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Abstract 
 
The subject of the work is to prove that correct inoculation improves the properties of high chromium cast iron. The analysis was 
performed in terms of the effect of Fe-Nb-based and Fe-Ti-based inoculators on the starting alloy. Defects in castings such as porosity 
cracks and shrinkage cavities are a huge problem for companies producing chromium iron range. Reducing the occurrence of the 
aforementioned defects will result in more profitable and repeatable production. A stabilized and controlled production process provides 
guarantees of competitiveness in terms of price as well as timing in the market. It seems that the procedure of inoculation of HCCI cast 
iron, which has not yet been implemented on an industrial scale, turns out to be helpful in these problems. The inoculation used should 
have a significant effect on the fragmentation of the primary austenite structure as well as affect the alloy in the area of carbide eutectic 
crystallization. The thesis that can be formulated is that the inoculation will allow to improve the functional properties of castings free 
from defects such as hot cracking. Industrial tests were carried out at the “Swidnica” Foundry Ltd. which made it possible to show that it is 
possible to perform correct inoculation of high chromium cast iron under the conditions of the foundry's production line. In addition, it was 
shown that the inoculation of Fe-Nb better than Fe-Ti affects the functional properties of the inoculated alloy. It turned out that a small 
addition of Fe-Ti inoculant leads to the formation of TiC carbides. In contrast, the formation of NbC carbide was not demonstrated in the 
study with the use of Fe-Nb inoculant.  In this case, the formation of an intermetallic phase was observed.  
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1. Introduction  
 

Swidnica Foundry Ltd. is a company that manufactures 
components for industries where high resistance to abrasive wear 
is required. Various industries require solutions that increase the 
life of operating components exposed to aggressive and highly 
abrasive factors. Production processes in the mining as well as 
energy industries are exposed to extreme abrasive as well as 
impact conditions. Materials that are used in these industries must 
be characterized by high abrasion resistance and crack resistance. 
Improving these properties in the material used for castings 

mounted in equipment will guarantee a reduction in operating 
costs as well as reduce downtime, resulting in improved 
production efficiency. Considering, for example, the cement 
industry, the improvement of abrasion and impact strength results 
in the possibility of increasing the throughput of the ground 
charge [1-6]. 

These alloys belong to the group of white cast irons, which 
are distinguished primarily by: a white-colored breakthrough and 
a structure in which graphite is absent, carbon is present in the 
metal matrix or bound in the form of carbides [7-10]. The high 
chromium content of high chromium cast iron allows it to achieve 
very good hardenability during heat treatment processes. Thanks 
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to the carbides present, it has very good resistance to abrasive 
wear, and thanks to the addition of chromium in its composition, 
it provides corrosion resistance. High-chromium cast iron has an 
important advantage all the parameters mentioned above retain 
their values at elevated temperatures, which is often very 
important when selecting structural materials in industries 
requiring wear resistance[11-16]. 

Chromium is the most common element chosen as an additive 
to increase hardness and the proportion of carbide precipitates. It 
is important that in the presence of other highly carbide-forming 
elements and a constant C content, chromium should be kept at a 
low level so as to protect against the formation of other hard 
carbides. The carbon content should be controlled so as to allow 
the formation of an adequate amount of other chromium carbides 
[17-19]. An increase in Cr content changes the structure and 
properties of chromium carbides from M3C to M7C3 or M23C6 
carbides. The symbol “M” denotes the elements that can be bound 
in the carbides, in the case of high chromium cast iron mainly Cr 
[20-22]. Of all carbides, M7C3 has the highest hardness which 
results in the least amount of wear loss [20]. Not all carbides 
develop a similar morphology. M7C3 carbide forms as isolated 
carbides as in the case of primary carbides, they form continuous 
crystal lattices between growing dendrites just like eutectic 
carbides [23-24]. Carbides whose interconnections are arranged in 
rods or plates are M3C and M23C6 carbides [24-26]. Table 1 
presents the hardnesses of exemplary carbides. 

 
Table 1. 
Hardnesses of examples of carbides found in high chromium cast 
iron [27] 

Carbide Hardness  (HV) 

Boron carbide, B4C 1800 – 3500 
Titanium carbide, TiC 2000 – 3200 
Vanadium carbide, VC 2460 – 3150 
Niobium carbide, NbC 2400 – 2850 
Tungsten carbide, WC 2000 – 2400 
Chrome carbide type, M7C3 1200 – 1800 
Chromium carbide type, M23C6 1140 – 1500 
Molybdenum carbide, Mo2C 1500 
Chromium carbide type, M3C 1300 

 

 
An analysis of the literature on improving the wear resistance 

of Fe-C alloys indicates that, in addition to research conducted on 
classic wear-resistant alloys, such as high chromium cast irons, 
studies are often conducted on castings with wear-resistant 
composite zones [28-35] or in which the matrix throughout the 
volume is reinforced with carbides. The latter, which is realized 
during the metallurgical process, allows the entire volume of the 
liquid steel to produce primary carbides of vanadium, titanium or 
niobium either in a matrix of high-manganese austenite, Cr-Ni 
corrosion-resistant austenite or in alloyed martensitic and 
martensitic steel with residual austenite. In such alloys, during 
sand abrasion resistance tests, the authors obtained at least twice 
the abrasive wear resistance compared to reference samples. In 
these studies, the authors additionally point to the implicytny of 

the solution, the possibility of inoculating the liquid steel before 
casting, and the possibility of reducing the cost of smelting high-
chromium alloys by partially replacing chromium with elements 
with a higher affinity for carbon [36-45]. 

Carbides with a wall-centered MC crystal structure are hard 
compounds introduced into HCCI cast iron to improve its wear 
resistance. A distinction is made between Zr, V, W, Ti, and Nb 
carbides [46-48]. Research in white cast iron has focused on 
vanadium, titanium, and niobium carbides [49-50].  

NbC appears to be a very promising carbide resulting in 
improved properties of white cast iron due to its increased 
hardness. In his article, Guesser [51] described a study in which 
he added niobium to chromium cast iron with Cr content of 18%, 
and carbon content of 3%. He showed, niobium additions above 
1% showed no significant improvement in the properties of these.   

In order to improve the microstructure, it is necessary to 
change the carbide morphology, which improves the mechanical 
properties. The addition of inoculants during pouring such as TiC 
and NbC results in the introduction of heterogeneous M7C3 
carbide nucleation pads into the alloy, resulting in improved 
microstructure of the casting. The addition of powdered niobium 
or titanium which reacted with carbon to form carbides in the 
matrix has been described in studies [52-55].  

Production of high chromium iron castings, however, is 
associated with the occurrence of casting defects such as hot 
porosity cracks or shrinkage cavities. Example images of defects 
are shown in Figure 1.   

 
a) b) 

  
c) d) 

  
Fig. 1. Examples of casting defects in HCCI cast iron: (a)porosity, 

(b) hot cracking, (c) shrinkage cavity, (d) impact fracture 
 
 

2. Phase analysis of cast iron performed 
with Thermocalc software 
 

Diagrams from the ThermoCalc program showing curves of 
the molar proportion of each phase as a function of temperature 
are presented in the graphs. Figures 3 and 4 present the niobium- 
inoculation alloy with respect to the starting alloy for inoculation 
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(in Figure 2). Figures 5 and 6 present the titanium- inoculation 
alloy also in relation to the starting alloy for inoculation. From the 
phase diagrams showing changes in the occurrence and content of 
the various phases in the niobium- inoculation and titanium- 
inoculation high chromium cast iron, we can see several key 
changes depending on the increasing content of the inoculation 
element of the base alloy. 

 

 
Fig. 2.. Molar contribution of individual phases as a function  

of temperature during solidification 
 

 
Fig. 3. Molar contribution of individual phases as a function  

of temperature during solidification- alloy inoculation 0,5% Nb 
 

 
Fig.4. Molar contribution of individual phases as a function  

of temperature during solidification- alloy inoculation 1.0 % Nb 
 

 
Fihg. 5. Molar contribution of individual phases as a function  

of temperature during solidification- alloy inoculation 0,5 % Ti 
 

 
Fig. 6. Molar contribution of individual phases as a function  

of temperature during solidification- alloy inoculation 1.0% Ti 
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For each of the above diagrams, the mass fractions of each 
element in each of the phases present are summarized in Tables 2-
6. Fe-Nb and Fe-Ti inoculation alloys are juxtaposed with the 
starting alloy for inoculation. 

 
Table 2.  
Phase composition of base alloy for inoculation 

Phase Fe Si Mn Ni Cr P Cu Mo C S Nb Ti

Component 0,76 9,1E-03 7,8E-03 1,7E-03 0,20 2,5E-04 6,8E-04 8,9E-04 0,03 1,2E-04 0 0

BCC_A2#1 0,99 0,01 5,5E-05 3,9E-05 1,4E-06 1,5E-07 1,3E-09 6,3E-12 6,5E-13 5,8E-13 0 0

FCC_A1#1 3,4E-11 4,4E-13 1,2E-03 1,2E-05 8,2E-13 3,4E-11 0,9987 6,0E-09 1,9E-13 5,0E-13 0 0

G_PHASE#12,1E-12 0,13 0,22 0,64 0 0 0 0 0 0 0 0

M23C6#1 0,010 0 0,35 2,1E-07 0,59 0 0 1,3E-08 0,06 0 0 0

M23C6#2 0,17 0 5,2E-05 2,1E-06 0,57 0 0 0,20 0,05 0 0 0

M2P#1 0,04 0 0 0,75 6,7E-04 0,21 0 0 0 0 0 0

M3C2#1 0 0 0 0,00 0,87 0 0 7,4E-12 0,13 0 0 0

M3P#1 0,52 0 0 0,13 0,20 0,16 9,7E-13 0 0 0 0 0

M7C3#1 6,3E-04 4,9E-13 0,01 2,4E-10 0,90 0 0 2,4E-06 0,09 0 0 0

MNS#1 6,4E-13 0 0,63 0 0 0 7,3E-13 0 0 0,37 0 0  
 
Table 3.  
Phase composition of the inoculation alloy 0,5% Nb 

Phase Fe Si Mn Ni Cr P Cu Mo C S Nb Ti

Component 0,75 9,1E-03 7,8E-03 1,7E-03 0,20 2,5E-04 6,5E-04 8,9E-04 0,03 1,2E-04 5,0E-03 0

BCC_A2#1 0,99 0,01 5,5E-05 3,9E-05 1,4E-06 1,5E-07 1,3E-09 6,3E-12 6,5E-13 5,8E-13 1,7E-12 0

FCC_A1#1 3,4E-11 4,4E-13 1,2E-03 1,2E-05 8,2E-13 3,4E-11 1E+00 6,0E-09 1,9E-13 5,0E-13 1,5E-12 0

FCC_A1#2 2,8E-09 3,3E-13 1,9E-06 6,0E-10 0,32 3,7E-13 7,6E-13 1,1E-12 0,14 3,8E-13 0,54 0

G_PHASE#1 2,0E-12 0,13 0,22 0,64 0 0 0 0 0 0 4,8E-04 0

M23C6#1 9,8E-03 0 0,35 2,1E-07 0,59 0 0 1,3E-08 0,06 0 0 0

M23C6#2 0,17 0 5,2E-05 2,1E-06 0,57 0 0 0,20 0,05 0 0 0

M2P#1 0,04 0 0 0,75 6,7E-04 0,21 0 0 0 0 0 0

M3C2#1 0 0 0 0 0,87 0 0 7,4E-12 0,13 0 0 0

M3P#1 0,52 0 0 0,13 0,20 0,16 9,7E-13 0 0 0 0 0

M7C3#1 6,3E-04 4,9E-13 0,01 2,4E-10 0,90 0 0 2,4E-06 9,0E-02 0 1,6E-12 0

MNS#1 6,4E-13 0 0,63 0 0 0 7,3E-13 0 0 0,37 0 0  
 
Table 4.  
Phase composition of the inoculation alloy 1.0 % Nb 

Phase Fe Si Mn Ni Cr P Cu Mo C S Nb Ti

Component 0,75 9,1E-03 7,8E-03 1,8E-03 0,195 2,5E-04 6,4E-04 8,9E-04 0,03 1,2E-04 0,01 0

BCC_A2#1 9,9E-01 0,01 5,5E-05 3,9E-05 1,4E-06 1,5E-07 1,3E-09 6,3E-12 6,5E-13 5,8E-13 1,7E-12 0

FCC_A1#1 3,4E-11 4,4E-13 1,3E-03 1,2E-05 8,2E-13 3,4E-11 1E+00 6,0E-09 1,9E-13 5,0E-13 1,5E-12 0

FCC_A1#2 2,8E-09 3,3E-13 1,9E-06 6,0E-10 0,32 3,7E-13 7,6E-13 1,1E-12 0,14 3,8E-13 0,54 0

G_PHASE#1 2,0E-12 0,13 0,22 0,64 0 0 0 0 0 0 4,8E-04 0

M23C6#1 9,8E-03 0 0,35 2,1E-07 0,59 0 0 1,3E-08 0,06 0 0 0

M23C6#2 0,17 0 5,2E-05 2,1E-06 0,57 0 0 0,20 0,05 0 0 0

M3C2#1 0 0 0 0 0,87 0 0 7,4E-12 0,13 0 0 0

M3P#1 0,52 0 0 0,13 0,20 0,16 9,7E-13 0 0 0 0 0

M7C3#1 6,3E-04 4,9E-13 1,1E-02 2,3E-10 0,90 0 0 2,4E-06 0,09 0 1,6E-12 0

MNS#1 6,4E-13 0 0,63 0 0 0 7,3E-13 0 0 0,37 0 0  
 
Table 5.  
Phase composition of the inoculation alloy 0,5% Ti 

Phase Fe Si Mn Ni Cr P Cu Mo C S Ti Nb

Component 0,75 0,01 7,8E-03 1,8E-03 0,20 2,5E-04 6,5E-04 8,9E-04 0,03 1,2E-04 0,01 0

BCC_A2#1 9,9E-01 0,01 5,5E-05 3,9E-05 1,4E-06 1,5E-07 1,3E-09 6,3E-12 6,5E-13 5,8E-13 8,7E-13 0

FCC_A1#1 3,4E-11 4,4E-13 1,3E-03 1,2E-05 8,2E-13 3,4E-11 1E+00 6,0E-09 1,9E-13 5,0E-13 7,5E-13 0

FCC_A1#2 9,3E-13 4,7E-13 2,7E-06 9,8E-13 3,0E-02 5,2E-13 1,1E-12 3,4E-10 0,20 5,3E-13 0,77 0

G_PHASE#1 2,1E-12 1,3E-01 0,22 0,64 0 0 0 0 0 0 7,4E-10 0

M23C6#1 0,01 0 0,35 2,1E-07 0,59 0 0 1,3E-08 0,06 0 0 0

M23C6#2 0,17 0 5,2E-05 2,1E-06 0,57 0 0 0,20 0,05 0 0 0

M2P#1 0,04 0 0 0,75 6,8E-04 0,21 0 0 0 0 0 0

M3C2#1 0 0 0 0 0,87 0 0 7,4E-12 0,13 0 0 0

M3P#1 0,52 0 0 0,13 0,20 0,16 9,7E-13 0 0 0 0 0

M7C3#1 6,3E-04 4,9E-13 0,01 2,4E-10 0,90 0 0 2,4E-06 0,09 0 0 0

MNS#1 6,4E-13 0 0,63 0 0 0 7,3E-13 0 0 0,37 0 0

TI4C2S2#1 0 0 0 0 0 0 0 0 8,6E-02 2,3E-01 6,8E-01 0  
 
 

Table 6.  
Phase composition of the inoculation alloy 1.0% Ti 

Phase Fe Si Mn Ni Cr P Cu Mo C S Ti Nb

Component 0,75 0,01 0,01 1,7E-03 0,20 2,5E-04 6,5E-04 8,9E-04 2,8E-02 1,3E-04 0,01 0

BCC_A2#1 0,99 0,01 5,5E-05 3,9E-05 1,4E-06 1,5E-07 1,3E-09 6,3E-12 6,5E-13 5,8E-13 8,7E-13 0

FCC_A1#1 3,4E-11 4,4E-13 1,2E-03 1,2E-05 8,2E-13 3,4E-11 1E+00 6,0E-09 1,9E-13 5,0E-13 7,5E-13 0

FCC_A1#2 9,3E-13 4,7E-13 2,7E-06 9,8E-13 0,03 5,2E-13 1,1E-12 3,4E-10 2,0E-01 5,3E-13 7,7E-01 0

G_PHASE# 2,1E-12 0,13 0,22 0,64 0 0 0 0 0 0 7,4E-10 0

M23C6#1 0,01 0 0,35 2,1E-07 0,59 0 0 1,3E-08 5,6E-02 0 0 0

M23C6#2 0,17 0 5,2E-05 2,1E-06 0,57 0 0 0,20 5,1E-02 0 0 0

M3C2#1 0 0 0 0 0,87 0 0 7,4E-12 1,3E-01 0 0 0

M3P#1 0,52 0 0 0,13 0,20 0,16 9,7E-13 0 0 0 0 0

M7C3#1 6,3E-04 4,9E-13 0,01 2,3E-10 0,90 0 0 2,4E-06 9,0E-02 0 0 0

MNS#1 6,4E-13 0 0,63 0 0 0 7,3E-13 0 0 3,7E-01 0 0

TI4C2S2#1 0 0 0 0 0 0 0 0 8,6E-02 2,3E-01 6,8E-01 0  
 
 

3. Research Methodology 
 

The melting was carried out in a 2-ton medium-frequency 
induction furnace from Termetal. The metal was poured into an 
intermediate ladle (1500℃), in which transport to the pouring 
station was realized. The inoculator was dosed onto the metal 
stream during pouring. The dosing temperature of the inoculator 
with a granulation of 0.2 0.7mm was 1420℃. The inoculators 
used in the study were Fe-Nb and Fe-Ti. The chemical 
composition is presented in Table 7. 

 
Table 7.  
Chemical composition of individual alloys 

Element 
[% mas.] 

 C Si Mn P S Cr Ni Cu Ti Nb Al. 

Reference I 2,93 0,645 0,855 0,0205 0,0252 20,66 0,181 0,055 0,0014 <0,001 0,0022 

0,15 % FeNb 2,92 0,644 0,850 0,0223 0,0252 20,66 0,182 0,055 0,0015 0,088 0,0023 

0,31 % FeNb 2,93 0,648 0,852 0,0223 0,0253 20,60 0,180 0,054 0,0011 0,179 0,0020 

0,77 % FeNb 2,90 0,646 0,854 0,0224 0,0252 20,62 0,182 0,056 0,0013 0,495 0,0025 

1,08 % FeNb 2,90 0,647 0,854 0,0223 0,0251 20,66 0,183 0,055 0,0015 0,710 0,0022 

1,54 % FeNb 2,89 0,645 0,856 0,0223 0,0251 20,65 0,181 0,056 0,0017 0,952 0,0022 

2,31 % FeNb 2,90 0,648 0,856 0,0224 0,0252 20,65 0,182 0,056 0,0015 1,489 0,0021 

Reference II 2,94 0,645 0,853 0,0215 0,0262 20,66 0,382 0,055 0,0014 <0,001 0,0024 

0,13 % FeTi 2,92 0,644 0,854 0,0206 0,0253 20,66 0,183 0,054 0,0551 <0,001 0,0025 

0,27 % FeTi 2,90 0,645 0,856 0,0205 0,0252 20,65 0,182 0,055 0,0978 <0,001 0,0023 

0,67 % FeTi 2,90 0,645 0,855 0,0205 0,0253 20,66 0,182 0,054 0,352 <0,001 0,0026 

0,93 % FeTi 2,89 0,644 0,855 0,0206 0,0252 20,64 0,183 0,056 0,601 <0,001 0,0025 

1,33 % FeTi 2,89 0,646 0,856 0,0204 0,0253 20,66 0,181 0,056 0,925 <0,001 0,0024 

2,00 % FeTi 2,88 0,645 0,854 0,0203 0,0253 20,65 0,182 0,056 1,442 <0,001 0,0024 

 
 

 
 
3.1. Metallographic Analysis 
 

The samples for metallographic analysis were made with a 
Struers Tegramin - 20 laboratory grinding and polishing machine 
using magnetic abrasive discs with gradations from 120 to 1200, 
using water as a cooling and lubricating medium. During 
grinding, the speed of the disc was 300rpm, and the samples were 
pressed against the disc with a force of 40N. The samples were 
then polished on MD - NAP polishing cloth in the presence of DP 
- Lubricant Blue and 9µm and 3µm diamond slurry. The samples 
were polished at a disc speed of 150rpm and a pressure of up to 
25N. The metallographic specimens prepared in this way were 
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etched with Vilell’a reagent for approximately one minute - to 
obtain adequate contrast between the phases present.  

Microstructure images were taken on a MEF - 4M by Leica. 
Optical microscopy was used to determine the fragmentation of 
the microstructure along with an analysis.  

On the other hand, SEM technology was used to determine 
the morphology of the precipitates present in the microstructure 
and to study the chemical composition of the different phases 
using an EDS detector.  

 
 

3.2. Tests of resistance to hot cracking - 
Althoff-Radtke test 
 

As part of the work, a study was carried out on the resistance 
of cast iron to hot cracking. A base alloy melting was performed 
and a inoculation procedure was carried out with ferroalloys: Fe-
Nb and Fe-Ti. Each inoculation alloy was poured into a mold, 
which contained a model of the A-R test. An example of the mold 
is presented in Figure 7. 
 

 
Fig. 7. Form with strut rods installed (A) 

 
Breaks were taken from the longest of the brackets at the 

corners, where the risk of hot cracking is greatest. This step of the 
study focused on comparing the breakthroughs obtained in tests 
with the addition of different amounts of inoculator relative to the 
base alloy for inoculation. The breakthrough results of the 
Althoff-Radtke method are shown in Figures 8 and 9. In each 
photograph, from left: the base alloy, and inoculation with a 
particular dose of the inoculation element, which was Nb in the 
first case, and Ti in the second case. 
 

 
Fig. 8. Results of the Althoff-Radtke test: 

From left, reference sample; 0.15 % Fe-Nb; 0.31 % Fe-Nb;     
0.77 % Fe-Nb; 1.08 % Fe-Nb; 1.54 % Fe-Nb; 2.31 %Fe-Nb. 

 
Fig. 9. Results of the Althoff-Radtke test 

From left, reference sample; 0.13 % Fe-Ti; 0.27 % Fe-Ti; 
 0.67 % Fe-Ti; 0.93 % Fe-Ti; 1.33 % Fe-Ti; 2.00 % Fe-Ti. 

 
In the absence of buckle breakage during solidification, 

mechanical breakage of unbroken buckles was necessary. The 
conducted tests made it possible to check which inoculating 
element has the best effect on eliminating hot cracking. The 
element with the greatest inoculating potential turned out to be 
niobium. No cracking occurred on any of the buckles; all of the 
buckles had to be mechanically fixed. The longest of the buckles 
had a small crack but without black areas, which indicates that 
there was no hot cracking but cold cracking, which probably 
occurred when the casting was pulled from the mold. The 50mm, 
150mm and 250mm buckles showed no cracks, so only the 
breakthroughs taken from the longest buckles, where the risk of 
hot cracking is greatest, are summarized in Figures 8 and 9. 

The use of titanium as a inoculation element also reduced the 
occurrence of hot cracking relative to the starting sample for the 
inoculation treatment. In Figure 9, it can be observed that at 
0.13% Ti content there was a black area, which indicates that hot 
cracking occurred but only on the longest of the buckles. The 
breaks of buckles of lengths 50, 150, 250mm did not show hot 
cracking. The dosage of higher titanium content surfaced to 
eliminate the occurrence of hot cracking of the inoculation alloys. 
The titanium and niobium contents of the liquid alloy were 
chosen for further study at 0.5% and 0.7%. 
 
 
3.3. Casting of specimens intended for 
strength properties testing 
 

In the following experiments, two melt inoculation were 
carried out: 0.67%, 0.93 Fe-Ti and 0.77% and 1.08% Fe-Nb. The 
chemical compositions of the melts are shown in Table 8. The 
inoculator was dosed into the metal boil at 1460⁰C From these 
melts, samples were prepared for strength tests.. 

 
Table 8.  
Chemical composition of smelts sampled for strength and 
abrasion testing 

Element 
[% mas.] 

 C Si Mn P S Cr Ni Cu Ti Nb Al. 

Reference I 2.93 0.645 0.855 0.0205 0.0252 20.66 0.181 0.055 0.0014 <0.001 0.0022 

0.77 % FeNb 2.90 0.646 0.854 0.0224 0.0252 20.62 0.182 0.056 0.0013 0.495 0.0025 

1.08 % FeNb 2.90 0.647 0.854 0.0223 0.0251 20.66 0.183 0.055 0.0015 0.710 0.0022 

Reference II 2.94 0.645 0.853 0.0215 0.0262 20.66 0.182 0.055 0.0014 <0.001 0.0024 

0.67 % FeTi 2.90 0.645 0.855 0.0205 0.0253 20.66 0.182 0.054 0.352 <0.001 0.0026 

0.93 % FeTi 2.89 0.644 0.855 0.0206 0.0252 20.64 0.183 0.056 0.601 <0.001 0.0025 

 
 



A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 5 ,  I s s u e  4 / 2 0 2 5 ,  1 9 8 - 2 1 0  203 

3.4. Impact resistance and hardness 
 

A Charpy pendulum hammer 300J was used for the tests. The 
test involves breaking a sample placed in the lower part of the 
hammer. The arm, moving under the influence of gravity, strikes 
the sample and breaks it. The hammer is equipped with a scale on 
which we can directly read the energy used to break the sample or 
the maximum angle of deflection. 

Hardness was tested using the Rockwell method. The test 
consisted of measuring the increase in the depth of the 
indentation. A diamond cone with an angle of 120° and a tip 
radius of 0.2 mm was used as the indenter. Due to the hardness of 
the tested material, the HRC scale was used for the tests. The 
measurement consisted of pressing the cone into the tested 
material in two stages at right angles. After releasing the force, 
the result on the C scale was read on a microscope on the device. 
 
 

4. Research results 
 
 
4.1. Optical microscope structure of starting 
cast iron for inoculation 
 

Microstructures of chrome cast iron starting for inoculation 
made on optical microscope are shown in Figure 10. 

 

a)  

b)  
Fig. 10. Microstructure of starting cast iron for inoculation: (a) 

100x magnification, (b) 500x magnification 

4.2. SEM analysis of Fe-Nb- inoculated cast 
iron 
 

Figures 11 and 12 show SEM microstructure imaging. The 
EDS detector images were taken at 1000x magnification to 
accurately measure the chemical composition for each phase. The 
analysis showed the existence of chromium carbides in the 
structure of the primary phase and a chromium iron matrix 
characterized by a characterized by a high content of the alloying 
element Cr.  

 

 
Fig. 11. SEM microstructure of chromium cast iron inoculation 
with 0.77% Fe-Nb, EDS chemical composition at the marked 

points is given below the figure 
 

Point 2 

 
 

Point 4 

 
 



204 A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 5 ,  I s s u e  4 / 2 0 2 5 ,  1 9 8 - 2 1 0  

 
Fig. 12. SEM microstructure of chromium cast iron inoculation 

with 1.08%Fe-Nb, EDS chemical composition at the marked 
points is given below the figure 

 
Point 3 

 
 

Point 6 

 
 

4.3. SEM analysis of Fe-Ti inoculated cast iron 
  
Figures 13 and 14 show SEM microstructure imaging. The 

EDS detector images were taken at 1000x magnification  
to accurately measure the chemical composition for each phase. 
The analysis showed the existence of chromium carbides in the 
structure of the primary phase and a chromium iron matrix 
characterized by a characterized by a high content of the alloying 
element Cr. 

 
Fig. 13. SEM microstructure of chromium cast iron inoculation 

with 0.67%Fe-Ti, EDS chemical composition at the marked 
points is given below the figure 

 
Point 1 

 
Point 4 

 
 

 
Fig. 14. SEM microstructure of chromium cast iron inoculation 

with 0.93% Fe-Ti, EDS chemical composition at the marked 
points is given below the figure 
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Point 2 

 
Point 4 

 
 
 
4.4. Identification of phases in Fe-Nb and Fe-
Ti inoculated irons 
 

Figures 15 and 16 present scanning microscope images from 
which the phase analysis was performed using EDS chemical 
composition. When an Nb-based inoculator is used, a niobium-
rich intermetallic phase is formed in addition to carbides in the 
structure. 

 

 
Fig. 15. SEM microstructure of Fe-Nb- inoculation chromium cast 

iron, EDS chemical composition spectra at labeled points  
are provided below the figure 

 
 
 
 
 
 
 

a)  
 

b)  
 

c)  
Fig. 16. EDS analysis spectra for the measurement points in 

Figure 15: (a) point 1; (b) point 2; (c) point 3 
 

Using a titanium-based innoculator, carbides and sulfides are 
formed in the structure as shown in Figure 17. EDS spectra 
allowed assessment of the chemical composition at each point in 
the structure. figure 18. Figure 19 presents the microstructures of 
the reduced carbon melt. The images are shown for illustrative 
purposes to show the reduction of carbides present in the alloys. 
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Fig. 17. SEM microstructure of Fe-Ti- inoculation chromium cast 

iron, EDS chemical composition spectra at labeled points are 
provided below the figure 

 

a)  

b)  

c)  
Fig. 18. EDS analysis spectra for the measurement points in 

Figure 17: (a) point 1; (b) point 2; (c) point 3 

a)  

b)  

c)  
Fig.19. Microstructures of a reduced carbon melt:  

a) Reference II, b) inoculation Fe-Nb, c) inoculation Fe-Ti 
 

 
4.5. Impact resistance and hardness 
 

From the graph in figure 20, it is possible to analyse the 
properties of high-chromium cast iron inoculation with Fe-Ti and 
Fe-Nb additives in two melt variants - with a carbon content of  
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3% (first melt) and 2% (second melt). This figure shows the 
results of hardness and impact strength of the samples without 
tempered. The results of the samples tempered at 950⁰ are shown 
in figure 21 
 

 
Fig.20. Impact strength and hardness - melting with higher 

inoculation injection temperature- without tempered 
 

 
Fig. 21. Impact strength and hardness - melting with higher 

innoculation injection temperature- tempered 950⁰ C 
 
 

5. Summary of research 
 

The conducted research on the impact of adding inoculators to 
the base alloy of high-chromium cast iron allowed us to assess 
which of the inoculants has a better effect on the properties of the 
base alloy. 

Thanks to simulations carried out in the ThermoCalc program, 
it was possible to analyze the impact of individual inoculators on 
changes in the formation of individual phases. The evaluation of 
the molar fractions of individual phases showed in which phase 
the highest content of the element used during the inoculation 
process was found. 

Based on the simulation results, smelting was carried out 
under industrial conditions at the “Swidnica” Foundry Ltd, during 
which Althoff-Radtke castings were poured, on the basis of which 
it was assessed how inoculation with individual inoculators 
affects the reduction of the tendency of high-chromium cast iron 
to crack. In this study, niobium proved to be a slightly better 
inoculator, thanks to which breaks without visible cracks formed 

during the solidification of the casting were obtained. In the case 
of inoculation with titanium in the amount of 0.13% Fe-Ti, a 
crack formed in the corner of the clamp. 

Based on the analysis of the tests performed, the optimal 
content of individual inoculation was selected as 0.67% and 
0.93% Fe-Ti and 0.77% and 1.08% Fe-Nb. Metallographic images 
under an optical microscope show how titanium and niobium 
affect changes in the microstructure. Thanks to the addition of 
inoculants to the initial alloy, which was characterized by the 
presence of large dendrites, the microstructure was fragmented 
and the homogeneity of carbide precipitates was increased. SEM 
analysis showed the chemical composition of the tested phase and 
which phase is richest in the elements used as inoculators. 

An analysis of the graph showing the mechanical properties of 
raw cast iron samples (without hardening) revealed a significant 
impact of carbon content and inoculant type on hardness and 
impact strength. Reference sample I, containing approximately 
3% C, achieved the highest hardness (50.0 HRC), but with low 
impact strength (4.8 J/cm²). Reducing the carbon content to 2% 
(reference sample II) resulted in a significant increase in impact 
strength (10.0 J/cm²), but at the expense of hardness (42.6 HRC). 
The addition of 0.77% Fe-Nb at a higher carbon content resulted 
in moderate hardness (48.6 HRC) and poorer impact strength (3.6 
J/cm²). Fe-Ti (0.67%) at 3% C resulted in higher hardness (49.5 
HRC) and impact strength of 4.5 J/cm², making it more effective 
than Fe-Nb. At lower carbon content, Fe-Nb did not bring any 
benefits – hardness dropped to 42.7 HRC and impact strength to 
only 3.6 J/cm². Fe-Ti at 2% C increased hardness to 44.4 HRC 
and provided moderate impact strength (6.3 J/cm²). The use of 
inoculators therefore has different effects on the alloy 
composition. Fe-Nb performs worse at higher carbon content, 
while Fe-Ti gives better results. The results confirm that without 
hardening, optimal performance is not achieved and heat 
treatment is necessary to fully exploit the potential of the 
inoculants. 

Analysis of the hardness and impact strength results of 
samples hardened at 950℃ from two alloys showed that the 
addition of Fe-Nb (0.77%) affects the hardness of cast iron (59.8 
HRC in the first alloy and 57.3 HRC in the second alloy) with a 
slight decrease in impact strength. On the other hand, Fe-Ti 
(0.67%) causes a decrease in impact strength (to 3.9 and 3.8 
J/cm²) with comparable or lower hardness, making it a less 
favourable inoculator. Reducing the carbon content in the second 
alloy increases impact strength but may lead to a slight decrease 
in hardness after inoculation. Fe-Nb maintains a better balance 
between hardness and impact strength than Fe-Ti. 

Figure 22 shows a problematic casting that cracked during 
solidification under industrial conditions at the “Swidnica” 
Foundry Ltd. During melting, Fe-Nb inoculation was used, which 
made it possible to produce a crack-free casting. The Fe-Ti 
inoculant cannot be overlooked, as it also causes fragmentation of 
the structure to an extent that allows for the production of a crack-
free casting. The complex design of the casting, which is 
characterized by high internal stresses, caused the casting to 
crack, if not during cooling, then during hardening. Inoculation of 
the alloy made it possible to eliminate this problem. 
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a) b) 

 
c) 

 
Fig. 22. Examples of chromium cast iron retaining wall castings: 

a) Fe-Nb inoculated cast iron casting without cracks;  
b) uninoculated cast iron casting with cracks; c) close-up of the 

crack area; 
 
 

6. Conclusions 
 
1. Under industrial conditions at the “Swidnica” Foundry Ltd, 

using the Althoff-Radtke test, it was shown that inoculating 
Fe-Ti and Fe-Nb eliminates defects in chromium cast iron 
produced from low-cost feedstock materials. However, 
observations made directly in industry show that Fe-Nb 
gives more consistent results in preventing porosity and hot 
cracks. 

2. The Althoff-Radtke test has been successfully adopted in 
industrial conditions as a method for rapid assessment of the 
quality of high-chromium cast iron alloys. 

3. The use of Fe-Nb as a inoculant allows  
for the production of castings from high-quality chromium 
cast iron that is resistant to hot cracking and free from 
internal defects, with repeatable impact values. 

4. The inoculation allows optimum performance properties to 
be obtained for castings made of iron produced from low-
quality metal raw material. Optimal properties are 
understood to be, for example, reproducible impact strength 
values and increased hardness in castings with lower carbon 
content and inoculated Fe-Nb 

5. Hardening at a temperature of 950⁰C allows the relevant 
properties of the castings to be obtained 

6. The use of small amounts of Fe-Ti and Fe-Nb inoculants 
has a different effect on the microstructure  
of cast iron. In the first case, TiC carbides are formed first, 
resulting in the fragmentation of the primary austenite. In 
the case of the second inoculant, niobium strengthens the 
metal matrix and influences the crystallization of the 
residual liquid, forming niobium carbides. 
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