effect on 

amount and morphology of graphite inclusions [16–21]. 

The main method for variation of the amount and 

form of graphite inclusions is alloying. Vanadium (i.e. ni-

trided one) can be considered as one of the prospective 

alloying compositions for the examined iron. Vanadium 

itself is a carbide-forming element, thereby its introduc-

tion in the chemical composition of molted iron will have ©  VDOVIN K. N., GORLENKO D. A., KURYAEV D. V., FEOKTISTOV N. A., 2019
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the effect on quantitative and qualita-

tive parameters of both carbide phase 

and graphite [6].

Examination of the effect of alloy-

ing by nitrided vanadium and ferrovanadium without 

nitrogen on the amount and average size of graphite in-

clusions in chromium-nickel molted iron of the working 

layer of dual-layered rolling rolls is the aim of this work.

Technique of experimental investigation

Four series of samples in as-cast and annealed states have 

been obtained. The first batch was alloyed by vanadium, its 

content in the samples was varied from 0.13 to 0.50%. The 

second series of experimental samples was alloyed by ni-

trided ferrovanadium of FV35N9 (ФВ35Н9) grade.

Content of nitrided vanadium in the samples was var-

ied from 0.13 to 0.48%. To provide correct building of 

relationships, the “basic” alloy with vanadium content 

less than 0.05% has been melted (Table 1).

Experimental samples have been melted in the induc-

tion furnace with basic lining and operating volume 2 kg. 

Standard samples with dimensions 35×35×10 mm have 

been used for researches.

Heat treatment of the samples imitated isothermal 

holding in production conditions: both batches of experi-

mental samples were subjected to annealing at the tem-

perature 1000 °C during 20 hours and consequent slow 

cooling together with a furnace after holding termination.

Optical metallography has been conducted through 

optical microscope Axio Observer with magnification 

from 50 to 1000 times. Quantitative analysis has been 

done using the program Ticsomet Standard Pro in ac-

cordance with GOST 5639-82. Polished sections for mi-

croanalysis have been prepared according to the standard 

technique via pressing of samples in “Transoptic” resin at 

the automatic press Simplimet 1000 in the sample prepa-

ration line of Buechler company.

To examine microstructure, surface of polished sec-

tions has been subjected to pickling in the 4% solution 

of nitric acid in ethylic alcohol via dipping of polished 

surface in the bath with reagents.

Scanning electron-microscopic analysis has been con-

ducted using scanning electronic microscope JEOL JSM-

6490 LV with accelerating voltage 20 kV. Investigations have 

been executed on transversal polished sections used for light 

microscopy, in the conditions of secondary electrons with 

magnification from 30 to 50,000 times. X-ray microanaly-

sis has been conducted using special additional block to the 

scanning microscope of INCA Energy. These investigations 

have been done by the Center of Collective Usage of the 

Scientific and Research Institute of Nanosteels at the Nosov 

Magnitogorsk State Technical University.

Obtained results

Structure of the sample of a basic alloy contains appr. 

1.0% of graphite after crystallization and monotonous 

cooling. Graphite amount increases slightly up to 1.2% 

after additional alloying of the examined alloy by vana-

dium (0.05%). Consequent rise of vanadium content in 

the alloy leads to gradual lowering of graphite amount to 

0.2% (for the alloy with vanadium content about 0.4%). 

Introduction of 0.5% vanadium in the alloy does not fi-

nalize in lowering of graphite amount in alloy structure, 

it remains at the level 0.2% (Fig. 1).

In the case of alloying the basic alloy by nitrided ferrova-

nadium, the features of variation of graphite amount looks 

similar to alloying only by vanadium. They differ only in va-

nadium concentration (from 0.1 to 0.2%), when maximal 

graphite amount in the structure is observed up to 1.3–1.6%. 

Consequent rise of the amount of introducing alloying com-

position leads to monotonous lowering of graphite amount. 

So, if vanadium content in the examined alloy is equal to 

0.3%, then graphite amount corresponds to its amount in 

the basic alloy (1.0%). Introduction of nitrogen and about 

0.5% of vanadium in the alloy leads to graphite forming in 

this structure in the amount 0.2% and its corresponds to the 

amount obtained in alloying only by nitrogen.

Variation of qualitative parameters of graphite inclu-

sions was observed together with variation of their quan-

titative parameters. Relationship between average size of 

graphite inclusions and vanadium amount in the alloy has 

extremal feature (Fig. 2). If vanadium is introduced in the 

alloy (both separately and together with nitrogen) in the 

amount up to 0.3%, the average size of graphite inclusions 

increases from 8/3 to 10.0 μm. Consequent enlargement 

of vanadium concentration in the alloy leads to harsh de-

crease of average size of graphite inclusions to 5 μm (for 

vanadium content in the alloy ~ 0.5%).

Table 1. Chemical composition of the “basic” sample

Element С Si Mn S P Cr Ni Mo B Nb V Al

Mass part, % 3,05 0.93 0.87 0.021 0.049 1,80 4,46 0,34 0.032 0.19 0.03 0.03

Fig. 1. Relationship between graphite amount in as-cast 
alloy and vanadium content, nitrogen presence

Fig. 2. Relationship between average size of graphite 
inclusions in as-cast alloy and vanadium content, 
nitrogen presence
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Introduction of nitrided vanadium and vanadium with-

out nitrogen in the examined alloy changes morphology of 

graphite inclusions. Form of graphite inclusions is mainly 

round – as in the basic alloy, as well as in the alloy with va-

nadium addition up to 0.3%. If vanadium content is larger, 

graphite inclusions become more stretched (Fig. 3).

Isothermal annealing at high temperature leads to 

partial graphitization of carbide phase, mainly along its 

boundaries. The areas where formed carbide inclusion 

was located perpendicular to carbide boundary, was ob-

served rarely (Fig. 4).

Graphite amount in the “basic” alloy increases from 

1.0 to 7,7%. Introduction of ferrovanadium in the melt 

(i.e. nitrided ferrovanadium) leads to substantial lowering 

of the amount of graphite inclusions. Thus, if vanadium 

content in the alloy makes 0.05%, graphite amount in the 

structure decreases to 4.2–5.0%. Consequent elevation 

of the alloying element concentration leads to monot-

onous lowering, and if we introduce 0.5% vanadium in the 

alloy, graphite amount will decrease to 1.2–2.0% (Fig. 5). 

Average size of graphite inclusions decreased after an-

nealing from 8.3–10.0 μm to 2.0–4.0 μm for the basic 

alloy and the alloys alloyed additionally by vanadium in 

the amount up to 0.4%. It was not finalized in observation 

of essential difference in the average size of graphite inclu-

sions both for alloys alloyed by usual alloying composition 

or by nitrided alloying composition. Alloying of the basic 

alloy only by vanadium in the amount 0.4–0.5% does not 

lead to variation of the average size of graphite inclusions, 

which remains on the level 2.0–4.0 μm. However, if we 

introduce nitrided ferrovanadium in the melt to reach va-

nadium concentration in the alloy 0.5%, harsh enlarge-

ment of graphite particles occurs, while their average size 

increased to 7.0 μm (Fig. 6).

Shape of graphite inclusions in the structure of in-

vestigated alloy becomes stretched in comparison with 

the samples cooled monotonously after crystallization. 

In other words, growth of graphite inclusions extracted 

during annealing is realized in the advantageous direc-

tion. This regularity is true for all experimental alloys 

except one of them. The sample alloyed by nitrided va-

nadium in the amount 0.48% is characterized by large 

round graphite inclusions in its structure, together with 

small stretched inclusions, i.e. distribution has distinctly 

expressed bimodality (Fig. 7).

Discussion of results

Isothermal annealing at the temperature higher than 

graphitization temperature of a carbide phase leads in all 

examined samples to enlargement of graphite amount in 

the structure of molted iron that is used for manufacture 

of the working layer of rolling rolls. Maximal graphite 

increase was observed in the basic alloy. Additional al-

loying of the investigated alloy by vanadium (i.e. nitrided 

vanadium) leads to decrease of graphite amount after an-

nealing. Introduction of carbide-forming vanadium in the 

melt facilitates forming of alloyed eutectic carbides that 

probably have larger resistance to graphitization. 

а b

Fig. 3. Microstructure of examined iron in as-cast state, 
alloyed by vanadium without nitrogen in the amount 
0.13% (a) and 0.5% (b), without pickling

Fig. 4. Microstructure of the “basic” alloy after annealing, 
×1000, without pickling

Fig. 5. Relationship between graphite amount in annealed 
alloy and vanadium content, nitrogen presence

Fig. 6. Relationship between average size of graphite 
inclusions in annealed alloy and vanadium content, 
nitrogen presence

Fig. 7. Microstructure of investigated cast iron in annealed 
state, alloyed by vanadium and nitrogen in the 
amount 0.13 (a) and 0.5 (b), without pickling, ×500

а b
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It should be mentioned that the alloys alloyed ad-

ditionally by nitrogen are characterized by increase of 

graphite amount in average by 0.5% less than in the al-

loys alloyed only by vanadium. It can be connected with 

forming of carbonitrides and decrease of total amount of 

carbide phase and, respectively, with decrease of number 

of graphitization areas. 

Relative variation of graphite amount in the structure 

of investigated cast iron has extremal features, different to 

its absolute variation. Graphite amount in the basic alloy 

increases by 6 times in average. Additional alloying of the 

investigated alloy by vanadium leads to lowering of rela-

tive enlargement of graphite amount. Minimal rise was 

observed in the alloys with vanadium content as much as 

0.1–0.3% (by 2.5–3.0 times). Increase of concentration 

of the introducing alloying element more than by 0.3% fi-

nalizes in gradual elevation of relative rise of carbide phase 

to 6-7 times with vanadium content 0.5%. Introduction of 

nitrogen in the investigated alloy increases relative varia-

tion of the graphite amount appr. by 50%. 

Elevation of graphite amount in structure of the basic 

alloy occurs mainly due to extraction of new more fine par-

ticles, what facilitates diminishing of their average size by 

5 μm. Additional alloying of cast iron by vanadium in the 

amount up to 0.3% leads to decrease of average size of inclu-

sions down to 7–8 μm. Alloying by vanadium in the amount 

from 0.3 to 0.5% leads to forming of more coarse particles 

in the structure; they are smaller than those in not annealed 

state by 1–6 μm depending on alloying degree. And if we 

introduce 0.5% of vanadium together with nitrogen in the 

alloy, the average size of particles becomes larger than before 

heat treatment. At the same time relative decrease of aver-

age size of graphite particles for the basic alloy and alloys 

alloyed by vanadium in the amount up to 0.4% is equal and 

makes 50–70%. If the alloy is alloyed by 0.5% of vanadium 

without nitrogen, relative decrease of average size of graphite 

particles makes 25%, while the same parameter in the alloy 

alloyed by corresponding amount of vanadium together with 

nitrogen relatively increases of by 85%.

Conclusions

Annealing of indefinite cast iron, used for manufac-

ture of the working layer of dual-layered rolling rolls, at 

the temperature higher than the temperature of the begin-

ning of carbide phase graphitization leads to increase of 

graphite amount in the structure from 1.0 to 7.7%.

Additional alloying of cast iron by vanadium, i.e. to-

gether with nitrogen, leads to monotonous decrease of 

graphite amount to 1.2%. This graphite is forming after 

annealing accompanied by introduction of 0.5% of vana-

dium in the alloy due to alloying of eutectic carbides and 

rise of their resistance to graphitization. 

Increase of graphite amount in the structure of molted 

iron occurs both due to extraction of the new more fine 

particles and growth of already formed particles. The 

form of these particles themselves varies from round to 

stretched, while the average sixe decreases approximately 

by 2.0–2.2 times.

The obtained data on alloying of cast iron for roll-

ing rolls allow not only to adjust the amount of extracted 

graphite, but also to predict its morphology, what shall be 

considered in the next article.

REFEFRENCES
1. Martini F., Gostev K. A. New generation of wear-resistant bime-

tallic rolls for sheet mills. Metallurgist. 1999. Vol. 43. pp. 200-204.
2. Valeka T., Hampl J. Prediction of Metallurgic Quality of ICDP 

Material before Tapping. 2011 International Conference on 
Physics Science and Technology (ICPST 2011). Physics Proce-
dia, 2011. Vol. 22. pp. 191–196.

3. Ray A., Prasad M. S., Dhua S. K., Sen K., Jha S. S. Micro-
structural features of prematurely failed hot-strip mill work 
rolls: Some studies in spalling propensity. Journal of Materials 
Engineering and Performance. 2000. Vol. 9. pp. 449–456.

4. Ray A., Prasad M. S., Barhai P. K., Mukherjee S. K. Metal-
lurgical investigation of prematurely failed hot-strip mill work-
rolls: Some microstructural observations. Journal of Failure 
Analysis and Prevention. 2004. Vol. 4. pp. 58–66.

5. Nilsson M., Olsson M. Microstructural, mechanical and 
tribological characterization of roll materials for the finish-
ing stands of the hot strip mill for steel rolling. Wear. 2013. 
Vol. 307. pp. 209–217. 

6. Kanga Minwoo, Suhb Yongchan, Yong-Jun Ohc, Young-
Kook Leea. The effects of vanadium on the microstructure 
and wear resistance of centrifugally cast Ni-hard rolls. Journal 
of Alloys and Compounds. 2014. Vol. 609. pp. 25–32.

7. Krüger J., von Schweinichen P., Mayr A., Mehlau S., Kaiser R. 
Modern technologies of work roll production for flat rolling. 
Chernye metally. 2017. No. 7. pp. 31–35.

8. Brander M., Elizondo L., Trickl T., Paar A., Hardt S. Optimi-
zation of rolls for hot rolling mills providing better efficiency. 
Chernye metally. 2017. No. 7. pp. 24–30.

9. Potapov A. I., Shestakova E. N., Orlov G. A., Belikov S. V.
Usage of hyper-eutectoid steel grades for forging of work roll-
ing rolls. Chernye metally. 2015. No. 2. pp. 33–37.

10. Asensio-Lozano J., Álvarez-Antolín J. F. Saturated Fractional 
Design of Experiments: Toughness and Graphite Phase Opti-
mizing in Nihard Cast Irons. Journal of Materials Engineering 
and Performance. 2008. Vol. 17. pp. 216–223.

11. Asensio-Lozano J., Álvarez-Antolín J. F., Vander Voorth G. F.
Identification and quantification of active manufacturing 
factors for graphite formation in centrifugally cast Nihard 
cast irons. Journal of Materials Processing Technology. 2008. 
Vol. 206. pp. 202–215. 

12. Lecomte-Beckers J., Terziev L., Breier J.-P. Operating prop-
erties of rolling rolls made of graphite chromium cast iron. 
Stal. 2000. No. 1. pp. 46–50. 

13. Kuskov Yu. M. Influence of graphite inclusions on service 
life of cast and deposited weld rolls for hot rolling. Stal. 2006. 
No. 2. pp. 41–45.

14. Ripocan I., Chicamera M. Influenta formei grafitului asupra 
comortarii la coc termic a fonte-lor cenucii. Metalurgia. 1981. 
Vol. 33. pp. 417–422.

15. Glover A. G., Pollard G. Deformation and Fracture of grey 
Cast-Iron Structures. J. Iron and Steel Institute. 1971. Vol. 209. 
pp. 138–141.

16. Liu Jinzhu, Man Yongfa. Development of abrasion-resistant 
Ni-hard 4 cast irons. Wear. 1993. Vol. 162-164. pp. 833–836.

17. Sunghak Lee, Do Hyung Kim, Jae Hwa Ryu, Keesam Shin. 
Correlation of microstructure and thermal fatigue property of 
three work rolls. Metallurgical and Materials Transactions A. 
1997. Vol. 28. pp. 2595–2608. 

18. Liu Jinzhu, Li Shizhuo, Man Yongfa. Wear resistance of Ni-
hard 4 and high-chromium cast iron re-evaluated. Wear. 1993. 
Vol. 166. pp. 37–40.

19. Vdovin K. N., Gorlenko D. A., Zavalischin A. N. Influence of 
industrial tempering on the composition of complex cast iron. 
Steel in Translation. 2013. Vol. 43. pp. 288–290.

20. Al-Rubaiea Kassim S., Pohlb M. Heat treatment and two-
body abrasion of Ni-Hard 4. Wear. 2014. Vol. 312. pp. 21–28.

21. Vdovin K. N., Gorlenko D. A., Zavalischin A. N. Structure 
changes of chromium-nickel indefinite cast irons in heating. 
Vestnik Magnitogorskogo gosudarstvennogo tekhnicheskogo uni-
versiteta im. G. I. Nosova. 2013. No. 5 (45). pp. 9–11.


