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Abstract: The novel cast irons of chemical composition (wt%) 0.7C–5W–5Mo–5V–10Cr–2.5Ti were invented with the additions of 1.6wt% B
and 2.7wt% B. The aim of this work was to study the effect of boron on the structural state of the alloys and phase elemental distribution with
respect to the formation of wear-resistant structural constituents. It was found that the alloy containing 1.6wt% B was composed of three eu-
tectics: (a) “M2(C,B)5+ferrite” having a “Chinese Script” morphology (89.8vol%), (b) “M7(C,B)3+Austenite” having a “Rosette” morphology,
and (c) “M3C+Austenite” having a “Ledeburite”-shaped morphology (2.7vol%). With 2.7wt% of boron content, the bulk hardness increased
from HRC 31 to HRC 38.5. The primary carboborides M2(C,B)5 with average microhardness of HV 2797 appeared in the structure with a
volume fraction of 17.6vol%. The volume fraction of eutectics (a) and (b, c) decreased to 71.2vol% and 3.9vol%, respectively. The matrix was
“ferrite/austenite” for 1.6wt% B and “ferrite/pearlite” for 2.7wt% B. Both cast irons contained compact precipitates of carbide (Ti,M)C and car-
boboride (Ti,M)(C,В) with a volume fraction of 7.3%–7.5%. Based on the energy-dispersive X-ray spectroscopy, the elemental phase distribu-
tions and the appropriate phase formulas are presented in this work.
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1. Introduction

Improving the operational durability of machine parts and
tools  is  a  challenging issue [1–4],  which fundamentally de-
pends on the correct selection of material. For many manu-
facturing  processes,  such  as  in  mining,  cement  production,
metallurgy, the use of wear-resistant alloys of various alloy-
ing  systems,  including  white  cast  irons  [5–7],  is  effective.
The  chemical  composition  and  processing  technology  of
these alloys are continuously improving by employing novel
approaches.  The group of  wear-resistant  cast  irons includes
multi-component  cast  irons  developed  in  the  mid-1990s
[8–10]. These cast irons are alloys formed with several strong
carbide-forming elements (Cr, V, W, and Mo) in approxim-
ately equal proportions, focusing on the formation of a multi-
phase structure consisting of hard carbides M7C3, M6C, M2C,
and  MC  embedded  into  the  austenite/martensite  matrix
[11–12].  The  composite-shaped  structure  of  multi-compon-
ent cast irons is beneficial for its exploitation characteristics.
Therefore, they are successfully utilized for the rolls of hot-
strip  mills  and  elements  of  pulverizing  mills  in  cement  in-
dustry [13]. Alternatively, the multi-component cast iron may
contain other elements (Nb, Ni, and Co) to improve the prop-
erties, such as wear resistance, hardenability, and high-tem-

perature erosion [14–16].
Another concept of developing wear-resistant high-boron

cast  irons  is  based  on  partial  replacement  of  a  carbon  by
boron [17–19].  These  alloys  contain  up  to  3.5wt% B (with
optional alloying by chromium) that forms the boride or car-
boboride-based  eutectic.  The  hardness  of  these  borides  is
usually  higher  when  compared  with  that  of  the  carbides
formed  by  the  same  elements  [20–23].  This  ensures  im-
proved wear behavior of the high-boron cast irons [24–26].
Jian et al. [25] found that the wear behavior of high-boron al-
loy can be increased by adding chromium, which improves
the toughness of borides. Zhang et al. [26] reported the excel-
lent wear resistance of Fe–Si–Mn–Cr with 2wt% B alloy at-
tributed  to  the  synergy  between  the  high-hardness  borides
(M3B2 and M2B) and the softer matrix composed of bainite
and  retained  austenite.  Cui et  al. [27]  studied  about  hot
(800°C) wear resistance of Fe–Cr–B alloys containing up to
9wt% of boron and concluded that the specific wear rates of
B-containing specimens were 1/10 of the unreinforced speci-
men. In present work, a novel approach is proposed, which is
the  combination  of  both  the  above  concepts  to  develop  a
multi-component high-boron cast iron. In this study, we fo-
cused on the investigation of the microstructural features and
elemental  phase-distribution  behavior  of  W–Mo–V–Cr–Ti 
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cast irons with different boron contents. 

2. Experimental

In a 25-kg induction furnace, the novel multi-component
high-boron  cast  irons  were  smelted  and  poured  into  sand
molds  to  obtain  a  Y-shaped  casting.  The  target  chemical
composition  (wt%)  of  the  alloys  was  selected  as
0.7C–1Si–1Mn–5W–5Mo–5V–10Cr–2.5Ti  with  different
boron  contents  (1.5wt%  and  2.5wt%).  The  cast  irons  were

smelted using charge materials, such as steel scrap, pig iron,
and  the  master-alloys  of  FeW,  FeMo,  FeCr,  FeV,  FeMn,
FeSi, FeTi, and FeB. Boron was added to the molten mixture
before  it  is  pouring.  The  chemical  compositions  of  the  ob-
tained alloys are presented in Table 1. The alloys were desig-
nated as 1.6B and 2.7B according to their actual boron con-
tent  which  slightly  differed  from  the  target  one.  The  cast
irons were poured into the sand molds. After knocking, the
Y-shaped castings were cut to prepare the specimens for fur-
ther investigation.

 
Table 1.    Chemical composition of the alloys studied wt%

Alloy С В Si Mn Cr Mo V W Ti Al Fe
1.6B 0.77 1.62 1.12 1.16 10.45 5.38 4.97 5.84 2.93 0.05 Bal.
2.7B 0.72 2.75 1.10 0.90 10.35 5.57 5.78 5.05 2.60 0.04 Bal.

 

The microstructure of the alloy was studied after etching
with a 4vol% of nital solution (solution of nitric acid and al-
cohol) using a Nikon Eclipse M200 optical microscope (OM)
and a JEOL JSM-6510 scanning electron microscope (SEM).
The phase chemical  composition and elemental  distribution
were determined by the EDX (energy-dispersive X-ray spec-
troscopy)  method  using  a  JEOL  JED-2300  detector.  The
phase chemical composition of the alloys was studied by X-
ray diffraction (XRD) using a Rigaku IV Pro diffractometer
with Cu-Kα radiation. The hardness was measured by Rock-
well method (scale C) and the microhardness was measured
using Future-Tech FM-300 hardness tester with a load of 20
g. The prediction of phase constituents of the alloys was ful-
filled by Thermo-Calc software.

Using  optical  micrographs  of  the  structure,  the  volume
fractions of the structural components were calculated by the
Rosiwal lineal method [28]. To find the average of the res-
ults, ten micrographs of 440 µm × 600 µm area of the same
magnification for each alloy were used. 

3. Results 

3.1. Thermodynamic modeling

For the evaluation structural formation of alloys, the ther-
modynamic calculations were performed using the Thermo-
Calc  software.  The  temperature  sequence  of  phase  appear-
ances  is  presented  in Table  2.  In  alloy  1.6B,  solidification
starts  at  1451°C  and  titanium  carbide  (TiC)  first  solidifies
from the melt. Then, tungsten boride WB appears at 1358°C.
Ferrite with bcc (body-centered cubic) lattice starts forming
from  1230°C  as  a  result  of  sequential  eutectic  transforma-
tions with the formation of boride WB and boride MoB (be-
gins from 1125°C). At 1030°C, another eutectic transforma-
tion  starts  leading  to  the  formation  of  chromium  carbide

M7C3 crystallization. Titanium boride (TiB2) appears at 950°C,
whereas chromium borides (Cr2B and Cr4B) appear at much
lower temperatures (633 and 550°C, correspondingly).

In alloy 2.7B, the set of equilibrium phases is same as for
alloy 1.6B, but there are some differences. The solidification
begins  from  the  crystallization  of  tungsten  boride  WB  that
appears at a much higher temperature (1470°C) than that of
alloy 1.6B. The crystallization of chromium carbide (M7C3)
starts at 996°C, which is lower than that of alloy 1.6B. Simil-
arly, iron boride (Fe2B) appears at 938°C, which was not pre-
dicted in alloy 1.6B. 

3.2. Microstructure and hardness

Fig. 1 shows the optical images of 1.6B alloy microstruc-
ture. It can be seen that these are neither matrix dendrites nor
primary carbides  or  borides).  So,  the  chemical  composition
of the alloy is near to a eutectic point (Fig. 1(a)). The struc-
ture  is  composed of  three  types  of  eutectics.  The  major  (in
area fraction) eutectic is  seen as the vast  colonies,  which is
consisting  of  dark  contrast  prolonged  hard  phase  fibers
(0.2–0.5 µm thickness) embedded in a light-contrast  matrix
(Fig. 1(b)). The fibers diverged from the colony center in a
radial  direction,  at  an angle of approximately 120°,  making
the periphery of the colony sparser, while the fibers simultan-
eously  become thicker  (up  to  3 µm).  Morphologically,  this
eutectic  is  similar  to  that  of  a “Chinese  Script” eutectic,
which is the characteristic of the light metal-based cast alloys
[29–30].  The  eutectic  fibers  starts  crystallizing  on  the  peri-
phery in a Γ-shape or Π-shape contouring the colony border-
line. The 90° angle of the colony borderline is shown in Fig.
1(b)  by  the  double  arrow.  This  kind  of  eutectic  (“Chinese
Script”-shaped) is denoted by E1.

Two other types of eutectics with different morphologies
are  observed  in  the  gaps  between  the  vast “Chinese  Script”

Table 2.    Starting temperature (ts) of equilibrium phase solidification °C

Alloy TiC WB bcc MoB M7C3 TiB2 Cr2B Cr4B Fe2B
1.6B 1451 1358 1230 1125 1030 950 633 550 —
2.7B 1443 1470 1125 1125 996 970 555 — 938
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eutectic  colonies.  One  of  these  eutectics  has  a “Rosette”-
shaped morphology, which is specific for the M7C3 carbide-
based  eutectic  in  high-chromium  cast  irons  [31].  The  mor-
phological feature of the “Rosette” eutectic is rod-shaped or
plate-shaped hard phase precipitates branched inside the sol-
id solution matrix (Fig. 1(b)). The hard inclusions are much
thicker  than  that  of  the “Chinese  Script” eutectics.  The
“Rosette” eutectic is denoted by E2. Another type of eutectic
has “honeycomb”-shaped  morphology,  which  consists  of
portions  of  solid  solution  matrix  embedded  in  the  carbide
matrix (circled by the dotted line in Fig. 1(c)). This type of
eutectic  is  specific  for  the  cementite-based  eutectic
(“Ledeburite”-shaped) in low-chromium white cast irons [32]
and denoted by E3. In addition to the structural components
of  the  eutectics,  equiaxed  compact  precipitates  of  the  hard
phase are revealed in the structure to be randomly distributed
in the alloy (shown in Fig. 1(d) by the arrows). They have a
close-to-rectangular shape structure with wavy contours. The
precipitate size is 1.5–9 µm with average values of approx-
imately 5 µm.

The  volume  fractions  of “Chinese  Script” eutectic  and
compact precipitates were measured as (89.8±17.2)vol% and
(7.5±1.1)vol%, respectively. Since, accurate identification of
the eutectics E2 and E3 in the structure was difficult, the total
area  fraction  of  the  eutectics  (E2 +  E3)  was  counted  to  be
(2.7±0.7)vol%.

Fig. 2 represents the microstructure of 2.7B alloy. Its dis-
tinct feature is the coarse centrally holed primary precipitates
of rectangular shape with a side of up to 150 µm length (Fig.
2(a)). From these inclusions, the colonies of “Chinese Script”
eutectic grow. The mix of different eutectics (E1, E2, and E3)
is seen (Fig. 2(b)) in between the gaps of the primary inclu-
sions. Fig.  2(a)  and  (b)  present  the  backscattered  electron

composition  (BEC)  images  of  the  primary  inclusions,  the
fibers  of “Chinese  Script” eutectic,  and  the  equiaxed  com-
pact  precipitates  having  a  light  contrast,  which  means  that
they are enriched with the elements of heavy metals (W, Mo)
having  higher  atomic  numbers  [33].  However,  eutectics  E2

and E3 have a dark contrast, i.e., they are enriched with ele-
ments of lower atomic number (V, Cr, Mn, Fe). In comparis-
on with the alloy 1.6B, the matrix of alloy 2.7B comprised
the pearlite-shaped areas consisting of fine lamellar (0.2–0.6
µm width) or grainy (0.2–0.7 µm diameter) precipitates (Fig.
2(c)). The volume fractions of the structural components of
alloy 2.7B were counted as (17.6±6.0)vol% (primary precip-
itates),  (71.2±16.0)vol% (E1),  (3.9±1.4)vol% (E2 +  E3),  and
(7.3±0.4)vol% (compact precipitates) (Fig. 3).

The X-ray diffraction study of the 1.6B alloy revealed the
following  phase  constituents,  specifically: αFe-phase, γFe-
phase, M2B5, M7C3, Ti2B, M3C, and TiC (Fig. 3). According
to the XRD peaks intensity, the α-phase was predominant for
the structure of the 1.6B alloy. Other high-intensity peak at
2θ = 35.4° is close to the peaks of the borides W2B5, Ti2B5,
and  Mo2B5.  Therefore,  the  stoichiometry  of  this  phase  was
suggested as M2B5 (where M = W, Mo, or Ti). The rest of the
phases showed peaks of XRDs with low intensity, indicating
a decreased volume fraction. In the 2.7B alloy, the same set
of phase constituents were found, while the intensities of the
peaks for the M2B5 phase at 2θ = 35.4° was lower than that of
the 1.6B alloy. Instead, the intensive peak at 2θ = 43.5° ap-
peared, which could be attributed to γFe-phase or to borides
(W2B5 and  Ti2B5).  As  no  other  peaks  of  austenite  are  ob-
served on XRD pattern for the 2.7B alloy, the peak at 2θ =
43.5° generally relates to boride M2B5 than to austenite. This
enabled the conclusion that the higher XRD response in M2B5

peaks intensity was due to the appearance of coarse primary

 

(a) (b)

(c) (d)

100 μm 20 μm

20 μm 10 μm

E3

E1

E2

Fig. 1.    Microstructure of the 1.6B alloy: (a) a total view; (b) “Chinese Script” eutectic and “Rosette” eutectic; (c) “Ledeburite”-
shaped eutectic; (d) compact precipitates. The eutectics E2 and E3 are circled by the dotted line.
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inclusions.
According to the measurements by XRD and microstruc-

tural observation, the matrix in the alloys was “ferrite/austen-
ite” in the 1.6B alloy and “ferrite/pearlite” in the 2.7B alloy.

The average bulk hardness values of the alloys 1.6B and
2.7B were measured as HRC 31 and HRC 38.5, respectively.
The microhardness of the structural components of 1.6B al-
loy  was  measured  as  HV 426±66  for “Chinese  Script” eu-
tectic and HV 836±153 for E2/E3 eutectics.  The microhard-
ness of the 2.7B alloy structural components was measured
as  HV  557±136  (“Chinese  Script” eutectic),  HV  745±91
(E2/E3 eutectics),  HV 514±42 (ferrite/austenite  matrix),  HV
488±45  (pearlite  matrix),  and  HV 2797±191  (bulk  primary
precipitates). The microhardness of the compact precipitates
and  eutectic  hard  fibers  was  not  measured  owing  to  their
small sizes. 

3.3. Phase elemental distribution

Figs. 4 and 5 present the EDX-mapping of the elemental
distribution,  where  the  element  content  refers  to  the  color
scale shown on the left side of the map. Fig. 4 shows the 1.6B
alloy featuring the colonies of “Chinese Script” eutectic with

occasional E2/E3 eutectic colonies lying in the gaps between
the E1 colonies. Eutectics E2 and E3 are not seen in the BEC-
image  (Fig.  4(a))  because  of  the  dark  contrast.  Therefore,
they are marked with a dotted line in the image.

As seen in Fig. 4(b–d), the fibers of the hard phase in the
“Chinese  Script” eutectic  are  significantly  enriched  by  W,
Mo, and V. The tungsten content in the “Chinese Script” eu-
tectic  exceeds  that  of  the  molybdenum  and  vanadium  con-
tents. The Cr content in E1 is moderate. Iron is not evenly dis-
tributed in the E1 fibers, the Fe content starts from zero in the
coarse  fibers  to  moderate  in  the  fine  fibers.  Titanium  is
mostly concentrated on the compact inclusions to be slightly
dissolved in the E1 fibers. The sites of the E2/E3 eutectics are
seen in Fig. 4(e) and (f) as the light-contrast areas to be en-
riched by chromium and iron. The content of Fe in the E2/E3

eutectic matrices is higher than the contents of Mo and V. W
and Ti are absent in E2/E3. The matrix of the 1.6B alloy is en-
riched by Fe and Cr and depleted of other alloying elements
(Fig. 4(f)).

In  2.7B alloy,  the  primary  bulk  precipitates  have  a  high
content of W, Mo, and V (Fig. 5(b–d)) and they also contain
a certain amount of Cr and Ti (Fig. 5(e) and (f)). However,
these precipitates are almost completely depleted of iron (Fig.
5(g)). The same elemental distribution is the characteristic for
“Chinese Script” eutectic, which proves that the hard phase in
E1 is heavily alloyed by W, Mo, and V. In contrast, the E2/E3

eutectics have high contents of Cr and Fe. Titanium is gener-
ally concentrated on the compact equiaxed precipitates.

The  mapping  of  EDX was  supplemented  by  EDX point
analysis performed at different phase constituents, such as the
fibers of “Chinese Script” eutectic, the fibers of “Rosette” eu-
tectic  (E2),  the  compact  precipitates,  and  the  matrix. Fig.  6
shows the EDX spectra, which clearly depicts the difference
in phase elemental composition. Figs. 7 and 8 represent the
average phase chemical compositions of the 1.6B and 2.7B

 

(a)

(c)

(b)
Primary

Ti-based

Pearlite

E2

E1

E3

E2

50 μm 20 μm

10 μm

Fig. 2.    Microstructure of the 2.7B alloy: (a) total view (BEC-image); (b) eutectic E1 (light contrast) and eutectics E2/E3 (dark con-
trast) (BEC-image); (c) pearlite areas within the matrix (secondary electron image (SEI)).
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Fig. 3.    XRD patterns for the 1.6B alloy and 2.7B alloy.
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alloys, respectively. In the 1.6B alloy, the fibers of “Chinese
Script” eutectic specially consisted of 11.1±1.5 В, 3.9±0.8 C,
0.3±0.04 Ti,  17.5±1.4  V,  15.8±2.0  Cr,  14.0±0.4  Mo,  16.4±
1.9 W, 0.2±0.1 Mn, and 20.8±1 Fe in wt%. This composition
verifies that the fibers of “Chinese Script” eutectic are carbo-
borides.  The  fibers  of “Rosette” eutectic  appeared  as  the
carbides:  6.9±0.1 C,  0.3±0.03 Ti,  11.8±1.3 V,  38.9±6.8 Cr,
3.8±0.8  Mo,  2.0±0.7  W,  1.2±0.5  Mn,  and  35.1±7.1  Fe  in
wt%. The chemical compositions of the compact precipitates
are  allowed  identifying  them  as  carboborides:  4.83±1.5  В,
12.5±1.6  C,  49.9±8.3  Ti,  12.9±1.5  V,  1.1±0.3  Cr,  0.2±0.1

Mn, 3.48±1.2 Fe, and 15.1±1.6 W in wt%. The matrix of the
1.6B alloy consisted of: 2.6±0.07 C, 9.9±1.6 Cr, 1.2±0.2 Mo,
1.3±0.2 V, 0.6±0.2 W, and 85.3±0.3 Fe in wt%.

In  the  2.7B  alloy,  the  primary  coarse  precipitates  con-
tained  W  ((22.0±1.7)wt%),  V  ((16.1±0.5)wt%),  and  Mo
((15.3±0.3)wt%) with a lower amount of Cr ((11.3±0.6)wt%)
and Ti ((2.5±0.2)wt%). Iron was also present in the coarse in-
clusions  in  the  amount  of  (18.1±0.3)wt%.  The  distinct  fea-
ture  of  these  precipitates  was  the  presence  of  C
((5.1±0.3)wt%)  and  B  ((9.3±1.0)wt%),  indicating  that  they
were  carboborides. “Chinese  Script” fibers  had  approxim-
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ately the same chemical compositions as that of the 1.6B al-
loy (11wt%–18wt% of W, Mo, V, and Cr each, and 1.5±0.2
Ti,  23.4±0.3  Fe,  10.4±0.7  B,  and  4.6±0.5  C  in  weight  per-
cent).

The fibers of the E2 eutectics had heterogeneity for boron
and  carbon,  which  varied  in  the  range  of  0–6.0wt%  and
2.9wt%–4.9wt%,  respectively.  As  compared  with  the  1.6B
alloy,  the  content  of  Cr  in  E2fibers  was  lowered  by  almost
10wt%  ((27.5±0.5)wt%).  The  chemical  composition  of  the
compact Ti-based precipitates was: 8.8wt% C, 69.6wt% Ti,
7.6wt% V, 3.4wt% Mo, and 10.6wt% W. The matrix of the
alloy 2.7B contained (8.3±0.3)wt% Cr and (1.3±0.2)wt% V. 

4. Discussion

As  mentioned  above,  the  cast  irons  being  studied  had  a
multi-phase  status.  The  cast  irons  were  alloyed  by  several
carbide(boride)-forming elements which can be divided into
four groups according to their carbide (or boride) affinity: (a)
Fe  and  Mn  (weak),  (b)  Cr  (moderate),  (c)  W,  Mo,  and  V
(strong),  and  (d)  Ti  (very  strong)  [34].  All  these  elements
compete with each other to bound with carbon and boron un-
der the alloy solidification. Eventually, four main hard phase
constituents  appeared:  (a)  Ti-based,  (b)  W-,  Mo-,  and  V-
based, (c) Cr-based, and (d) Fe-based as measured by XRD.
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Alloying  with  titanium  caused  the  formation  of  Ti-rich
precipitates  of  compact  shape.  The  XRD study showed the
presence  of  Ti2B and  TiC compounds.  The  EDX examina-
tion allowed to  reveal  carboboride (Ti,M)(C,B) in  the 1.6B
alloy and carbide (Ti,M)C in the 2.7B alloy (where M = W,
V, Mo, or Fe).  According to EDX data,  the chemical  com-
position of titanium carboboride was represented by the stoi-
chiometric  formula  (Ti0.39W0.46V0.11Fe0.03)(C0.7B0.3),  whereas
the  formula  to  represent  titanium carbide  was  calculated  as

(Ti0.6W0.30.1Mo0.1)C.  The  precipitates  with  appropriate  TiB2

elemental composition were not found during the EDX study.
The phases (Ti,M)C and (Ti,M)(C,B) have the same mor-

phological features making them difficult to be visually dis-
tinguished in the structure. For the first site, these phases are
seemed evenly distributed in the structure. However, the ana-
lysis of the mapping images (Figs. 3(g) and 4(g)) reveals that
Ti-rich  precipitates  are  generally  concentrated  on  the  peri-
phery of the E1 eutectic colonies (1.6B alloy) or on the peri-
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meter of the primary carboborides (2.7B alloy). This type of
distribution  suggests  that  the  Ti-rich  precipitates  solidified
before the primary carboboride formation (or before the eu-
tectic  reactions)  to  be  further  pushed  aside  to  the  liquid  by
growing carboborides or eutectic colonies. Some Ti-rich pre-
cipitates  are  located  inside  the  coarse  inclusions,  represent-
ing that precipitates of (Ti,M)C and (Ti,M)(C,B) acted as the
nuclei for primary carboborides.

The  trio  of  strong  carbide-  and  boride-forming  elements
“W–Mo–V” with a total amount of 15wt%, bind most of the
boron  and  carbon  atoms to  form carboboride,  M2(B,C)5.  In
the 1.6B alloy, the carboboride M2(B,C)5 crystallizes through
the  eutectic  reaction “L→αFe  +  M2(B,C)5” as  a  fiber  of
“Chinese  Script” eutectic.  According  to  the  EDX  data,  the
stoichiometry of M2(B,C)5 fibers in the 1.6B alloy is presen-
ted as (W0.8Mo0.4Fe0.3V0.2Cr0.2)(C1.4B3.6). Thus, chromium and
iron are partially dissolved in this carboboride. The matrix is
depleted of W, Mo, and V as the contents of Mo and V in the
matrix are less than 2wt% and the content of W is negligible
in the matrix.

Chromium  is  more  uniformly  partitioned  between  the
phases  than  that  of  the  stronger  carbide-forming  elements
with its  concentration in the matrix reaching approximately
9wt%. Since, chromium was added in a much higher content
(10wt%), it was able to bind a certain part of carbon to form a
minor amount of “Rosette” eutectic (austenite + M7C3). The
“Rosette” eutectics  appear  in  the  areas  depleted  of  W,  Mo,
and V.  As “Rosette” eutectic  carbide M7C3 is  contained W,
Mo, V, and Fe, its formula for the 1.6B alloy is (Cr2.6Fe2.6V0.8

W0.5Mo0.5Mn0.1)C3.  In  the  areas  depleted  of  chromium,  the
“Ledeburite”-shaped eutectic (E3) solidified.

As W, Mo, and V are strong ferrite stabilizers and ferrite
and austenite are present in the 1.6B alloy, it can be assumed
that the ferrite belongs to the “Chinese Script” eutectic mat-
rix, whereas austenite was the matrix of the “Rosette” eutect-
ic and “Ledeburite”-shaped eutectic. This assumption corres-
ponds to  the “ferrite/austenite” volume fraction ratio  (XRD
data) “E1/(E2+E3)” volume  fraction  ratio  (according  to  the
OM observation).

The increasing amount of boron content to 2.7wt% altered
the status of alloy from “eutectic” to “hypereutectic”. This re-
vealed  the  crystallization  of  coarse  primary  rectangular-
shaped  carboborides  M2(B,C)5 of  stoichiometry  (W1.0Mo0.36

Fe0.25V0.21Cr0.15Ti0.03)(C1.9B3.1).  The  microhardness  of  these
precipitates  (approximately  HV  2600–3000)  is  higher  than
that of the tungsten carbides W2C (HV 1700 [32]) and WC
(HV 2200–2400 [35–36]). The hardness increased by adding
more boron and by complex alloying. One can assume that
the  similar  microhardness  is  also  the  characteristics  of  the
carboborides  in  the “Chinese  Script” eutectic.  The  volume
fraction  of  primary carboboride  was  17.6vol%;  hence,  they
accumulated a significant part of W, Mo, V, and Cr from the
liquid phase before the eutectic reactions during crystalliza-
tion  process.  As  a  result,  the  M2(B,C)5 fibers  of “Chinese
Script” eutectic were depleted by tungsten in favor of chro-
mium  and  iron  and  it  can  be  represented  by  the  formula

(W0.6Mo0.4Fe0.4V0.2Cr0.3)(C1.7B3.4).  Similarly,  the  fibers  of
“Rosette”-shaped eutectic were depleted of Cr, Mo, W, and
V in favor of iron and boron. Thus, carbide M7C3 changed to
carboboride M7(C,B)3 which can be represented by the for-
mula  (Fe4.3Cr1.8Mo0.3V0.2W0.1Mn0.1)(C2.6B0.4).  The  matrix  of
the 2.7B alloy was also depleted by W, Mo, V, and Cr, which
caused  a  transformation  of  depleted  austenite  into  pearlite
during cooling to room temperature [37].

Generally,  the  revealed  phase  composition  of  the  alloys
corresponds to a thermodynamic calculation.  The main dif-
ference  between  experimental  and  calculated  results  is,  in-
stead of separate sequential crystallization of borides of tung-
sten, molybdenum, vanadium, and chromium that under real
conditions, a complex carboboride M2(B,C)5 was formed, in-
cluding all of the above elements. Also, the presence of aus-
tenite in 1.6B alloy was not predicted by calculation. The ap-
pearance of austenite is caused by inhomogeneity in carbon
distribution, which is a result of elemental liquation.

The increase in boron content affected the microhardness
of the eutectic colonies of “Chinese script” and E2/E3, result-
ing in a difference between the alloys. This difference can be
explained concerning the chemical composition and the size
of the hard fibers (carbides or carboborides) included in the
eutectic colonies. The microhardness of the eutectic is a com-
plex (integral) value depending on the hardness and relative
position/dimensions of the matrix and hard phase. In 2.7B al-
loy, “Chinese  script” is  harder  because  of  the  presence  of
thicker fibers, which is 0.5–1.8 µm for 2.7B alloy, whereas it
is 0.2–0.5 µm for 1.6B alloy. Thus, thicker fibers increase the
contribution of carboborides into the integral microhardness
of “Chinese script” in 2.7B alloy in comparison with 1.6B al-
loy. On the contrary, 2.7B alloy shows lower microhardness
of E2/E3 eutectic colonies. This can be attributed to the much
lower (by 10wt%) content of the main element, chromium, in
eutectic  carbide  M7C3 under  the  increase  of  boron  as  men-
tioned above.

This work shows that the experimental multi-component
high-boron  cast  irons  are  composite-shaped  materials  con-
taining an increasing number of very hard carboborides and
carbides  in  the  structure,  which  could  be  beneficial  for  the
wear performances of the alloys. 

5. Conclusions

This paper investigated the structural features of the multi-
component  cast  iron  alloys  formed  by  1.6wt%–2.7wt%  of
boron. We conclude the following observations based on the
analysis of the results.

(1)  Multi-component  high-boron  cast  irons  containing
nominal  (wt%)  0.7C–1Si–1Mn–5W–5Mo–5V–10Cr–2.5Ti
were fabricated with different boron contents of 1.6wt% and
2.7wt%.  It  was  found  that  the  chemical  composition  of
1.6wt% B cast iron corresponds to a eutectic point. Its micro-
structure  is  consisted  of  fine  eutectic  carboborides  and
carbides  embedded in  a “ferrite/austenite” matrix.  Specific-
ally,  the structural  components of  1.6wt% B cast  iron were
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(a) “Chinese  Script” eutectic “αFe+(W,Mo,V,Cr,Ti)2(B,C)5”
(major in volume fraction), (b) the “Rosette”-shaped eutectic
“γFe+(W,Mo,V,Cr,Ti)7C3”, (c) “Ledeburite”-shaped eutectic
“γFe+M3C”, and (d) Ti-rich precipitates.

(2)  The  increase  in  boron  content  to  2.7wt% resulted  in
“shifting” of the alloy to the hypereutectic domain that led to
the  appearance  of  coarse  primary  carboborides  (W,Mo,V,
Cr,Ti)2(B,C)5 of  rectangular  shape  with  a  microhardness  of
HV 2797±191.  This  triggered  a  sharp  depletion  of  eutectic
carboborides and carbides by W, Mo, V, and Cr. The matrix
was also depleted by Cr, Mo, and W, which resulted in the
transformation of austenite into pearlite.

(3)  Titanium  carbides  (Ti,W,Mo,V)C  and  carboborides
(Ti,W,Fe,Cr,V)(C,B) of compact equiaxed shape were EDX-
revealed in both cast irons to be preferentially distributed at
the  periphery  of  the  eutectic  colonies  or  primary  carbobor-
ides, which demonstrates their crystallization before process
of solidification of the primary carboborides and the eutectic
reactions. 
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