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Chemical and structural inhomogeneity of the centrifugally casted
Cr-Mo and Cr-Mo-V steel tubes

Boris Katavi¢, PhD, Eng.”

This study presents the casting conditions and experimental results of chemical elements distribution, their structure
and hardness in axial direction and in the cross section of centrifugally casted tubes of different diameters and wall
thicknesses made of Cr-Mo and Cr-Mo-V steel. Analyses of the chemical composition have shown that in centrifugally
casted tubes the more intensive segregation of elements appears in the radial than in the axial direction. The apparent
inhomogeneity of structure and hardness in the cross section has also been examined, as well as modelling of the

radial hardness distribution.
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List of symbols

Tk — Mould Temperature [K]

T, — Pouring Temperature [K]

n — Pouring Time [sec]

Th — Cooling Time [sec]

Nk — Mould Rotation Speed [r/min]

k=F./F;— Gravity Coefficient

F. — Centrifugal force [N]

Fq — Gravity force [N]

ds - Outside Tube Diameter [mm]
1) — Tube Wall Thickness [mm]
S — Mould Wall Thickness

I — Tube Length [mm]

Introduction

ENTRIFUGAL casting is a complex procedure in
which, compared to the permanent mould casting, the
crystallization of metal is achieved during the rotation of
the mould, i.e. under the influence of the centrifugal force.
The said force, which acts upon the metal while crystalliza-
tion, is defined by the coefficient of gravity k, which de-

notes how many times this force (Fc) is higher than the

force of gravity (Fg). The action of the centrifugal force,

which is several decimal times higher than the force of
gravity, induces the higher density metal structure creating.
While pouring the liquid metal into the rotating mould, the
centrifugal force pushes the metal towards the mould pe-
riphery, forming a hollow along the rotation axis of the
casting. A relatively simple production of the casting with-
out use of cores, gating of moulds and other parts, which
are necessary in standard casting technology, has caused the
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wide use of centrifugal casting, especially for the making
the castings of non-ferrous metals and grey iron. The cen-
trifugal casting is significantly less applied in steel casting,
what is justified by a range of disadvantages of this method
[1-6].

One of the disadvantages is a possible segregation of the
elements of different density in the casting cross section
under centrifugal force influence. The elements of higher
density (W, Nb, etc.) are pushed towards the periphery, and
with these ones low density (C, Al, Ti and S) towards the
inside region of the casting [2, 3]. The periodic crystalliza-
tion of metals can lead to a complex distribution of segrega-
tion zones of said elements, i.e. the so-called "form of la-
mellar streaks" and cause the defective casting. Apart from
the said, in centrifugally cast tubes, because of the centrifu-
gal force action, other shortcomings influence the quality of
castings. Among them the most common are flaws in the
periphery, as well as forming of unsuitable macrostructure
[2, 7]. The growing need for the quality castings as well as
minimising the shortcomings have been the reason for this
study.

The technological parameters, such as the number of ro-
tations of the mould - n, the casting temperature - T, and

the casting speed - v; [2, 3, 8], have the highest impact on
the listed qualities of the final product, apart from the
chemical composition and the dimensions of the casting.
The number of the mould rotations shows the highest im-
pact in the radial direction, which is very important in the
forming of macro and microstructure and influences the
quality of the casting crucially.

The object of this study is to examine the chemical com-
position, i.e. the axial distribution of chemical elements and
the cross section of centrifugally casted tubes of different di-
ameters and wall thicknesses made of Cr-Mo and Cr-Mo-V
steel, with different number of mould rotations. The struc-
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tural analysis of the tubes has also been performed. The
tube casting was produced in the centrifugal casting foun-
dry "Vrsac" at Vrsac.

Experimental Part

Material
The tubes have been made of Cr-Mo and Cr-Mo-V steels
of the chemical composition which is given in Table 1.

Table 1. Chemical Compositions of Cr - Mo and Cr-Mo-V Casting Steels

Structure and Hardness

The examination of structure of the tube in as-cast condi-
tion was done on specimens in the shape of ring segments
in radial direction, i.e. radially. Fig.2 presents the cutting
scheme of the said specimens. The annular specimens were
obtained by cutting from both ends and the middle of the
tube.

Macrostructural examinations of the tubes in as-cast
condition have been done on deeply etched specimens with
Oberhoffer's solution lasting 30 seconds. Qualitative ex-

amination of microstructure was carried

Steel Chemical composition, mass. % out using the light microscope with tube
Mark | C [Mn[si [ s [P Jcr M|V [Ni[culal 0 N specimens which were metalographically
Cr-Mo | 0.20 | 0.60 | 0.44 |0.0280.032| 1.25 | 0.15 0.160 | 0.140 [ 0.080 | 0.0038 | 0.014 prepared by standard procedure, and then
Cr-Mo-V | 0.40 | 0.70 | 0.42 [0.022{0.020 | 2.70 | 0.20 | 0.10 | 0.092 [ 0.097 [ 0.075 | 0.0370 | 0.020 etched in 3 % Nital. The radial hardness

The manufacture of the aforesaid steels has been per-
formed in the medium-frequency induction furnace of 1000
kg capacity and 1 MW power. The tube casting was pro-
duced on the centrifugal machines with horizontal rotation
axis in steel moulds, at the conditions given in Table 2.

Table 2. The Casting Conditions of the Centrifugally Cast Cr-Mo and Cr-
Mo-V Steel Tubes

seel |CBE|T| T |al| & ny ds s |
Mark | "9 |k e
Mark | (K) | (K) |[(sec)| (sec) |(o/min) (mm) | mm) | (mm)

Cr-Mo | C1 [423|1863 35| 700 | 1562 |102| 176 | 50 | 2000 [ 0.82
Cr-Mo | C2 [423] 1863 | 35| 600 | 1315 |101| 172 | 33 | 2000 [ 1.24
Cr-Mo-V| A |[423| 1873 | 25| 420 | 1012 | 42| 128 | 25 | 1400 | 244

The tubes C1 and C2 made of Cr-Mo steel were casted in
the steel mould of dimensions ¢264/#182 x 2100 mm, and
the tube A of Cr-Mo-V steel was casted in the steel mould of
dimensions ¢260/#138 x 1405 mm. Before casting, the pre-
heated moulds were dry-coated, the coating consisting of fine
granulated Al,O; and formaldehyde pitch (rezofen).

Fig.1 presents the image of the centrifugally casted tube A.

Figure 1. The centrifugally cast Cr-Mo-V steel tubes A

Chemical Elements Distribution

Chemical composition of the casting, chemical elements
axial distribution and the cross-section of the tube have
been obtained using the spectrometric method on the quan-
tometre. The examination of chemical composition was
done on specimens marked of 1 to 4 (Fig.2) in radial direc-
tion. The annular specimens were obtained by cutting from
both ends and the middle of the tube. The contents of gas-
ses (02 and N2) were determined by the Leco apparatus.

of the tube wall was measured by
Vikers's method HV30 according to the JUS C.A4.030
standard on "Wolpert" hardness measuring device.

Figure 2. The cutting scheme of the samples for the analysis of the
structure of the centrifugally cast steel tubes

Experimental results

Chemical Elements Distribution

The distribution of chemical elements, i.e. the axial and
radial segregation of chemical composition across the
length and walls of the tubes C1, C2 and A is presented in
Figures 3 and 5.
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Figure 3. The distribution of chemical elements from both ends and the Figure 5. The distribution of chemical elements from both ends and the mid-
middle of the steel tube C1: a) along the tube; b) in radial direction the tube dle of the steel tube A: a) along the tube; b) in radial direction the tube

Structure and Hardness
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Figure 4. The distribution of chemical elements from both ends and the mid-
dle of the steel tube C2: a) along the tube; b) in radial direction the tube
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Figure 6. The macrostructure of the centrifugally cast tubes, etched by the
5a) Oberhoffer's reagent: a) tube C1; b) tube A; c) tube C2



B.KATAVIC: CHEMICAL AND STRUCTURAL INHOMOGENEITY OF THE CENTRIFUGALLY CASTED Cr-Mo AND Cr-Mo-V STEEL TUBES 29

7d)

Figure 7. The radial macrostructure of the centrifugally cast steel tube C1,
etched by the Oberhoffer's reagent: a) the 1-3 mm deep layer as peripheral;
b) and c) the 3-40 mm deep layer as middle; d) the 40-46 mm deep layer as
inside the tube region
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Figure 8. The radial macrostructure of the centrifugally cast steel tube A,
etched by the Oberhoffer's reagent: a) the 1-3 mm deep layer as peripheral;
b) and c) the 3-17 mm deep layer as middle; d) the 17-23 mm deep layer as
inside the tube region
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Figure 9. The radial macrostructure of the centrifugally cast steel tube C2,
etched by the Oberhoffer's reagent: a) the 1-3 mm deep layer as peripheral;
b) and c) the 3-28 mm deep layer as middle; d) the 28-31 mm deep layer as
inside the tube region.

Microstructure
The microstructure of tube samples is presented in Fig-
ures 10 - 12.

Figure 10. The radial microstructure of the centrifugally cast steel tube
C1, etched by the 3% Nital reagent: a) the 1-3 mm deep layer as
peripheral, b) the 3-40 mm deep layer as middle, c) the 40-46 mm deep
layer as inside the tube region
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Figure 11. The radial microstructure of the centrifugally cast steel tube
C2, etched by the 3% Nital reagent: a) the 1-3 mm deep layer as
peripheral, b) the 3-28 mm deep layer as middle, c) the 28-31 mm deep
layer as inside the tube region.

12c)

Figure 12. The radial microstructure of the centrifugally cast steel tube A,
etched by the 3% Nital reagent: a) the 1-3 mm deep layer as peripheral, b)
the 3-17 mm deep layer as middle, c) the 17-23 mm deep layer as inside
the tube region.

Hardness Distribution

The curves of radial hardness distribution are given in
Figures 13-15. The dependence of hardness distribution
along the cross section of the tube wall in as-cast condition
was derived by the 5th degree polynomial function that
gives the highest correlation coefficient. The said depend-
encies are presented for the tube C1 by Poly curve (curve 3)
in Fig.13 and for tubes C2 and A by curve 4 in Figures 14-
15.
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Figure 13. The distribution of hardness from both ends and the middle in
radial direction the steel tube C1
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Figure 14. The distribution of hardness from both ends and the middle in
radial direction of the steel tube C2
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Figure 15. The distribution of hardness from both ends and the middle in
the radial direction of the steel tube A

Discussion

Chemical Elements Distribution

The examination results of axial and radial chemical
elements distribution demonstrate the occurrence of macro
segregation in centrifugally casted tubes, Figures 3-5.

In tubes C1, C2 and A the axial segregation of the major-
ity of elements (Figures 3a, 4a and 5a) either was not ob-
served or it was insignificant. Somewhat more apparent dif-
ference in Al concentration is the consequence of more in-
tensive oxidation at tube ends, rather than in the central part
of the tube. More precisely, at higher rotation speed of the
mould and higher ratio dg /1 of the tube, the conditions for
cold air suction and more intensive oxidation of elements
are more favourable [2-4, 8].

More prominent segregation of elements is observed ra-
dially (Figures 3b, 4b and 5b). S and P segregate most ap-
parently in tubes C1, C2 and A. The segregation of ele-
ments such as Cr, C, Mn, Si and Al is more prominent in
tubes of larger diameters and wall thickness C1 and C2
(Figures 3b and 4b), than in the tubes of smaller diameter
and wall thickness A (Fig.5b). However, the difference be-
tween the maximal and minimal concentration of these
elements is within the required limits of chemical composi-
tion for steel casting. The segregation of the remaining
elements is insignificant. In the existing crystallization con-
ditions (cooling in the mould and in the centrifugal force
activity field) the elements S, P and Cr segregate more in-
tensively towards the inside region (direct segregation),
while Al segregates towards the periphery of the tube (re-
verse segregation). The quick growth of dendrites, as a con-
sequence of solidification conditions during the rotation
casting causes the extrusion of residual solution with alu-
minium oxides and dissolved aluminium from the inside
region towards the periphery of the tube and in that manner
increases the concentration of total aluminium [3-5].

Macrostructure

The tube castings obtained by centrifugal casting at the
conditions given in Table 2 are characterised by the first
and the second type of macrostructure [2-4, 8].

The macrostructure of the first type is present in tube
casting C1, consisting of three clearly apparent zones (Fig-
ures 6a and 7). On the casting surface, which is in contact
with the mould, the first zone of approximate width of 2
mm, consisting of fine crystals (Fig.7a) is observed. This
zone transforms into another zone formed of columnar
crystals, orientated in the direction of maximal heat elimi-
nation (Figures 7b and c). In this zone, as coming closer to

the inside region of the tube, an area of approximately 10
mm wide with shortened length and increased thickness of
columnar dendrites (Fig.7c) is observed. The width of the
second zone comprises 80% of the total tube wall thickness.
This zone is followed by the zone of coarse equiaxed crys-
tals, approximately 6 mm wide, which is of larger dimen-
sions than the tubes C2 (Figures 7d and 9d). This zone
spreads almost to the inside tube region, where somewhat
more dispersive structure appears. Such tube structure is the
result of directed crystallisation, the highest rotation speed
of the mould and the lowest ratio of mould wall thickness
and the tube wall thickness &,/6=0,82 (Table 2). The

hardness distribution curve (Fig.13) confirms the least ap-
parent dispersing of the cast tube structure C1, compared to
the tube casting structure C2 (Figures 9 and 14) and A
(Figures 8 and 15).

The second macrostructure type is present in tube casting
A (Figures 6b and 8) characterised by homogeneity and the
absence of the apparent crystallisation zones limits, i.e. the
zone of equiaxed and columnar crystals (Fig.6b). In that
case, the metal is of high density and it is practically with or
without insignificant segregation of chemical elements in
radial direction [3 - 5], as it is can be seen from Fig.5b. The
tube macrostructure on the tube contact with the mould (Fi-
gures 6b and 8a), points to the small width of the zone of
fine-grained equiaxed crystals, of approximately 2 mm, and
also to the transfer of the dispersal columnar crystals into a
narrow zone, of approximately 2 mm, (Fig.8b). However, at
the inside region of the tube the columnar crystals are
coarser (Fig.8d). In the remaining part of the casting macro-
structure a wider and homogenous zone of fine-grained
equiaxed crystals prevails (Fig.8c). The obtained structure
is a result of the crystallisation conditions. More precisely,
at higher crystallisation speed, which is the consequence of
higher ratio of the mould wall thickness and the tube wall
thickness & /5 =2,44 and lower rotation speed of the

mould compared to the tubes C1 and C2 (Table 2), expres-
sion of "the explosive mechanism of the nuclei formation™
is reached. In a very short time, in the entire volume of the
casting, this mechanism causes the forming of crystal nu-
clei, the number and the growth speed of which prevent the
genesis and development of coarse dendrites and forming
of the bigger crystal grains [2, 3, 6, 7]. The dispersity of the
structure is also influenced by the micro alloying of the
casting by vanadium. The radial hardness distribution curve
of the cast tube (Fig.15) confirms the given characterisation
of the structure.

In the tube casting C2 (Figures 6¢ and 9) the same type
of microstructure as in the tube A (Figures 6b and 8) is no-
ticed. The zone of equiaxed crystals, yet coarser in size, is
of the approximately the same width as in the tube A
(Fig.9a). The width of the zone of coarse and wide colum-
nar crystals is of approximately 27 mm (Figures 6c, 9b and
9c). From inside the tube region the columnar crystals are
more dispersive (Fig.9d). The obtained structure is the con-
sequence of the crystallisation conditions that are given in
Table 2. The radial hardness distribution curve in the tube
C2 (Fig.14) points to the less apparent dispersity of the said
structure compared to the structure of the tube casting A
(Figures 8 and 15).

In centrifugal casting of these tubes, with the increase of
the wall thickness of the castings, the width of the columnar
crystals zone increases (dendrite structure). The dimension
of the zone of fine equiaxed crystals on the peripheral of the
casting (the zone of contact of the mould and the casting)



B.KATAVIC: CHEMICAL AND STRUCTURAL INHOMOGENEITY OF THE CENTRIFUGALLY CASTED Cr-Mo AND Cr-Mo-V STEEL TUBES 33

remains practically the same [3, 8]. Contrary to that, de-
pending upon the cooling conditions on the inside region
(the zone of contact of the casting and the air) a narrow
zone of equiaxed crystals and columnar crystals is present
[8]. Generally speaking, any type of structure forming de-
pends upon the casting regime, i.e. the number of rotations
of the mould, the speed and temperature of casting [1 - 5].
A smaller number of rotations and lower casting speed en-
able the obtaining of the first-type structure, and the higher
speed and number of rotations lead to the forming of the
structure of the second type. It has been confirmed that the
casting regime at which the minimal segregation of chemi-
cal elements in radial direction is present, enables forming
of the most favourable types of macrostructure of the first
and second types [3, 4, 8]. Apart from that, the castings
have density macrostructure without defects caused by the
shrinking.

Microstructure

The general microstructure of the tube C1 castings, con-
sisting of ferrite and dispersive pearlite is presented in
Fig.10. Within the ferrite grains and on their boundaries of
irregular shape, the fine precipitates are observed. The pear-
lite grains are separate from the ferrite ones within the
sharp-angle boundaries. Apart from that, the pearlite area is
of irregular shape and size. Generally speaking, the micro-
structure in the casting zone, which is in contact with the
mould, is different in morphology and the fraction of mi-
cro-constituents (Fig.10a) compared to the middle zone and
to the zone from the inside region of the tube (Figures 10b
and 10c). More precisely, the structure is more dispersive in
the middle and in the inside region of the tube.

In tube C2 castings (Fig.11), a microstructure which ba-
sically consists of the polygonal ferrite grains and the be-
inite is noticed. Dark cementite fields, as well as light
fields, which consist of the residual austenite or martensite,
are also present. A more dispersive structure from the in-
side and the peripheral region of the tube are noticed.

The microstructure of the casting of the tube A, consist-
ing of the martensite and the beinite (Fig.12), is character-
ised by the more apparent dispersity (more fine-grained
structure) in the peripheral zones on the peripheral and the
inside region of the tube (Figures 12a and 12c).

The Handnes Distribution curves in as-cast tubes C1
(Fig.13) and C2 (Fig.14), confirm the observed structure
and less expressed dispersivity of structure of these tubes
(Figures 7, 9, 10 and 11) compared to the structure of tube
A casting (Figures 8 and 12). Precisely, the apparent inho-
mogeneity of hardness distribution over the cross-section of
the tube A is present, with higher growth of hardness to-
wards the inside region than towards the peripheral of the
tube (Fig.15). This is pointed out by the structure (Figures 8
and 12) which is the consequence of more intensive cooling

conditions from the inner than from the peripheral region of
the tube, i.e. from the region of the contact of the tube and
the mould. Apart from that, the said hardness distribution is
also influenced by the higher segregation of C and Cr to-
wards the inside region, i.e. the higher presence of carbides
[8].

Hardness distribution over the cross section of the tube
wall in cast condition has been derived by the fifth grade
polynomial function giving the highest correlation coeffi-
cient.

Conclusion

This study presents the examination results of the distri-
bution of chemical elements, structure and hardness in cen-
trifugally cast tubes of various wall thicknesses made of Cr-
Mo and Cr-Mo-V steel castings. In centrifugal tube casting,
a more intensive growth of radial than axial elements seg-
regation is induced. The elements S, P and Cr segregate
more intensively towards the inside region (direct segrega-
tion) and Al towards the tube peripheral (reverse segrega-
tion).

Macrostructure of the tube castings of the higher wall
thickness made of Cr-Mo steel is of the first type and con-
sists of three clearly distinguished zones. Contrary to that,
in the tube of smaller wall thickness made of Cr-Mo and
Cr-Mo-V steel the macrostructure of the second type with-
out the apparent limits of zones is present. The tube casting
microstructure with higher wall thickness is ferrite and
pearlite, and with smaller wall thicknesses ferrite - beinite,
or mainly martensite. The noticed structure is confirmed by
the hardness distribution curves.
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Hemijska i strukturna nehomogenost kod centrifugalno livenih cevi
od Cr-Mo i Cr-Mo-V ¢elika

U radu su prikazani rezultati ispitivanja uticaja uslova livenja na raspodelu hemijskih elemenata, strukturu i tvrdoéu
po duZini i po popreénom preseku centrifugalno livenih cevi razli¢itog preénika i debljine zida od Cr-Mo i Cr-Mo-V
¢eliénog liva. Ispitivanja hemijskog sastava pokazala su da se kod centrifugalno livenih cevi javlja intezivnija
segregacija elemenata po debljini zida cevi nego u aksijalnom pravcu. Ispitana je i izraZzena nehomogenost strukture i
tvrdoée po popreénom preseku i izvrseno je modelovanje raspodele tvrdoée po debljini zida cevi.

Kljucne reci: centrifugalno livenje, &elik Cr-Mo, &elik Cr-Mo-V, cev, hemijska struktura, mikrostruktura,

makrostruktura
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Xumu4eckas U CTPYKTYpHasi HETOMOTCHUYHOCTH y IEHTPOOEXKHO
auThIX TpyO u3 Cr-Mo u Cr-Mo-V cranu

B aT0it paGoTe MOKa3aHEI pe3yNbTAThl HCCACHOBAHWH BIIHSHWUA YCHAOBUI JNUTHI Ha pacOpefeleHue XAMHUICCKHX
9JIEMEHTOB, Ha CTPYKTYpPy W Ha XECTKOCTh IO JJIMHE M IO TONEPEeYHOMY pas3pe3y NEHTPOOEXHO JATHIX TPyO
PasIMYHOTO AMaMeTpa U TOJINMHEI cTeHHI B3 Cr-Mo m Cr-Mo-V cTanbHOro auThi. ViccmeqoBaHHA XUMUIECKOTO
cocTaBa IOKa3alld, YTO y IEHTPOGEXKHO JHTHIX TPy( siBIseTcd Gojiee MHTECHCHMBHAsI CETPETalHsl SJIEMEHTOB IIO
TONINMHE CTEHbI TPYO YeM B AKCHAJILFHOM HANPABICHHH. 3[eCh UCCIAENOBaHA M BHIPAXXeHAa HErOMOreHHYHOCTH
CTPYKTYpHI 1 3KECTKOCTH 110 IONEPEeYHOMY pa3pe3y U OCYIIECTBICHO MONEIUPOBAHAE PacIpeNeeHNs KeCTKOCTH
IO TOJIAHE CTEHBI TPYO.

Karouesvie caosa: meHTpoOexXHOEe nuThe, cranmb Cr-Mo, crams Cr-Mo-V, TpyOa, XmMmdgeckas CTPYKTypa,
MHKPOCTPYKTYPa, MAKPOCTPYKTYpa

La non-homogeneéité chimique et structurale chez les tubes de fonte
centrifuge de I’acier Cr-Mo et Cr-Mo-V

Ce papier présente les résultats des recherches concernant les conditions de fonte sur la distribution des éléments
chimiques, structure et dureté en longueur et en section transversale des tubes de fonte centrifuge ayant diamétre et
épaisseur de parois variés, faits en acier fondu Cr-Mo et Cr-Mo-V. Les recherches sur la composition chimique ont
démontré que la ségrégation des éléments sur I’épaisseur du paroi de tube est plus intense que celle sur la direction
axiale. On a examiné la non-homogénéité de la structure et la dureté sur la section transversale. De méme, on a
effectué la modélisation de la distribution de dureté sur I’épaisseur du paroi de tube.

Mots clés: fonte centrifuge, acier Cr-Mo, acier Cr-Mo-V, tube, structure chimique, microstructure, macrostructure.
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