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EffEct of cu Addition AbovE thE Solubility limit on microStructurE formAtion  
And cu SEgrEgAtion in 800 mPA grAdE ductilE cASt iron during SolidificAtion

in this study, the effect of 3 mass%Cu additions on microstructure formation and Cu segregation in 800 mPa grade ductile 
cast iron during solidification was investigated. The calculated phase diagram showed that after the addition of 3 mass%Cu, the Cu 
phase with a negligible amount appeared below 1000°C, and most Cu was included in the matrix. Based on optical microstructure, 
after the addition of 3 mass%Cu, the size of graphite nodules became finer, and the microstructure rarely had an area with α-ferrite. 
image analysis showed that the fraction of pearlite increased significantly, indicating that Cu greatly promoted the formation of 
pearlite. Compositional analysis by scanning electron microscopy indicated that the pearlitic area also contained approximately 
3 mass%Cu, which corresponds to those of primary and secondary austenite calculated. a small and bright phase particle containing 
a large amount of Cu was observed at the interface of graphite and matrix. 

Keywords: 800mPa grade ductile cast iron; graphite; Pearlite; Cementite; Copper

1. introduction

gray cast irons have demonstrated immense potential in 
various industrial applications because of their good castability, 
low cost, and a wide range of mechanical properties [1]. Their 
microstructures feature a fully pearlitic matrix with graphite 
particles randomly distributed in the matrix, which also provide 
good damping properties [1]. Different ferrite-to-pearlite ratios 
in the matrix can alter the properties of the alloy. a fully pearlitic 
matrix can be achieved by adding elements that promote meta-
stable (pearlitic) instead of stable (ferritic) eutectoid reaction. 
Copper is a most used element to achieve a fully pearlitic micro-
structure [2-4]. minor amounts of Cu below 1 mass% increase 
the volume fraction of graphite in ductile irons [5]. in addition, 
the content of Cu slightly above 1 mass% in ductile cast iron 
leads to the formation of the predominantly pearlite matrix with 
a high-volume fraction of graphite particles, thereby improving 
hardness and ultimate tensile strength [5]. Tsujikawa et al. [6] 
investigated the microstructure of spheroidal graphite cast iron 
containing copper within 0.7 mass%Cu during fertilization an-
nealing. The influence of Sn and Cu on pearlite growth kinetics 
in ductile irons with a Cu content up to 0.9 mass% was studied 
by Lacaze and Sertucha [7]. as previously mentioned, minor 

concentrations of Cu for ductile cast irons have been primarily 
considered. however, the effect of significant amounts of Cu 
has been poorly examined in the last 10 years. Thus, this study 
focused on the microstructure formation and distribution of 
Cu in ductile cast irons with Cu addition above the solubility 
limit. This study aimed to investigate the effect of 3 mass%Cu 
additions on microstructure formation and Cu segregation in 
800 mPa grade ductile cast iron during solidification.

2. Experimental 

iron scrap and steel scrap were charged and melted using 
a 125 kW high-frequency induction melting furnace and a SiC 
crucible. at this time, the basic composition of ductile cast iron 
was 3.3%C–2.1%Si–0.7%mn–0.1%S, and Fe–Si, Fe–mn, and 
Fe–S alloys were added to the molten metal during melting. in 
analyzing the effect of Cu addition above the solubility limit 
on microstructure formation during solidification, the Fe–Cu 
alloy was added by setting the Cu target composition of the 
final as-cast to 0.0 mass% and 3.0 mass%. using an immersion 
thermometer attached with an R-type thermocouple, the melting 
temperature was kept constant between 1,480°C and 1,530°C, 

1 SBB TeCh Co., LTD, gimPo 10020, RePuBLiC oF koRea
2 koRea inSTiTuTe oF inDuSTRiaL TeChnoLogY (kiTeCh), inCheon 21999, RePuBLiC oF koRea

* Corresponding author: seonghoha1999@gmail.com

BY NC

© 2024. The author(s). This is an open-access article distributed under the terms of the Creative Commons attribution-nonCom-
mercial License (CC BY-nC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of 
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the 
use is noncommercial, and no modifications or adaptations are made.

https://orcid.org/0000-0002-3604-0923
https://orcid.org/0000-0002-4718-8421
https://orcid.org/0000-0001-5075-2743
https://orcid.org/0000-0002-7648-545X


426

and whether the temperature was raised to 1,530°C immediately 
before tapping was confirmed. Spheroidization was performed 
by adding 5.6 mass%mg–Fe–Si alloy, and the particle-type 
1.0 mass%Ba–Fe–Si alloy with a size of approximately 1.0 to 
3.0 mm was used as an inoculant.

in observing the microstructure, specimens were machined 
in the form of a 45 mm (W) × 30 mm (D) × 5 mm (h) block by tak-
ing samples from the center of the pouring mold. The specimens 
were ground in the order of 100 → 300 → 600 → 1,000 → 2,000 
grit using a Sic-type abrassive and finally polished in the order 
of 6 → 3 → 1 μm using a polycrystalline diamond and alumina-
type abrasive. Thereafter, chemical etching was performed 
in a 3% nital (97%C2h5oh–3%hno3) solution to analyze 
graphite nodularity, graphite nodule count, and matrix fraction. 
The graphite and matrix were observed using an optical micro-
scope (Carl Zeiss Corporation model axio observer.D1m) at 
a magnification of 100×. in addition, microstructure observation 
and energy-dispersive spectroscopy (eDS)/electron backscatter 
diffraction (eBSD) analysis were performed using a scanning 
electron microscope (Sem, Carl Zeiss Corporation model 
gemini 300). moreover, phase diagram and Scheil-gulliver 
cooling were calculated by FactSage 8.2 [8].

3. results and discussion

Fig. 1 represents phase diagrams plotted for temperature 
versus (a) carbon mass fraction and (b) copper mass fraction 
calculated by FactSage 8.2. at the carbon content indicated by 
the dashed line, the solidification begins with the formation of 
primary austenite, followed by the eutectic reaction of austenite 
and graphite. Based on the phase diagrams, cementite is often 
referred to as a metastable phase with regard to the graphite. 
however, in this study, the phase diagram is shown as calcu-
lated for the equilibrium state. after the eutectic reaction, the 
two-phase region with graphite and ferrite with no austenite ap-
pears at approximately 750°C, and the eutectoid reaction occurs 
here. according to literature [1], the eutectoid reaction occurs at 
727°C: γ → α + Fe3C. however, after the addition of 3 mass%Cu, 
the Cu phase appears below 1000°C. except for the Cu phase, 
the existence of phases composed of other additive elements 
was not indicated. as shown in Fig. 1(b), the temperature of 
the region, including the Cu phase, increases gradually with the 
increase of Cu content. however, the fraction of the Cu phase 
remains negligibly small.

The optical microstructure of the as-cast 800-mPa-grade 
ductile cast irons is shown in Fig. 2. The microstructure consist-
ed of α-ferrite and pearlite along with dispersed graphite nod-
ules. In the absence of Cu, the α-ferrite surrounding the graphite 
nodules rather than pearlite dominated the microstructure, and 
the graphite looked well rounded. however, after the addition 
of 3 mass%Cu, the size of the graphite nodules became finer, 
and the microstructure rarely had an area with α-ferrite. Image 
analysis results showed that the fraction of pearlite increased 
significantly, indicating that Cu greatly promoted the formation 

of pearlite. in a previous study conducted by gonzaga [9], the 
hardness test of cast irons indicated that hardness increased 
with pearlite fraction. Tsujikawa et al. [6] studied pearlite sta-
bilization by using copper on ductile cast iron. Based on their 
report [6], the hardness of the ferrite phase increased with the 
increase of copper content by solution hardening, whereas the 
pearlite phase slightly increased with the increase of copper 
content. Therefore, the hardness will increase with the increase 
of pearlite phase fraction, and the addition of Cu above the 
solubility limit will increase the hardness of the ferrite phase  
in this study.

Fig. 3 shows the backscattered electron images of pearlitic 
areas by Sem. The composition shown in Scheil-gulliver cool-
ing calculated by FactSage 8.2 and analyzed by Sem-eDS for 
areas indicated in Fig. 3 is shown in TaBLe 1. The composition 
for primary austenite and secondary austenite was examined 
because the fractions of the two austenite phases account for 
almost the entire ferrous matrix. The eDS analysis result on the 
numbered areas shows that the detected Si content was found to 
be approximately 3 mass% in the pearlitic area. Compared with 
the cooling calculation, the measured Si content is similar to the 

Fig. 1. Phase diagram plotted for temperature versus (a) carbon mass 
fraction and (b) Cu mass fraction calculated by FactSage 8.2. The con-
tents of Si, mn, and Cu are fixed at 2.1, 0.7, and 3 mass%, respectively, 
in Fig. 1(a). The contents of C, Si, and mn are fixed at 3.3, 2.1, and 0.7 
mass%, respectively, in Fig. 1(b)
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calculated one. The pearlitic area also contained approximately 
3 mass%Cu, which corresponds to the calculated primary and 
secondary austenite. as shown in Fig. 3(b), a small and bright 
phase particle was observed at the interface of the graphite and 
matrix and found to contain a large amount of Cu. This phase is 
considered as the Cu phase as mentioned in the phase diagram, 
which was partially found only at the interface between the 
graphite and matrix.

TaBLe 1

Composition shown in Scheil-gulliver cooling calculated  
by FactSage 8.2 and analyzed by Sem-eDS for areas  

indicated in Fig. 3

Phase/Area
composition (mass%)

c Si mn cu fe
Primary austenite* 1.46 2.37 0.53 2.43 Bal.

Secondary austenite* 1.47 2.13 0.72 3.07 Bal.
1** — 3.47 — 3.45 Bal.
2** 32.87 0.95 — 44.55 Bal.

* Calculated, **analyzed

Fig. 4 shows the crystallographic orientation analyzed by 
eBSD for the pearlitic ferrite and cementite shown in the iQ 
and phase maps. Spot analysis was performed at the positions 
for both phases indicated in the iPF map. The positions for the 
measurement are denoted by α for the pearlitic ferrite and θ for 
the pearlitic cementite (Fe3C). The crystallographic orientation 
for the aforementioned positions is shown in a (001) pole figure 
to identify the orientation relationship between the two phases 
in the pearlite. according to literature [10], the quality and ac-
curacy of the eBSD pattern for the cementite depend not only 
on the size and thickness of the lamellar cementite, but also on 
the condition of the sample surface [10]. Therefore, in this study, 
analysis was performed only for some areas where the eBSD 
pattern for the lamellar cementite was observed. The cementite 
analyzed in this study has a similar orientation relationship to 
the ferrite as in previous studies [11].

Fig. 2. optical microstructures of as-cast 800 mPa grade ductile cast 
irons with (a) no Cu and (b) 3 mass%Cu. (c) Phase fraction measured 
by image analysis depending on Cu content

Fig. 3. Sem-backscattered electron (BSe) images of as-cast 800mPa grade ductile cast iron containing 3 mass%Cu. (a) Pearlitic area and 
(b)  interface between graphite and matrix
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4. conclusions

The phase diagrams calculated by FactSage 8.2 indicated 
that the Cu phase with a negligible amount was present below 
1000°C, and most Cu was included in the matrix after the addi-
tion of 3 mass%Cu. The optical microstructures showed that the 
size of the graphite nodules became finer, and the microstructure 
rarely had an area with α-ferrite after the addition of 3 mass%Cu. 
The image analysis result shows that the fraction of pearlite, 
which is close to 100%, increased significantly and reached al-
most 100%, indicating that Cu greatly promoted the formation of 
pearlite. Compositional analysis by Sem-eDS indicated that the 
pearlitic area also contained approximately 3 mass%Cu, which 
corresponds to the calculated primary and secondary austenite. 
a small and bright phase particle containing a large amount of 
Cu was found at the interface of the graphite and matrix. in the 
distribution of Cu, the experimental results were consistent with 
the calculated results. Therefore, the addition of 3 mass%Cu 
above the solubility limit hardly formed a segregated phase and 
greatly promoted pearlite formation.
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Fig. 4. EBSD images of a pearlite colony and corresponding pole figure of crystallographic orientation of ferrite (α) and cementite (θ)
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