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Abstract. The effect of copper content (0.031 wt.% Cu, 0.32 wt.% Cu, 0.51 wt.% Cu and
0.91 wt.% Cu) on the hardness and corrosion properties of ADI was investigated. Samples
austenitization were carried out at 850°C for 60 min followed by its austempering at
temperatures from 250°C to 420°C for different time (30 to 60 min) in 50% (KNOs + NaNOsz)
salt bath. It was concluded that hardness rises with copper content but decreases with higher
austempering temperatures and times. The corrosion properties of the samples with minimum
and maximum Cu content were investigated by electrochemical methods in 0.5 M NaCl
solution. Samples with a higher copper content have shown higher values of polarization
resistance (Rp) and lower values of corrosion current (icorr). After polarization
measurements, corroded surfaces were analyzed with SEM/EDS analysis.
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1. INTRODUCTION

Ductile iron (DI) is a high carbon cast ferrous material with a composition similar to
grey iron, in which carbon is present in the form of spheroids graphite instead of conventional
flake or plate form, which is characteristics of grey iron [1, 2]. It is significantly used in different
industrial applications, including construction, mining, agriculture, automotive parts and
machines, tubes, etc. [3-5]. The reason for its common use lies in its advantages over steel
castings and grey iron castings. Appropriate heat treatment and alloying leads to improve
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the strength, hardness, and wear resistance of DI. Austempering treatment can achieve the
transformation of ductile iron into alloy with the microstructure of acicular ferrite and retained
austenite [6]. Austempered ductile iron (ADI) was commercialized during the 1970s. Its
application steadily grew due to its high tensile strength, good fatigue resistance under
dynamic loading conditions, abrasion resistance and toughness [5-9]. The benefits of using
ADI material are reflected in its good mechanical properties, such as good vibration properties,
lighter weight than other structural materials, and uniform castability. Investigations of
mechanical properties of DI and ADI have been in the focus of many published studies, but the
related studies on its corrosion properties are significantly less published. Corrosion
susceptibility of DI lies in the fact that graphite is nobler than the iron matrix, and it acts as a
cathode when the DI surface is exposed to the corrosive environment [2]. The presence of
alloying elements, like copper, nickel and molybdenum, leads to microstructural changes in DI,
which affect its mechanical and electrochemical behavior [6, 10-12]. Nickel addition increased
pearlite content, decreased the nodule count, and reduced the graphitic corrosion of ductile iron
[10]. An increase in molybdenum content leads to a rise in the quantity of retained austenite and
carbide. At the same time, the acicular ferrite becomes finer, which leads to increased wear and
corrosion resistance [6]. Higher silicon content in this material increased its susceptibility to
localized corrosion in chloride media [13]. The increase in austenite temperature and processing
time decreases its corrosion rate [13,14]. Also, surface treatments, like laser surface alloying,
plasma oxidation treatment and plasma nitriding increase the corrosion resistance of ductile iron
[15,16].

This paper deals with investigating the influence of Cu content on hardness and corrosion
properties of the DI and ADI in 0.5 M NaCl solution. The as-cast specimens of DI were first
austenitized at 850°C for 60 min and then austempered in 50% NaNOs - 50% KNOj salt bath
at temperatures from 250°C to 420°C for 30 to 60 min to produce ADI.

2. EXPERIMENTAL PROCEDURE

The chemical composition of the ductile iron samples is shown in Table 1.

Table 1 Chemical composition of ductile iron samples

Alloy C(%) Si(%) Mn(%) Cu(%) S(%) P(%) Cr(%) V(%)
363 261 0135 0031 00035 0022 0.005 0.004
1. Ni®%) Mo(%) Al%) Ti(%) Sn(%) W(%) Mg(%)
0.085 0.003 0.017 0013 0.033 0.017 0.041
Alloy C(%) Si(%) Mn(%) Cu(%) S(%) P(%) Cr(%) V(%)
363 261 0135 032 00035 0022 0.005 0.004
2. Ni(%) Mo(%) Al%) Ti(%) Sn(%) W(%) Mg(%)
0.085 0.03 0.017 0013 0.033 0.017 0.041
Alloy C(%) Si(%) Mn(%) Cu(%) S(%) P(%) Cr(%) V(%)
363 261 0135 051 00035 0.022 0.005 0.004
3. Ni(%) Mo(%) Al(%) Ti(%) Sn(%) W(%) Mg(%)
0.085 0.03 0.017 0013 0.033 0.017 0.041
Alloy C(%) Si(%) Mn(%) Cu(%) S(%) P(%) Cr(%) V(%)
363 261 0135 091 00035 0.022 0.005 0.004
4. Ni(%) Mo(%) Al(%) Ti(%) Sn(%) W(%) Mg(%)
0.085 0.003 0.017 0.013 0.033 0.017 0.041
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The first step was to heat treat ductile iron samples to produce ADIsamples. All samples
were austenitized at the same temperature of 850°C for the same time of 60 min. After
austenitization, austempering was performed according to the experimental plan, Table 2.
The austempering temperature was changed between 250°C and 420°C, and austempering
time was varied between 30 min and 60 min. Planning of experiments in respect to input
parameters was performed by Design Expert software. The cubic model was selected for
Response Surface Method (RSM) study type with D-optimal initial design [17].

Table 2 Experimental plan according to Design Expert software

Austempering Austempering

0,
Sample ID Wt. % Cu temperature, [°C] time, [min]

10 335 45
1 420 47
12 250 42
13 0.32 % 320 60
14 320 60
15 349 30
16 349 30
20 420 60
21 420 30
22 420 60
23 0.91% 209 30
24 250 51
25 250 51
30 420 30
31 335 60
32 335 45
33 0.031% 255 36
34 420 60
35 250 60
40 420 60
a1 335 39
42 420 60
43 0.51% 250 30
44 250 60
45 420 30

Vickers hardness HV10 was measured at an applied load of 98 N using a universal
hardness machine according to 1SO standard 6507-1:2005.

The electrodes for the electrochemical measurements were made from DI and ADI
cylindrical samples @ = 10 x 8 mm, soldered on insulated copper wire and then protected
by two-component epoxy resin, leaving a surface area of 0.5 cm? to contact the solution.

Investigations have been performed by open circuit measurements (Eoc) in time of 60 min,
followed by electrochemical impedance measurements (EIS) at Eoc, from 50 kHz to 30 mHz
frequency range, with 5 points per decade and a.c. sinusoidal potential perturbation (£10 mV).
After EIS measurements, the linear polarization method was performed in the potential region
of £20 mV around Eoc, with the scanning rate (s.r.) of 0.2 mV s%, afterwards potentiodynamic
polarization method in the potential region of —250 mV to 600 mV vs Eqc, with the s.r. = 0.5
mV s Al electrochemical investigations were performed in triplicate. A
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potentiostat/galvanostat (EG&G model 273A, USA) with EG&G M5210 lock-in amplifier
were used. Measurements were performed in 0.5 M NaCl electrolyte with Pt-sheet auxiliary
electrode and saturated calomel electrode (SCE) as the reference electrode. MetkonForcipol 1V
grinder-polisher was used for mechanical treatment of electrodes with wet SiC emery papers
(from 400 to 1500) and polishing with Al,O3 polishing suspension (0.05 um) up to mirror finish.
The electrode was then degreased in ethanol, washed in deionized water using Asonic ultrasonic
cleaner, and then immersed in the electrolyte solution. Detailed surface analysis was performed
with Scanning Electron Microscope Tescan Vega 5136 MM paired with Energy Dispersive
Spectroscopy Microscopy (SEM/EDS).

3. RESULTS AND DISCUSSION
3.1. Hardness measurement
Average hardness values were calculated from three different measurements. Results
are shown in Table 3.

Table 3 Hardness measurements of ADI samples

Hardness HV10
Measurement 1 Measurement 2 Measurement 3 Average

Wt. % Cu Sample ID

10 279 268 272 273
11 266 258 254 259
12 455 421 433 436
032% 13 330 360 317 336
14 204 204 330 306
15 264 256 258 259
16 279 232 228 246
20 270 306 312 296
21 266 268 274 269
22 266 274 287 276
0.91% o3 397 429 401 409
24 327 351 351 343
25 493 498 493 495
30 245 240 254 246
31 333 330 325 329
32 317 299 297 304
0.031% 45 238 232 233 234
34 272 274 268 271
35 330 333 325 329
20 272 272 266 270
a1 339 351 339 343
42 249 251 247 249
051% 43 446 488 483 472
44 446 442 455 448
45 264 274 260 266

Fig. 1 shows the dependence of hardness on austempering temperature and time for each
ADI alloy. The hardness decreases with increasing austempering temperature and time. Higher
hardness at lower austempering temperatures and times relates to smaller amounts of carbon
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enriched retained austenite and a larger amount of carbides, mainly silicon carbides that form
simultaneously as ausferrite. Increasing of austempering temperatures and times, increases the
volume fraction of retained austenite, which leads to a decrease in hardness, as seen in Fig. 1.
Also, it is clear that hardness rises with the increase of copper content in the specimens. This is
because, with larger amounts of copper in ductile iron samples, there is more perlite in starting
microstructure which promotes carbide formation.
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Fig. 1 Dependence of Vickers hardness HV10 on austempering temperature and time for
each ADI alloy

The RSM analysis of measured hardness values for used experimental parameters
yields an equation for each ADI alloy:

0.031 % Cu:
HV =534.8 - 0.81154 T, + 0.48636 - 7, Q)
0.32 % Cu:
HV = 552.02917 — 0.81154 - T, + 0.48636 - 7, 2
0.51 % Cu:
HV = 602.07953 — 0.81154 - T, + 0.48636 - 7, 3)
0.91 % Cu:
HV = 603.64003 — 0.81154 - T, 4+ 0.48636 - 7, 4

The correlation coefficient of this fit is r2 = 0.6670.
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3.2. Electrochemical measurements

Fig. 2 a) illustrates the Eoc decay for DI samples in 0.5 MNaCl solution while Fig.2 b)
showed changes of Eoc for ADI with the lowest and the highest amount of Cu. The
electrode potentials for all samples changed to negative values after immersion into the
electrolyte solution due to the adsorption of chloride ions on the electrode surface, which
trigger the corrosion processes on the surface of the alloy. Similar behavior for DI and ADI
exposed to the chloride solution was established in the literature [18,19]. This change is
most noticeable in the first 20 minutes of electrode immersion, after which potential
changes with time become less pronounced and the stabilization of the open circuit
potential values occurred. The final values of Eoc of all investigated samples do not differ
significantly (potential differences are less than 20 mV).
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Fig. 2 Open circuit potential changes for a) ductile iron samples and b) austempered ductile
iron samples in 0.5M NaCl solution at 20°C

Fig. 2 b) showed Eoc measurements of ADI samples with the highest and lowest Cu
content (0.91% and 0.031%), which have a similar trend of lowering values of Eoc with
time like DI samples. Slightly more negative values of Eoc have been observed for the ADI
sample with the lowest percentage of Cu, and the final potential difference was around 20
mV. ADI samples showed more positive Eoc values than ductile iron samples with the
same Cu composition, implying higher corrosion resistance than DI samples.

To obtain a physical image of the observed systems and explain the influence of Cu
content on corrosion of DI and ADI at Eoc, impedance measurements have been performed,
and the results are shown in Figs. 3 and 4 in the form of the Nyquist plot. Only one
capacitive loop was observed, which described the dielectric properties of corrosion
product film on DI surface [14,20,21]. The capacitive loop diameter increases with the Cu
content of in alloy.
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Fig. 3 Nyquist plots for ductile iron in 0.5 mol dm-3 NaCl solution
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Fig. 4 Nyquist plots for austempered ductile iron in 0.5 mol dm-2 NaCl solution

Since the analysis of impedance measurements showed that the capacitive loops are
flattened, a constant phase element (CPE) was used instead of an "ideal" capacitor. The
impedance of CPE (Zcpg) is given by the expression [22]:

Zepe = [QG)™ ™! )

where constant Q accounts for a combination of properties related to both the surface and
the electroactive species, jw is the complex variable for sinusoidal perturbation with o =
2zf and n is the exponent of CPE. Exponential term n can assume values from —1 to +1.
When the value of n is close to 1, the CPE behaves like an ideal capacitance, while n values
relative to 0.5 indicate diffusion processes. Consequently, the CPE represents a Warburg
diffusion component. Furthermore, for n values close to 0, the CPE represents the
resistance and inductance for n close to —1.

The obtained spectra are accompanied by a simple equivalent circuit, shown in Fig. 5,
which consist of Re (electrolyte resistance), R (resistance) and Q (capacitance) of the
surface corrosion product film, and the calculated values are presented in Table 4. According
to the fitting results, the n values for Q are about 0.77-0.87. Hence, in the proposed
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equivalent circuit, Q is a constant phase element (CPE) representing surface layer
capacitances combined with diffusion processes.

el

Fig. 5 Proposed equivalent circuits for modeling the impedance data

The addition of Cu increases the resistance and reduces the capacity which is connected
to the better protective properties of the surface corrosion layer. Exponential term n also
increases, indicating a reduced diffusion through the surface layer due to the increase in its
compactness. The same effect was observed in the heat treatment of specific DI samples, i.e.,
samples with the lowest and highest Cu content (Fig. 4 and Table 4).

Table 4 Impedance parameters for DI and ADI in 0.5 M NaCl solution

Sample DI ADI

Q1x 103 R1 Q2x 103 R1
% Cu (Q1scm?) M kQcm?)  (Qls'em?) M1 (kQ cm?)
0.031 123 0.77 0.95 1.01 0.82 1.59
0.32 115 0.79 1.42 - - -
051 111 0.81 1.54 - - -
0.91 0.93 0.84 2.11 0.76 0.87 2.84

According to parallel plate capacitor theory, the surface film capacity, C, is inversely
proportional to its thickness, d. Hence, the decrease of Q, with the increase of Cu content
and heat treatment, leads to the corresponding increase in the thickness of the surface layer
and additionally prevents iron corrosion at Eoc.

Alloying elements have a significant impact on the properties of the surface films. Thus,
a better oxide film (with a more compact structure, higher resistance and thickness) will be
formed on the alloy surface, which contains alloying elements that facilitate passivation, and
this will be manifested with the increase in the corrosion resistance of the alloy, i.e., lower
corrosion current and greater polarization resistance. According to literature, the 1 wt. % of
copper addition effectively increased the retained austenite content, as copper can slow down
stage Il of bainitic transformation to offer a wider processing window, i.e., copper addition
creates an increased range of austempering durations to obtain additional content of the
retained austenite [23,24]. Furthermore, the addition of 1 wt. % Cu leads to a homogeneous
distribution in microstructure regardless of as-cast and ADI, i.e., there was no copper-rich
phase found in both the irons with copper addition [23].

The beneficial effect of Cu in DI and austempering heat treatment of sample on the
corrosion resistance of the alloy (Table 1 and 2) could be explained as the copper addition
reduced the number of the graphite nodules and thus alleviated graphite corrosion, while the
austempering heat treatment allowed the formation of the retained austenite, which has an
action like a corrosion inhibitor [23].Graphite corrosion is a form of selective corrosion in
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which graphite act as a strong cathode to iron and electrolytically accelerated the attack on
the surrounding matrix [10,23]. Thus, experimental results indicated that the corrosive
resistance of DI dependent on the number of graphite nodules in the microstructure and the
retained austenite content in its microstructure. Therefore, it may be said that less nodule
account and more retained austenite content could provide better corrosion resistance. This
is also in accordance with the investigations of Seikh and associates [20], which observed
that corrosion rate decrease linearly with the increasing volume fraction of retained austenite.
After EIS investigations, linear and potentiodynamic polarization measurements were
conducted on the samples to determinate corrosion parameters such as values of polarization
resistance (Ry), corrosion potentials (Ecor) and corrosion current densities (icor). Fig. 6 presents
results of linear polarization measurements for the DI samples a) and potentiodynamic
polarization curves b) in 0.5 M NaCl solution, while Fig. 7 presents results for ADI.
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Fig. 6 Results of linear polarization measurements a) and potentiodynamic polarization
measurements b) for ductile iron samples in 0.5M NaCl solution at 20°C
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Fig. 7 Results of linear polarization measurements a) and potentiodynamic polarization
measurements b) for austempered ductile iron samples in 0.5M NaCl solution at 20°C
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In Figs. 6 a) and 7 a) it can be seen that the slope of the linear parts of the curves rises
with the increase in the mass percentage of Cu in DI and ADI samples. The values of the
polarization resistance, determined from the slopes of these linear parts, according to equation
(5), are showed in Table 3. As R, value is inversely proportional to the material corrosion rate,
a higher Ry value corresponds to the higher corrosion resistance of alloy [23,26].

AE
Rp = (6)

The results of potentiodynamic polarization measurements for DI in 0.5 M NaCl solution
(Fig. 6 b)) show that increasing the percentage of Cu in the alloy leads to a decrease in anodic
and cathodic current densities, which results in a lower value of corrosion current density.
Therefore, it can be concluded that increasing Cu content in the alloy increases its corrosion
resistance. ADI sample with higher Cu in the alloy shows lower anodic current densities and
higher positive Ecor Value than lower Cu ADI sample. The corrosion current density values for
ADI samples have a significantly smaller difference with the alloy's copper content than ductile
iron (Table 5).

Table 5 Corrosion parameters for DI and ADI in 0.5 M NacCl solution

Sample DI ADI
Rp icorr Ecorr Rp icorr Ecorr

% Cu 2 -2 2 -2

(kQ cm?) (LA cm?) (V) (kQ cm?) (LA cm?) V)
0.031 0.771 21.78 -0.693 1.275 6.96 -0.715
0.32 1.042 15.18 -0.676 - - -
0.51 1.115 11.67 -0.717 - - -
0.91 1.351 9.27 -0.670 1.710 6.34 -0.672

The higher corrosion resistance of ADI with a higher percentage of Cu could be
attributed to the combinatory effect of copper addition which reduced the nodule count to
mitigate graphite corrosion and austempering high treatment, which led to the formation
of the retained austenite, which has a protective role in ADI structure [24].

3.3. Surface analysis

To get more insight into corrosion processes on DI and ADI samples in NaCl solution,
SEM analysis were performed on corroded surfaces. Also, EDS analysis was performed on
selected DI and ADI samples. After polarization investigation and prior surface analysis,
electrodes were cleaned ultrasonically in deionized water and dried in a desiccator. Fig. 8
shows SEM micrographs of the surface.

There are notable differences in SEM micrographs between corrode DI and ADI. The
cathodic graphite nodules are clearly seen in Figs. a) and b) and also severe corrosion of
matrix around the nodules according to the reaction (7):

Fe?* + 2Cl~ - FeCl, @)

The intensity of corrosion leads to graphite nodules peeled off, and the round cavities
remained on the sample surfaces. Along with graphite (galvanic corrosion), uniform corrosion
is also present. In ADI, graphite corrosion still occurs to a lesser extent, while uniform corrosion
was minimal due to the occurrence of retained austenite in the matrix [7,14].
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Fig. 8 SEM micrographs of DI with 0.031% Cu a) and 0.91% Cu b) and ADI with 0.031% Cu
¢) and 0.91% Cu d) after polarization measurements in 0.5 mol dm NaCl solution

EDS analysis of the corroded DI sample with 0.91% Cu is presented in Fig. 9 and Table
6.
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Fig. 9 EDS analysis of DI sample (3 different position): a) at the edge of graphite nodule,
b) at the center of the graphite nodule, ¢) in the surrounding matrix

Table 6 EDS analysis of corroded DI sample for positions 2 and 3

Position 2 Position 3
Element wt. % at. % wt. % at. %
C 57.39 67.77 1.33 4.24
0 33.86 30.01 16.50 39.60
Fe 6.42 1.63 72.69 49,97
Cu 1.21 0.27 7.57 457
Ni 0.69 0.17 0.67 0.44
Si 0.17 0.09 0.47 0.64
Mn 0.27 0.07 0.78 0.54

EDS analysis was performed on the three positions on corroded DI surfaces. Position 1
was on the edge of the graphite nodule where dominant compounds were Fe and Cu oxides
along with a small percentage of C, Si, Mn and Ni. The different composition was found
at the center of the graphite nodule (Position 2), where dominant elements were C and O
with the minor percentage of Fe, Cu, Si, Ni and Mn. Position 3 in the matrix around the
nodule showed the dominant percentage of Fe and O with a relatively high percentage of
Cu and C and a small percentage of other elements (Si, Mn and Ni).

EDS analysis of the corroded ADI sample with 0.91% Cu is presented in Fig. 10. and
Table 7.
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Fig. 10 EDS analysis of ADI sample (3 different positions): a) at the edge of graphite
nodule, b) at the center of the graphite nodule, c) in the surrounding matrix

Table 7 EDS analysis of corroded ADI sample for positions 2 and 3

Position 2 Position 3
Element wt. % at. % wt. % at. %
Fe 83.72 63.48 85.09 65.74
0 7.72 20.44 5.54 14.93
C 2.94 10.38 4.07 14.63
Si 2.22 3.35 2.82 1.91
Cu 2.13 1.42 1.15 1.77
Ni 0.66 0.48 0.79 0.58
Mn 0.60 0.46 0.55 0.43

EDS analysis was performed on the three positions on corroded ADI surfaces. Position 1
was at the center of the nodule where the amount of C is dominant. All other elements are
presented in low percentages. Position 2 was in the matrix, where a dominant element is Fe
along with O and C, while the other elements are present in low percentage. The percentage
of oxygen present in these two positions on the ADI surface is significantly smaller than a
similar position on the DI surface. A similar composition in Position 2 has been found in
Position 3, on the boundary between matrix and another partially deformed nodule. It should
be noted that the content of carbon measurement with EDS is not accurate due to a low atomic
number of carbon and hydrocarbon molecules on the surface.



46

L. VRSALOVIC, N. CATIPOVIC, S. GUDIC, S. KOZUH

4, CONCLUSION

In the present study, the influence of Cu content on hardness and corrosion properties of the

DI and ADI in 0.5 M NaCl solution was investigated. Based on the experimentation and
analyzing the results, the following conclusions can be drawn:

10.

11.

12.

= The hardness decreases with increasing austempering temperature and time and rises
with the increased copper content in the specimens.

= The beneficial effect of higher Cu content in DI and ADI towards corrosion resistance
has been proved by polarization and EIS measurements. Higher polarization resistance
and lower corrosion current density values for a higher percentage of Cu in DI and ADI
and also increase in alloy surface resistance (R) and decrease in the surface layer capacity
(Q) are connected to the better protective properties of the surface layer due to the
increase in its compactness which indicates better corrosion resistance.

= Severe surface damages have been seen on DI samples due to the intensive galvanic
corrosion resulting from the different potentials of graphite nodules and the
surrounding matrix, along with the uniform corrosion attack. On the surface of ADI,
graphite corrosion still occurs but to a lesser extent, while uniform corrosion was
minimal due to retained austenite in the matrix.

= EDS analysis has shown that the around matrix has the highest content of iron and a
higher percentage of alloying elements than the produced alloy before polarization
measurements which refers to the intensive iron dissolution from the matrix, which
increases the content of alloying elements on the surface.
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