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Abstract: The effect of boron, in the amounts of 0.26, 0.39, and 0.59 wt.%, on the volume
fraction and structure of carbides in Cr white irons was examined. It was demonstrated that
the addition of boron can change the microstructural characteristics of white iron containing
about 13 wt.% Cr. With increasing boron content, the volume fractions of M;C carbide in-
crease, but the volume fracton of M-C; carbide remains unchanged. The addition of boron
tends to produce hard borides and/or borocarbides. It also prevents the formation of pearlite,
which results in alloys possessing good wear resistance.
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INTRODUCTION

The metal matrix plays a key role in the behaviour of high chromium white irons known
as wear resistant materials under conditions of strong loading, whereas in other cases the behav-
iour of these materials depends on the type, fraction, size and morphology of the carbide
phase.!2 Carbide, or cementite, is an extremely hard, brittle compound of carbon with either
iron or strong carbide forming elements, such as chromium, vanadium or molybdenum. Mas-
sive amounts of carbides increase the wear resistance of cast iron, but make it brittle and very
difficult to machine. Dispersed carbides in either lamellar or spherical forms play an important
role in providing strenght and wear resistance in as-cast pearlitic and heat-treated irons.

Depending on the chemical composition of a particular high chromium white iron, its
structure may contain M7C3, M3C and My3Cg carbides. Since their chemical and morpho-
logical characteristics differ, the exploatation properties of the white cast iron depend on
the type of carbide prevailing in the structure.3-> For this reason all the recent investiga-
tions, aimed at controlling and imporving the exploitation properties of high chromium
white irons were directed at studying the changes in the carbide phases as a function of the
present alloying elements.6-9
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Boron is interesting as an alloying element in chromium white irons. It is more known
as a microalloying element of steel, where it is applied in the amounts of several tens to
several hundreds of ppm-s. There, its role is to ensure the necessary hardenability of aus-
tenite. However, since the application of carbidizing elements has become popular in the
investigation practice of improving the properties of chromium white irons properties, it
became normal to perform experiments with boron, bearing in mind its properties, espe-
cially the structural and electrochemical ones.

Nevertheless, there are only a few published results concerning the influence of boron
on the structure and properties of chromium white irons. The aim of the investigations carried
out so far was to explore the influence of boron on the stucture and wear resistance of white
iron up to 0.4 mass % in 13Cr—4Mn alloy (the examinations were performed on bar-shaped
samples of dimensions 12x12x60 mm)!! and 0.11-1.26 mas % in 17Cr-2.7 C-0.7Mo alloy
(the examinations were performed on rod-shaped samples of diameter 20 mm).12

The results of these examinations showed that boron changes the thermodynamic
conditions of the formation of the carbide nucleus, and that it especialy favours the forma-
tion of M3C and M»3C¢ carbides in the structure of chromium white irons. Apart from the
formation of these carbides, boron also ensures high hardenability, i.e., the transformation
of austenite into martensite. Such a structure ensures good abrasion wear resistance, but si-
multaneously causes brittleness. The dimensions and morphology of the examined sam-
ples were such that they enabled high cooling rates, compared with the much larger cross
sections that are of great interest concerning the application of these materials, such as, for
example, 'digging teeth'. Thus, the aim of this work was to examine the influence of boron
in the amount of 0.26, 0.39 and 0.59 wt.% on the volume fraction and type of carbides
present in the structure of 13Cr—2.3C chromium white irons, under much smaller cooling
rates, which are achieved in samples of much larger cross sections.

EXPERIMENTAL

The chemical compositions of the examined alloys are given in the Table 1.

TABLE 1. Chemical compositions of the examined alloys

Contents of alloying elements/wt.%
C Si Mn p S Cr Ni Mo \Y B
1 2.19 0.65 250  0.018 0.036 1326  0.29 0.35 0.20 0.00
2 2.20 0.73 266  0.012 0.029 1289 0.14 0.37 0.21 0.26
3 2.25 0.66 287 0.016 0.029 1330 0.30 0.43 0.21 0.39
4 2.39 0.53 1.58  0.019 0.027 1324 0.28 0.31 0.18 0.59

No

Alloy No. 1 is the basic alloy, and the alloys No. 2, 3 and 4 contain boron in the amount 0of 0.26, 0.39 and
0.59 %, respectively. The contents of other alloying elements were approximately the same for all the exam-
ined alloys, as can be seen from Table 1.

The examined alloys were melted in a 50 kg medium frequency induction furnace, and cast in moulds
prepared by CO, technology with the morphology of digging teeth as shown in Fig. 1. The examined samples
were cut out from such castings, at positions where the thickness of the teeth was approximately 50 mm.
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Fig 1. —Digging tooth— The casting from which
the test samples were cut out.

For optical metalography, the samples wee ground, polished to a 1/4 mm diamond finish, and than
etched with picric acid solution (1 g) in distilled water (100 ml) with methanol (5 ml).

The total volume fraction and type of carbides present in the structure of the examined alloys were de-
termined by a Siemens D500 diffractometer with Ni-filtered CuK o radiation. The volume fraction of carbides
was determined from the ratio of the diffraction maximum intensity belonging to a particular phase and total
diffraction maximum intensity of all the existing phases. In this experiment, there were two structural constit-
uents — carbide phases and metal matrix, so the volume fraction of the carbide phase was determined accord-
ing to the following formula:

% Czll/(ll +12).

where: /; — is the diffraction maximum intensity corresponding to the examined carbide phases and 7, — is the
diffraction maximum intensity that belongs to the metal matrix.

The peak area was used as the intensity measure. For phase identification and measurement of the peak
area, the program DIFRAC AT® was used. The scaning rate was 2.5%min.

In order to confirm independently the results obtained by the X-ray diffraction analysis, the following
additional experiments were carried out:

1. To determine the type of carbides, selective etching of the samples in the Murakami reagent was per-
formed.”13

2. To determine the total volume fraction of carbides, as well as the volume fraction of each type of
eutectic carbide, quantitative analysis was performed using an automatic Leica QS00MC analysis system.

The microhardness of the metal matrix and eutectic carbides was measured under a load of 0.49 N (0.05
kg) on a Leitz microscope.

RESULTS
Microstructure of examined alloys

The microstructures of the examined alloys are shown in Fig. 2. Detailed analysis con-
firmed that the structure obtained in this investigation is typical for chromium white cast iron.
The base alloy (No. 1) is characterized by the presence of primary austenitic dendrite and a
eutectic that consists of eutectic carbides and eutectic austenite. The structure of the other alloys
also consists of a primary phase and an eutectic, but the following differences can be noticed:

— With increasing boron content, the dendritic structure slowly disappears, while the pri-
mary phase obtains the form of isolated islands surrounded by the eutectic (Fig. 2—c, e, g).
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Fig. 2. Microstructure: a), b) —alloy No. 1; ¢), d) — alloy No. 2; ¢), f) —alloy No. 3; g), h) —alloy No. 4 (a, c,
e, g — optical microphotographs; b, d, f, h— SEM).
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— In the presence of boron, the primary phase becomes a mixture of austenite and
martensite. The degree of martensite tranformation increases with increasing boron con-
tent. The development of this transformation can be seen on the SE microphotographs
(Fig. 2—-d, £, h).

X-Ray diffraction analysis of the examined alloys

X-Ray diffractograms of the alloys No. 1, No. 2 and No. 4 are presented in Fig. 3a—c.

Looking at the diffractograms in Fig. 3, it can be noticed that the diffractograms of the
alloys No. 1 and No. 2 are very similar and clear. This is the consequence of good crystalli-
zation of the structural phases.

On the diffractogram No. 1, the peaks labeled with A belong to austenite (diffraction
cards 23-298)". Apart from austenite, two types of eutectic carbides have been detected in
the structure of basic alloy (alloy No. 1 in Table I):

— (Cr,Fe);C5 (diffraction card 5-720) peaks labeled with®, and

— Fe3C (diffraction card 35-772) peaks labeled with o.

By measuring the area under the highest peak, which belongs to austenite, positioned
at the angle 260 = 50.191 and the area under the highest peak, which belongs to the carbide,
positioned at the angle 20 = 45.091, the volume fraction of carbide alloy No. 1 is obtained
and its value is approximately 9 %. The rest up to 100 % is the volume fraction of austenite
(primary and eutectic).

According to the diffractogram belonging to alloy No. 2 (Fig. 3b), the austenite (peaks
labeled with A), the carbide (Cr,Fe)C5 (peaks labeled with™) and carbide Fe3C (peaks la-
beled with o) also constitute to the structure of this alloy.

Proceeding with the calculations in the same way as for alloy No. 1, i.e., by measuring
the area under the highest peak which belongs to austenite (detected at 20 =43.374) and the
area under the highest peak that belongs to the carbide (detected at 20 = 44.450) ,the vol-
ume fraction of carbide in alloy No. 2 is obtained to be 20.5 % (see Table II).

TABLE II. Results of quantitative microstructure analysis

Volume fraction of the structural phases/vol.%

EC*
No. M EC
M7C3eut M3Ceut o . total . .
Quantitative analysis  X-Ray diffraction
1 86.75 13.25 - 13.25 9.0
2 80.04 17.47 2.49 19.96 20.5
3 75.23 NE* NE 24.77 NE
4 48.73 16.25 35.02 51.27 47.4

*M-metal matrix; EC-eutectic carbides; NE-no examined

The diffractogram which belongs to alloy No. 4 is different from the previous two.
Due to the presence of a greater number of phases, the number of diffraction lines is much

* JCP data base
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Fig. 3. X-Ray diffractograms of: a) allf))y No. 1; b) alloy No. 2; ¢) alloy No. 4.
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Fig. 4. Carbide types in the exam-
ined alloys (samples etched in Mu-
rakami reagent); a), b) — alloy No.
1, M,C; carbides; c), d) —alloy No.
2, M;C; (dark) and M;C (gray)
carbides; e), f) —alloy No. 4, M;C;
(dark), M5C (gray) and g) alloy 4 —
il My;C carbides.
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larger which makes this diffractogram much more complex, compared with the dif-
fractograms of alloys No. 1 and No. 2.

The peaks labeled with M belong to martensite. The peak labeled with A belongs to
austenite, the peaks labeled with * belong to the (Cr, Fe);C; carbide, the peaks labeled with
0 belong to the Fe5C carbide and the peaks labeled with O belong to the Fey3(C, B)g sec-
ondary carbide (diffraction card 12-570).

By measuring the area under the highest peak which corresponds to the metal matrix
(in this case it is the peak that arising from martensite) detected at an angle 26 =44.758 and
the area under the highest peak that belongs to the carbide phase, detected at 26 = 44.070,
the volume fraction of the carbide phase in alloy No. 4 was determined to be 47.4 %.

Quantitative analysis of the structural phases

Additional carbide type identification was performed by selective etching of the sam-
ples of the examined alloys in Murakami reagent (Fig. 4). Using the same alloys, the vol-
ume fraction of each eutectic carbide types was detected (Table II), by measuring the seg-
ments produced by the test lines on the examined phases. The structure of alloy No. 1
etched by Murakami reagent is presented in Fig. 4a and b. Only the M;C;5 carbide in an
amount of 13.25 % is present.

On the microphotograph of alloy No. 2 (Fig. 4c and d), the presence of two carbide
types (dark phase — M5Cs and gray phase indicated by the dark arrow in Fig. 4d — M5C)
can be noticed. The volume fraction of the carbide phase in alloy No. 2, obtained by mea-
suring the segments produced by the test lines on the examined phase, is 19.96 % (17.47 %
—M5C5 and 2.49 % —M3;C, Table II). This result is absolutely in accordance with the result
obtained by X-ray diffraction analysis, where a value of 20.5 % was obtained.

Bearing in mind the great similarity between alloy No. 2 and alloy No. 3 detected dur-
ing the examination of the microstructural and mechanical properties, in order to reduce the
number of tests, the volume fraction of each particular type of eutectic carbides in the third
alloy was not analyzed. Only the total quantity of carbide phase was calculated to be 24.77
% (see Table II).

Finally the presence of three types of carbides: eutectic M;C5 (dark phase — Fig. 4e
and f) and M;C (gray phasae — Fig. 4e and f) and secondary M»3Cg (small dark lines in the
gray phase (metal matrix) — Fig. 4g) were detected. In this alloy, the total carbide volume
was 51.27 % (Table II), which is in accordance with the results obtained by X-ray diffrac-
tion analysis, where a volume of 47.4 % was determined.

From X-ray diffraction analysis and selective etching, it was concluded that the eutectic
M;C5 and M3C carbides are present in the structure of all the alloys. In alloy No. 4, apart
from eutectic carbides, secondary M»3Cg carbides are also present (Fig. 3¢ and Fig. 4g).

Microhardness of the structural phases

The results of the measurement of the microhardness are given in Table III. As can be
seen from Table III, increasing the boron content from 0 to 0.59 % causes the metal matrix
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microhardness to increase from 428 to 640 HB, and the microhardness of the eutectic car-
bides to increase from 992 to 1645 HB. It can also be noticed that at lower boron contents,
the rate of increase of the microhardness is low, whereas in the fourth alloy with the maxi-
mal boron content the microhardness had increased drastically.

TABLE III. Results of the microhardness of the structural phases

Microhardness of the structural phases

No.
Metal matrix Eutectic carbide
1 428 992
2 434 1041
3 486 1076
4 640 1645
DISCUSSION

The experimental results presented in this paper show clearly that boron has a signifi-
cant influence on the microstructure of chromium white irons. This fact is primarily re-
flected in the change of the ratio of carbide and/or boron—carbide phases present in the ex-
amined alloys. With increasing boron content, the volume fractions of the M3C carbide
and/or M3(C,B) boron—carbide increase significantly. This clearly demonstrates the capa-
bility of boron to create complex carbides and/or boron—carbides in chromium white irons.

Besides the change of the volume fractions of the carbdie and/or boron—carbide
phases, with the increasing boron contents the type of carbides that prevails in the structure
of the examined alloys also changes. In the basic alloy (No. 1 —Table I), apart from the pre-
vailing M;C5 carbide, the eutectic carbide M3C is also present. The amount of the M3;C
carbide is very small and it is detected only qualitatively by X-ray diffraction analysis, but
not quantitatively by stereological analysis.

With increasing boron content, the volume fraction of some eutectic carbides changes
slowly, so the fraction of the M7Cj5 carbide in the second alloy with 0.25 % B was slightly
increased and remained at the same value even with further increasing of the boron con-
tent, whereas the fraction of the M3C carbide increases constanly with increasing boron
content and achieves a value of 35.02 % in alloy No. 4.

Generally speaking, the addition of boron in the examined alloys causes the follow-
ing:

— The fraction of the M7C5 carbide remains practically unchanged;

— The fracton of the M;C carbide increases significantly;

— The microhardness of the prevailing eutectic carbide in alloy No. 4 with 0.59 % B

also increases significantly;

— Only in alloy No. 4 with 0.59 % B does the secondary M,3Cg carbides appear. By

diffraction analxysis, it was shown that these carbides are My3(C,B)g carbides.

If the assertion from the literature that boron influences the structure of the chromium
white irons!!-12.14 where M3(C,B) and My3(C,B)g4 carbides have also been detected is
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taken into acount, it is logical to conclude that the boron embeds itself into the crystal lat-
tices of the M3C and M»3C¢ carbides, but not into the crystal lattice of the M;C5 carbide.
Thus, the complex (Fe,Cr);(C,B) and (Fe,Cr),3(C,B)g carbides are created. This would
practically mean that boron substitutes a certain number of carbon atoms in the eutectic
M;C carbide. The atoms of carbon replaced by boron are transferred into the rest of the
melt, ensuring an increase of the saturaiton of the melt in carbon. These are thermodynamic
conditions for the formation of a greater number of the nuclei of carbide particles that will,
after solidification, ensure an increase of the fraction of the carbide phase in the alloy.

The supposition that the atoms of boron substitute the atoms of carbon is related with
the similarity of the radii of the atoms of boron and carbon, as well as the significant
electronegativity of boron, which ensures good conditions for the formation of strong
bonds between the atoms of boron and the surrounding atoms of carbon. Such strong
bonds ensure extremely high hardness of the newly created carbides, which was demon-
strated by measuring the microhardness of the structural phasaes (Table I1I).

The newly created eutectic carbide could have the formula (Fe,Cr)3(C,,B)). If it is as-
sumed that the all the boron (0.59 %) embeds itself into the lattice of the M3C carbide, then
for the 35.02 % of the M3C carbide present in alloy No. 4 (Table II), by stoichiometric cal-
culation, the value yy,,x = 0.5 is obtained.

However, the whole amount of the boron, at lest in alloy No 4, will not really be
embeded into the lattice of the M3C carbide because in that alloy the presence of secondary
My;3(C,B) carbides has already been detected by X-ray diffraction analysis. Besides, bear-
ing in mind the significant hardenability with increasing boron content, most probably a
part of the total amount of boron remains in the solid solution. This means that for alloy No
4 Ymax <0.5.

CONCLUSIONS

1. In 13Cr-2.3C chromium white irons, boron in amounts up to 0.39 % has a slight
tendency to form complex boron-carbides. Further increasing of the boron content, up to
0.59 %, significantly increases this tendency of boron.

2. In the structure of the basic Fe-Cr—C alloy, M;C5 carbides prevail. A small quantity
of M3C carbides is also present. By increasing the boron content from 0.26 to 0.59 % the
amount of M3C carbide increase from 2.49 to 35.02 %, while the volume fraction of the
M;C5 carbides reamins unchanged. Secondary M;3Cg carbides appear in the structure of
alloy No. 4.

3. It is suggested that boron resides on carbon sublattice sites, i.e., it embeds itself into
the lattice of the M3C eutectic carbide and the M,3Cg secondary carbide, probably forming
complex compounds of the type M3(C,B) and My3(C,B)s.



BORON IN CHROMIUM WHITE IRONS 707

n3BOJN

YTULA] BOPA HA KOJIMYMHY 11 BPCTY KAPEMJIA Y XPOMHIMM BEJIM
I'BOXBEUMA

CTAHKA M. TOMOBI/I"Fl—I'[ETPOBI/ITx,1 CPHAH B. MAPKOBI/I"E,2 un CJTABUIIA 3EI_I3

lHHCzEwBym “Kupuao Casuh”, Bogeo()e Ciuetie 1, 11000 Beozapo, 2TexmmoLum)-MeLEaﬂypmlcu paxyaitieini, Kapnezujesa
4, 11000 Beozpao u ° Mncitiuitiyiti 3a HykaeapHe Hayke “Bunua”, ii. iip. 522, 11000 Beozpao

Y papy je ucnmtuBaH yrunaj 6opa, y komrunau of 0,26, 0,39 u 0,59 texk. %, Ha 3anmpeMuHCKH
VAEO y CTPYKTypH KapOwjia MPHCYTHUX y XPOMHUM OenmnM rBoxkbmma ca oko 13 tex. % Cr.
ITokasano ce ma ce HOEATKOM OOpa MeHajy MHKPOCTPYKTYPHE KapaKTEPUCTUKE HCIUTUBAHUX
6enux reoxba. Ca nosehameM cajipkaja 6opa nosehasa ce 3anpemuncku yneo M;C kapOupia 10K
3anpeMuHcKH yieo M,Cs kapbua ocraje HenmpoMemeH. [IpucyctBo Gopa o06e30ebyje crapame
TBpAMX Oopuja W/umm GopKapOuia, ajli U ClipevyaBa CTBaparbe NMEepIIuTa, IITO OBE JIEType UMHU
OTIOPHIM Ha Xabarbe.

(ITpumsbeno 23. aBrycra 2000, peBumupato 15. jyna 2002)
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