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Abstract 
 

Within the presented research, effect of annealing on nature of corrosion damages of medium-nickel austenitic nodular cast iron castings, 

containing 5.5% to 10.3% Ni, was determined. Concentration of nickel, lower than in the Ni-Resist cast iron, was compensated with 

additions of other austenite-stabilising elements (manganese and copper). In consequence, raw castings with austenitic matrix structure and 

gravimetrically measured corrosion resistance increasing along with nickel equivalent value EquNi were obtained. Annealing of raw 

castings, aimed at obtaining nearly equilibrium structures, led to partial austenite-to-martensite transformation in the alloys with EquNi 

value of ca. 16%. However, corrosion resistance of the annealed alloys did not decrease in comparison to raw castings. Annealing of 

castings with EquNi value above 18% did not cause any structural changes, but resulted in higher corrosion resistance demonstrated by 

smaller depth of corrosion pits. 
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1. Introduction 
 

The Ni-Resist cast iron is a typical representative of 

corrosion-resistant casting alloys. Corrosion resistance of the 

alloy results from its austenitic matrix stabilised by very high 

concentration of nickel [1]. It is possible to obtain such structure 

in a cast iron with lower nickel content. For this purpose, reduced 

concentration of nickel should be compensated by additions of 

other elements stabilising austenite (manganese and copper) [2-6]. 

The limit of such compensation is determined by minimum nickel 

equivalent value EquNi ≈ 16%. The equivalent value that 

considers intensity of influence of individual elements on 

stabilisation of austenite and determines their total concentration 

in the alloy can be calculated from the formula   [2, 7]: 

 

EquNi = 0.32∙C + 0.13∙Si + Ni + 2.48∙Mn + 0.53∙Cu [%]. (1) 

 

When the EquNi value is larger than 16%, structure of raw 

castings is purely austenitic with its thermodynamic stability 

increasing along with the EquNi value [7-9]. Austenite stabilising 

action of nickel, manganese and copper consists mainly in 
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inhibition of carbon diffusion in austenite, which results in reduced 

temperatures of eutectoidal, bainitic and martensitic 

transformations [2, 8, 10-13]. Because of non-equilibrium 

solidification conditions, austenite can become supersaturated with 

carbon. Therefore, partial transformation of austenite can occur in 

the castings working at elevated temperatures that activate 

diffusion. 

So, the question rises, in what way annealing of austenitic 

castings with various EquNi values (controlled mainly by nickel) 

will influence matrix structure and nature of corrosion damages. 

The presented research attempts to answer this question. 

 

 

2. Scope and methodology 
 

The cast iron to be examined was smelted in an induction 

crucible furnace. Spheroidisation was carried-out by means of the 

master alloy CuMg17Ce1.1. Specimens (Y-shaped acc. to PN-

76/H-83124) were cast in wet bentonite sandmix. The examined 

castings came from six heats. The first five heats varied mostly in 

concentration of nickel. In the sixth heat, to obtain a comparable 

EquNi value, low concentration of nickel in the alloy No. 1 was 

compensated by increased concentration of manganese. 

Chemical analysis was carried-out by means of a glow 

discharge spectrometer and a scanning electron microscope 

equipped with an EDS detector. Microscopic observations were 

performed on an optical microscope Nikon Eclipse MA200 and a 

scanning electron microscope Quanta FEI. Hardness was 

measured by the Brinell or by the Vickers method. 

Corrosion tests were carried-out by the gravimetric and by the 

potentiodynamic method. As the corrosive medium, 3-% water 

solution of NaCl was used [14, 15]. During gravimetric 

measurements, the corrosive medium was aerated in order to 

increase its aggressiveness. Gravimetric tests consisted in 

determining corrosion rate on the grounds of mass loss per unit 

area as a function of time. Linear corrosion rate VP was calculated 

from the relationship [7, 14-16]: 

 

VP = 0.0365·VC/d [mm/year], (2) 

 

where: 

VC – mass loss of the specimen in time [mg/(dm2·day)], 

d – density of the metallic material [g/cm3]. 

 

Potentiodynamic measurements were carried-out in the three-

electrode system. The reference electrode was a calomel electrode 

and the auxiliary electrode was a platinum electrode. Each time, 

polarisation was applied at 1 mV/s in the anodic direction. 

Corrosion resistance was determined on the grounds of cathodic-

anodic transition potential EK-A and stationary potential E’, as 

well as of corrosion current density icorr and polarisation resistance 

Rp [8, 17-20]. 

The castings were annealed at 800°C for 2 hours and next air-

cooled. 

 

 

3. Results and discussion 
 

Chemical compositions of the castings are given in Table 1. 

Values of nickel equivalent EquNi were calculated from the 

equation (1) and values of eutectic saturation coefficient SC were 

determined from the commonly known relationship [1]. 

The castings No. 1 to No. 5 differed from each other mainly 

in concentration of nickel. The casting No. 6 was also different in 

concentration of manganese. The EquNi values of the examined 

castings ranged between 16.1% and 19.0%. The SC values of all 

the examined castings were close to 1. 

Microscopic observations performed on unetched polished 

sections showed correctly performed spheroidization process. In 

all castings, graphite particles with comparable shapes, size and 

arrangement were found (VI E 5/6 acc. to EN-ISO 945). In all 

castings, percentage of graphite (determined on surfaces of 

polished sections) was ca. 9%, see Fig. 1. 

 

   
Fig. 1. SEM images of castings No. 1 and No. 5; graphite VI E 

5/6 acc. to EN-ISO 945. Unetched 

 

 

Table 1. 

Chemical composition, nickel equivalent EquNi and eutectic saturation coefficient SC 

Casting 

No. 

Concentrations of elements [wt. %] 
EquNi 

[wt. %] 

SC 

[/] 
C Si Ni Mn Cu Mg P S 

1 3.4 2.3 7.2 2.5 2.4 0.11 0.15 0.03 16.1 1.13 

2 3.3 2.3 8.2 2.3 2.5 0.07 0.16 0.03 16.6 1.13 

3 3.1 2.3 9.3 2.4 2.4 0.10 0.16 0.03 17.8 1.08 

4 3.2 2.2 9.8 2.4 2.4 0.09 0.15 0.04 18.3 1.11 

5 3.3 2.1 10.3 2.5 2.3 0.11 0.16 0.04 19.0 1.11 

6 3.3 2.1 5.5 3.3 2.3 0.10 0.15 0.03 16.2 1.04 

1

  

.

  

5

  

.
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3.1. Microstructure and corrosion resistance 

of raw castings 
 

Microscopic observations on etched polished sections 

confirmed austenitic matrix of all the castings. Hardness of all the 

castings was similar, ranging within 145 to 200 HBS. Some 

differences resulted mostly from differences of austenite 

microhardness ranging between 160 and 225 HV0.01. Results of 

hardness measurements are given in Table 2. 

 

Table 2. 

Nickel equivalent EquNi, percentage of austenite in as-cast 

condition, hardness HBS and microhardness HV0.01 of austenite 

Casting 

No. 

EquNi 

[%] 

Percentage of 

austenite in matrix 

[%] 

HBS HV0.01 

1 16.1 100 145 169 

2 16.6 100 168 185 

3 17.8 100 186 205 

4 18.3 100 194 218 

5 19.0 100 195 220 

6 16.2 100 200 225 

 

Gravimetric examinations showed differences between 

corrosion resistance values of individual castings. Results are 

shown in Fig. 2. 

 

 
Fig. 2. Average corrosion rate VP [mm/year] of raw castings No. 1 

to No. 6 

 

The highest corrosion resistance (irrespective of exposure 

time) was shown by the castings with the highest EquNi values 

(Nos. 2, 3, 4 and 5). Average corrosion rate VP ranged within 0.58 

to 0.75 mm/year after 1 day and within 0.53 to 0.58 mm/year after 

7 days of exposure. The lowest corrosion resistance was found for 

the castings with the EquNi value close to 16%, i.e. for the alloys 

No. 1 and No. 6 with the lowest nickel content. Average corrosion 

rate VP ranged within 1.02 to 1.26 mm/year after shorter exposure 

and within 0.79 to 0,93 mm/year after longer exposure. 

After the shorter exposure time (2 days), slight increase of 

corrosion rate was observed, but corrosion rate successively 

decreased for the times longer than 3 days. This phenomenon is 

favourable from the viewpoint of corrosion resistance of the 

castings. 

Results of potentiodynamic measurements are given in Table 

3. They confirm similar corrosion resistance of the examined 

castings, in particular those with the highest EquNi values (alloys 

No. 2, 3, 4 and 5). 

The largest differences in the potential EK-A (determining 

dynamics of electrode processes occurring on the metallic 

surface) were found between the castings with the highest (No. 5) 

and the lowest Nos. 1 and 6) EquNi values, irrespective of the 

exposure time. 

The highest values of the potential E’ (showing nobleness of 

the metallic surface) were found for the alloys with the highest 

EquNi values, after both shorter and longer exposure time. In 

addition, higher stationary potential values were observed for 

longer exposure times, which should be noted as favourable 

behaviour of the examined materials. 

Measurement results of corrosion current density icorr and 

polarisation resistance Rp were differentiated, while the icorr values 

showed an inversely proportional relation in comparison to the Rp 

values. The lowest icorr value and the highest Rp value were found 

for the alloy with EquNi ≈ 16%. This indicates relatively high 

corrosion resistance, especially regarding the alloy stabilised with 

higher nickel content, i.e. No. 1. 

 

Table 3. 

Electrochemical indices determining corrosion resistance of raw 

castings 

Casting 

No. 

EK-A 

[mV] 

E’ 

[mV] 

icorr 

[A/cm2] 

Rp 

[k·cm2] 

1h 168h 1h 168h 1h 168h 1h 168h 

1 -559 -681 -681 -533 23 127 1.1 0.2 

2 -539 -652 -592 -474 95 130 0.4 0.2 

3 -516 -620 -477 -468 168 155 0.2 0.2 

4 -508 -613 -449 -436 145 152 0.2 0.2 

5 -506 -612 -441 -430 152 159 0.2 0.2 

6 -588 -697 -708 -579 170 162 0.1 0.2 

 

 

The indices determining surface topography of the specimens 

after potentiodynamic testing were determined by SEM. 

Measurements were taken on a length of 32 µm and the following 

average profile parameters were determined: the highest peak 

(RpAVR), the lowest valley (RvAVR) and the distance between these 

two values (RzAVR = RpAVR + RvAVR). Results are given in Table 4. 

In the castings with higher EquNi values, deeper pits were found in 

comparison to the castings with lower EquNi values. At the same 

time, numbers of the pits were smaller. This is confirmed by the 

photographs in Fig. 3, showing surfaces of the castings with 

extreme EquNi values. 
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Table 4. 

Indices determining surface topography of raw castings after 

potentiodynamic testing 

Casting 

No. 

Surface topography index [μm] 

RpAVR RvAVR RzAVR 

1 9.15 27.82 36.97 

2 10.15 37.80 47.95 

3 12.30 35.13 48.10 

4 11.50 38.82 50.33 

5 12.70 38.94 51.64 

6 8.95 28.30 37.25 

 

   
Fig. 3. SEM images of raw castings No. 1 and No. 5 after 

potentiodynamic testing by SE 

 

 

3.2. Microstructure and corrosion resistance 

of annealed castings 
 

The castings were annealed at 800°C for 2 hours and next air-

cooled. 

Metallographic examinations of annealed castings brought 

differentiated results. In the castings with the EquNi value close to 

16% (e.g. alloys No. 1, 2, and 6), austenite was partially 

transformed to martensite (Fig. 4) whose microhardness ranged 

between 600 and 650 HV0.1. 

In most castings, this resulted in a significant increase of 

hardness. However, the changes decreased along with increasing 

EquNi value and thus with decreasing degree of austenite 

transformation. Results of metallographic examinations are given 

in Table 5. 

Results of gravimetric measurements was presented 

graphically in Fig. 5. Comparing these results to the results of the 

raw castings (Fig. 2) the conclusion is made, that annealing has 

reduced the corrosion rate of the castings investigated. 

Like in the case of the as-cast castings, the highest corrosion 

resistance was found for the castings with the highest EquNi 

values, i.e. for the alloys No. 2, 3, 4 and 5. This concerned both 

shorter and longer exposure times. Average corrosion rate VP of 

these alloys ranged within 0.53 to 0.69 mm/year after 1 day and 

within 0.49 to 0.54 mm/year after 7 days of exposure. The lowest 

corrosion resistance was found for the castings with the EquNi 

value close to 16% (within 0,99 to 1,24 mm/year after 1 day 

exposure and within 0,76 to 0,89 mm/year after 7 day exposure). 

 
Fig. 4. Microstructures (austenite, martensite) of annealed alloys 

No. 1, 6, 2 and 3. Etched with Mi1Fe 

 

Table 5. 

Nickel equivalent EquNi, matrix structure and hardness HBW of 

annealed castings 

Casting 

No. 

EquNi 

[%] 

Matrix structure 

(Feγ – Feα’) 

[% – %] 

HBW 

1 16.1 85 – 15 310 

2 16.6 92 – 8 250 

3 17.8 97 – 3 220 

4 18.3 100 – 0 196 

5 19.0 100 – 0  195 

6 16.2 88 – 12 295 

Feγ – austenite, Feα’ – martensite 

 

Also in this case, the alloy No. 6 with the lowest 

concentration of nickel was characterised by the highest average 

corrosion rate. 

 

 
Fig. 5. Average corrosion rate VP [mm/year] of annealed castings 

No. 1 to 6 
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Annealing resulted in changes of most parameters determined 

by potentiodynamic examinations. Results given in Table 6 

indicate changed nature of corrosion damages in comparison to 

raw castings. 

Values of the potential EK-A were slightly changed. Like in the 

case of raw castings, the largest differences in the EK-A values 

were found, after both shorter and longer exposure time, between 

the castings with the highest (No. 5) and with the lowest (Nos. 1 

and 6) EquNi values. Such differentiation of values of the 

cathodic-anodic transition potential indicates diversity of 

electrode processes occurring on surfaces of the materials. 

In most cases, values of the stationary potential E’ after both 

shorter and longer exposure time were longer in comparison to 

raw castings. This concerned mostly the castings in that partial 

austenite-to-martensite transformation occurred. The differences 

were smaller for higher values of nickel equivalent. In the case of 

the alloy No. 5, the E’ values were practically unchanged 

irrespective of the exposure time. After longer exposure times, 

these values were higher for all the castings. Like in the case of 

raw castings, this phenomenon is favourable from the viewpoint 

of corrosion resistance of the materials. 

In annealed castings, differences in corrosion current density 

and polarisation resistance values between individual castings 

were smaller. Like in raw castings, the icorr values showed an 

inversely proportional relation in comparison to the Rp values. 

After annealing, corrosion current density values generally 

decreased and polarisation resistance values increased. This 

favourable phenomenon concerned mostly the castings with 

higher EquNi values. Extension of exposure time to 7 days also 

gave a positive result consisting in decreased icorr values and 

increased Rp values. 

 

Table 6. 

Electrochemical indices determining corrosion resistance of 

annealed castings 

Casting 

No. 

EK-A 

[mV] 

E’ 

[mV] 

icorr 

[A/cm2] 

Rp 

[k·cm2] 

1h 168h 1h 168h 1h 168h 1h 168h 

1 -558 -679 -665 -521 35 125 1.0 0.2 

2 -540 -648 -568 -451 90 121 0.4 0.3 

3 -512 -623 -459 -441 155 122 0.2 0.3 

4 -504 -607 -435 -430 140 118 0.2 0.3 

5 -501 -602 -440 -427 139 119 0.2 0.3 

6 -590 -695 -691 -564 164 157 0.2 0.2 

 

Observations of surface topography of annealed castings after 

potentiodynamic measurements showed favourable changes. It 

results from the data in Table 7 that depths of corrosion pits in 

annealed castings were smaller than those in raw castings. In all 

castings, these pits were localised mostly nearby boundaries of 

eutectic colonies. However, in the castings in that austenite 

transformation occurred, marks of corrosion damages occurred 

also in the vicinity of martensite areas, see Fig. 6. 

 

 

 

Table 7. 

Indices determining surface topography of annealed castings after 

potentiodynamic testing 

Casting 

No. 

Surface topography index [μm] 

RpAVR RvAVR RzAVR 

1 9.06 21.45 30.51 

2 10.03 33.52 43.55 

3 12.05 34.10 46.15 

4 11.97 36.94 48.91 

5 12.14 38.09 50.23 

6 8.9 28.03 36.92 

 

   
Fig. 6. SEM images of annealed castings No. 1 and No. 5 after 

potentiodynamic testing by SE 

 

 

4. Conclusions 

 

Raw castings of the alloys with nickel equivalent values over 

16% were characterised by austenitic matrix structure. 

The alloys with higher EquNi values obtained by increased 

concentration of nickel showed higher corrosion resistance 

measured by the gravimetric method. At the same time, 

potentiodynamic measurements showed different nature of 

corrosion damages: smaller number of deeper corrosion pits. 

As a result of annealing, partial austenite-to-martensite 

transformation occurred in the alloys with the EquNi values within 

16 to 18%, resulting in markedly higher hardness and thus, as 

could be expected, higher abrasion resistance [5]. Austenite 

transformation degree and increase of hardness were smaller for 

higher EquNi values. Phase transition did not result in lower 

corrosion resistance determined gravimetrically. However, nature 

of corrosion attack changed from intercrystalline to more uniform 

and, at the same time, depths of corrosion pits became smaller. 

This phenomenon is favourable from the viewpoint of corrosion 

resistance. 

In cast irons Ni-Mn-Cu, stable austenitic matrix structure that 

does not change after annealing can be obtained when the nickel 

equivalent value is higher than 18%. Annealing results in reduced 

corrosion rate, which is connected with smaller depths of pits. 

From the viewpoint of corrosion resistance, this is extremely 

favourable. It can be supposed that such castings can be designed 

for work at high temperatures, which requires maintaining stable 

austenitic matrix and increased corrosion resistance in comparison 

to the castings in as-cast condition. 
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