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Abstract

Copper is known as a pearlite promoter in cast iron and has 
been used as such for a long time, most often together with low 
amounts of manganese. Literature data, however, has shown 
that these two elements act differently on the ferritic and 
pearlitic transformations. In order to provide more insight in 
the role of this element on the solid-state transformation of 
spheroidal graphite (SG) cast iron, this paper investigates the 
effect of adding copper in small step increments, from 0.11 
to 1 wt. % Cu, to SG irons containing about 0.15 wt. % Mn. 

The characteristic temperatures for the stable and metastable 

eutectoid transformations as recorded during cooling after 
solidification in standard cups and after austenitizing are 
presented together with microstructure information. It is found 
that a copper content of about 0.6 wt. % is the upper limit over 
which only small amounts of ferrite could be obtained except at 
very low cooling rates. This is tentatively related to the lowering 
of the temperature for ferrite and the associated decreased 
kinetics for austenite decomposition in the stable system.
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Introduction

The use of selective additions for promoting pearlite for-
mation in cast irons has become common practice a long 
time ago, with emphasis on low-cost elements such as cop-
per, manganese, arsenic and tin.1 Conversely, the presence 
of such species in foundry returns and scraps may lead to 
difficulties in achieving fully ferritic matrices. The need for 
appropriate control of melt composition before casting has 
thus triggered extensive experimental studies.1,2 While tin 
and arsenic become effective at very low levels, they are 
associated with environmental hazards so that metallic ele-
ments such as manganese and copper are preferred.

The way copper and manganese act on the eutectoid trans-
formation has lead to several, potentially contradictory, 
explanations as reviewed by Pan et al.2 It was claimed in a 
more recent study that the major effect of metallic alloying 
additions is to change the relative position of the stable and 
metastable eutectoid transformation temperature ranges.3 
More precisely, it has been suggested that ferrite and pearlite 
do inherit the composition of the parent austenite in substi-
tutional elements because there is not time enough for their 
long range redistribution.4,5 Accordingly, the temperature at 
which the transformation may start upon cooling at a finite 
rate was shown to be the lowest temperature of the three-

phase field in the isopleth sections corresponding to the alloy 
composition5,6, as shown in Figure 1. This reference tem-
perature will be denoted as Ta for the stable transformation 
and T

p
 for the metastable one. These temperatures could be 

calculated by means of a thermodynamic software and ap-
propriate databank and expressed as:

   Equation 1Ta(°C)=739+18.4w
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with eventually additional terms for Mo, Cr, Ni.7 This analy-
sis has been verified with some success to literature data7 
concerning the temperature for the start of the stable and 
metastable transformations. Also, it could be demonstrated 
using literature data1,2 that the growth rate of pearlite is not 
significantly affected by additions of Cu, Mn, As or Sn at the 
levels generally used.8

Further, it has been shown that low level addition of copper 
to a Mn-free cast iron does not promote pearlite3,5 and this 
may be understood by observing that copper decreases Ta 
much less than T

p
. The effect of manganese is just the oppo-

site, hence its strong pearlite promoter effect. Accordingly, 
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it was found that small amounts of Cu can counteract the 
effect of low level addition of manganese.3 On the contrary, 
the addition of 1 wt. % of copper definitely had a pearlite 
promoter effect. The present series of experiments was in-
tended at providing further experimental data for small in-
crements in copper contents from 0.11 up to 1 wt. % so as to 
lead to a clearer understanding of its effect on the eutectoid 
transformation. For that purpose, use has been made of ther-
mal analysis during cooling of nodular cast irons with vari-
ous amounts of Cu, either straight after solidification or after 
an austenitizing treatment.

Experimental

Melts were prepared in medium frequency induction fur-
naces of 6 and 10 t capacity using metallic charges made 
from 25% of pig iron, 25% of automotive steel scrap and 
50% of classified returns. After melting, carbon and silicon 
contents were corrected as a function of thermal analysis 
tests performed using the Thermolan® system9 and of spec-
trometry analysis on a metal sample for other chemical ele-
ments. Additions of C and Si to the melt were performed 
using electrode graphite and FeSi 75% master alloy, respec-
tively. At the same time, SiC was added into the induction 
furnace to increase the nucleation potential of the melt. The 
temperature of the melt was then increased to 1490-1500ºC 
(2714-2732°F) after the corrections have been made, and its 
surface was skimmed. The spheroidization treatment was 
achieved with a magnesium alloy (46.7% Si, 5.2% Mg, 2.2% 
Ca, 1.8% Re and 1.1% Al, in wt. %) at about 1440-1470ºC 
(2624-2678°F) using the tundish-cover method into a ladle 
of 2 t capacity. The change in Cu content was realized by 
adding various amounts of Cu (99.9% of purity) together 
with the steel cover for magnesium treatment. After the reac-
tion was completed, the slag was removed from the melt sur-
face and the batch was transferred to a pouring furnace. To 
check the chemical composition of the treated melts, metal 
samples were taken just before picking up the iron from the 
pouring furnace and were analysed by combustion tech-
niques using Leco CS 244 equipment for determining C and 
S contents, gravimetric procedures for Si and optical emis-
sion spectrometry (OBLF QS750) for other elements. From 
the melts cast, one ferritic grade (NF3) and seven pearlitic 
grades (NP1 to NP7) obtained by adding different amounts 
of Cu will be considered in the present work. The composi-
tions of the alloys are listed in Table 1 where the expected 
accuracy for each element is indicated.

The liquid-solid and solid-solid transformations of as-cast 
materials were investigated by means of standard thermal 
analysis (TA) cups with geometric modulus 0.62-0.63 cm. 
Before pouring the cups, 0.20% (of the weight of the sample) 
of a commercial inoculant (0.2-0.5 mm in size with chemical 
composition given as: 70-78% Si, 3.2–4.5% Al, 0.3–1.5% 
Ca, 0.5% Re, in wt. %) was added into the cups. The cool-
ing curves were recorded in the range of 1210-600ºC (2210-
1112°F) and were analysed using the Thermolan® system.9

For studying solid state transformation after austenitiza-
tion, cylindrical samples of 30 and 17 mm in diameter and 
30 and 20 mm in length were machined out from the TA 
cups. These samples were then introduced in a tempera-
ture-controlled tubular furnace in which they were first 
heated for holding at a temperature in the range 850 to 
1000°C (1562 to 1832°F) and then cooled. Four different 
cooling rates (V

cool
) were achieved by switching off the 

power and varying the position of the sample along the 
axis of the furnace. These four cooling conditions will be 
labelled U1 to U4. The temperature versus time evolution 
of the material was recorded using K-type thermocouples 
located in the centre of the samples. Finally, cylinders of 
3-4 mm in diameter and 2 mm in length were obtained 
from the as-cast cups and analysed using a TA SDT 2960 
instrument. In these experiments, aluminium oxide was 
used to fill the reference holder. The samples were heated 
to 950ºC (1742°F), held at that temperature for 20 min, 
and then cooled down to room temperature. Three cooling 
rates were used, 5, 10 and about 38 K/min, the latter being 
obtained as the maximum achievable cooling rate of the 
DTA-TGA apparatus.

The evaluation of the experimental nodule counts (denoted 
as N) and the characterisation of solid-state structures were 
carried out through metallographic analysis by means of op-
tical microscopy made on as-cast and austenitized samples. 
Nodule counts and ferrite contents were evaluated on dif-
ferent micrographs obtained at a magnification of ×100 in 
the central area of the samples using Leica image analysis 
software. For each sample, measurements were performed 
on three different fields.

Figure 1. Schematic isopleths section of the Fe-C-Si 
phase diagram in the temperature range of the eutectoid 
reaction. Solid lines correspond to the stable system 
ferrite/austenite/graphite and dotted lines are related to 
the metastable system ferrite/austenite/cementite.
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Results

The cooling curves obtained from the TA cups all showed 
similar results for the solidification step in terms of minimum 
temperature and recalescence during the eutectic solidifica-
tion. The measured nodule counts, N, are in the range 250-
280 mm-2, and listed in Table 2. This similarity in the nodule 
count of the various cast metals gives adequate conditions 
for comparing the characteristics of the solid-solid transfor-

mation. As an example, Figure 2-a shows the cooling curve 
recorded from the TA cup cast with alloy NP6, as well as the 
time derivative of this curve. From the latter, it is seen that the 
solid state transformation relates to a clear peak that starts at 
a temperature significantly higher than the plateau observed 
on the cooling curve. Because the microstructure of all TA 
cups showed some ferrite to be present (see Table 2), it was 
assumed that the start temperature relates to the formation of 
this phase and was accordingly denoted as Ta,exp

.

Table 1.  Alloy Chemical Composition (wt. %)*

Note: * Numbers between brackets give the accuracy for each element. Ta and Tp are the calculated lower 
bounds of the three phase fields in the stable and metastable systems, respectively.

Table 2. Characteristics of the Cooling Curves and Metallographic Results from TA Cups

Figure 2. (a) Cooling curve and its time derivative obtained from the TA-cup cast with NP6;  
(b) relation between the final fraction of ferrite and the characteristics of the eutectoid transformation, Vtrans (open 
circles) and Ttrans (solid circles).
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Conversely, all TA cup materials contained some pearlite 
(see Table 2) though only the cooling curve of the three 
alloys with highest Cu content showed a clear recales-
cence or a marked arrest that could be associated with 
pearlite formation. The minimum temperature recorded in 
such cases has been labelled T

p,exp
 in Figure 2-a. Because 

the formation of pearlite was not always evident, the cool-

ing curves were also characterized with the maximum rate 
of temperature change during the eutectoid transforma-
tion, V

trans
, and the corresponding temperature, T

trans
. Fi-

nally, for comparison purposes with other experiments, 
the cooling rate was evaluated by means of its average 
value V

cool
 within the range 920-775ºC (1688-1427 °F) 

again given in Table 2. 

Table 3. Cooling Curves Characteristics Obtained from the U1-U4 Furnace Experiments* 

Note: *Reference cooling rate Vcool (K/min), Ta,exp (°C), Tp,exp (°C), Vtrans (K/s) and Ttrans (°C). The ferrite 
fraction (%) is also listed.

Figure 3. (a) Temperature-time evolution during heat treatment in the furnace and its derivative during trial U3 on alloy 
NP6; (b) relationship between ferrite fraction and Vtrans for the whole series of U samples.
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Figure 2-b shows that increase in ferrite content is associated 
with higher values of T

trans
 (solid circles) and more negative 

values of V
trans 

(open circles). This is in agreement with the 
usual view that the ferritic transformation starts before (i.e. 
at higher temperature) than the pearlitic one upon cooling.

Figure 3-a illustrates the temperature evolution and its time 
derivative recorded during one of the heat treatments per-
formed in the tubular furnace, including the heating and cool-
ing stages. It is seen that the cooling stage shows features 
similar to those of the records obtained from the TA cups, so 
that the same characteristics as before could be determined. 
The results are listed in Table 3 where the measured ferrite 
fractions are also given. In Figure 3-b the ferrite fractions ver-
sus V

trans
 are plotted for this series of experiments, where the 

various symbols used differentiate the cooling conditions (U1 
to U4) but not the alloys. It is seen that the evolution is similar 
to the one observed in Figure 2-b for as-cast alloys, and the 
same similarity was also noted with T

trans
.

Finally, Figure 4 shows an example of a DTA record obtained 
upon cooling for alloy NF3. On most of the DTA records, 
two peaks could be identified that have been associated to 
the formation of ferrite for the one at higher temperature and 
of pearlite for the second one. The associated Ta,exp and Tp,exp 
temperatures were generally estimated at the intersection of 
the base line and signal extrapolations as illustrated for Ta,exp 
in Figure 4. When pearlite growth showed up as a small peak 
on the DTA curve, the associated temperature Tp,exp was bet-
ter characterized by the temperature corresponding to the lo-
cal minimum in the DTA signal (Figure 4). The transforma-
tion temperatures thus obtained are listed in Table 4.

Discussion

Figure 5-a illustrates, in the case of alloy NP1, the marked 
lowering of the phase transformation temperatures when the 
cooling rate is increased. It is seen that the pearlitic transfor-
mation starts at a temperature much lower than the ferritic one 
at a low cooling rate. The difference decreases with increasing 
cooling rate. Also, it may be noted that the T

trans
 temperature 

shifts from Ta,exp
 to T

p,exp
 when the cooling rate is increased, 

and thus characterizes the whole process of austenite decom-
position rather than one of the two eutectoid transformations.

To account for the composition difference between the alloys, 
it seems more appropriate to look at the effect of the cooling 
rate on the undercooling (T

ref
-T

exp
), where T

ref
 and T

exp
 are the 

reference and experimental temperatures for either the ferritic 
(a) or pearlitic (p) transformations. The reference tempera-
tures have been calculated using the relationships given by 
equations 1 and 2, considering the content of the matrix in 
each substitutional solute to be 1.05 times the nominal content 
of the alloy in order to account for the presence of graphite. 
They are listed in Table 1. It is seen that the reference temper-
atures for the ferritic and pearlitic transformations change by 
more than 15°C (59°F) because of the composition changes.

The evolution of T
ref

-T
exp

 (undercooling) is shown in Figure 5-b 
where open symbols (and crosses for NF3) are for the ferritic 
reaction and solid symbols (and plus signs for NF3) are for the 
pearlitic one. As expected, it is seen that the undercooling of 
both the ferritic and pearlitic transformations increases with 
cooling rate. Moreover, in line with previous works, it seems 
that the undercooling values for the ferritic transformation 
could extrapolate to zero at zero cooling rate, while a minimum 
undercooling of 30 to 50°C (86 to 122°F) appears necessary for 
the pearlitic reaction to start. It is also seen in the figure that the 
rate of increase of the undercooling with cooling rate is higher 
for the ferritic reaction than for the pearlitic one. Thus, the two 
series of points cross each other for a cooling rate of about 150-
200 K/min, beyond which virtually no ferrite would appear. 
These features have been emphasized in Figure 5b with the 
interrupted line drawn through each of the two series of points.

It is also noted that the data in Figure 5-b appears quite scat-
tered and this could not be related to the copper content of 
the alloys, neither for the ferritic reaction nor for the pearlitic 
one. Indeed, an effect of the copper content on the under-

Figure 4. Example of DTA record (alloy NF3, cooling rate 
of 10 K/min).

Table 4. Characteristic Temperatures 
(Ta,exp/Tp,exp) Obtained from the DTA Records
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cooling of the pearlitic reaction was not expected as it has 
been shown that limited additions of Cu, Mn, As or Sn do 
not affect growth kinetics of pearlite in cast irons.8 The lack 
of correlation between copper content and undercooling for 
the start of the ferritic reaction lead to Figure 6 where the 
amount of ferrite is plotted as a function of the Cu content 
for the various cooling conditions available, i.e. for the U 
series as well as for the as-cast samples. The effect of Cu on 
the eutectoid reaction is evident. It clearly appears that 0.6 
wt. % Cu is a critical limit for cast irons with 0.1 to 0.2 wt. 
% Mn. Above this limit a significant amount of ferrite could 
precipitate only at low cooling rates. For low levels of Cu, 
from 0.1 to 0.6 wt. %, the amount of ferrite decreases slowly 
for the as-cast material, while it remains nearly constant for 
U materials (with the possible exception of the U2 series). 

This evolution of the final ferrite fraction with Cu in the 
range 0 to 0.6 wt. % could appear in line with the pre-
vious result that a low level of Cu counteracts the effect 
of manganese.3 A possible reason of this effect could be 
that Cu opens the window (Ta-T

p
) for the ferritic reaction, 

i.e. that contrary to manganese it decreases Ta less than 
T

p
 (see equations 1 and 2). However, it is seen in Table 1 

that the Cu addition was associated with an increase of the 
Si content in the present series of castings. Thus, both the 
temperature Ta and the window (Ta-T

p
) did increase when 

the Cu content varied from 0.11 to 0.6 wt. Thus, it is quite 
possible that the effect observed in Figure 6 is also due to 
an increase of the start temperature for the ferritic reac-
tion. This effect of the transformation temperature appears 
evident when noting that Ta decreases strongly from alloys 

NP4 to NP7, i.e. for Cu contents from 0.55 to 0.95 wt. %, 
while the window (Ta-T

p
) remains at about the same value 

for these four alloys.

The drastic decrease of the ferrite fraction above 0.6 wt.% 
Cu suggests that copper does not only affect the start tem-
perature and the window for the ferritic reaction as postu-
lated previously3, but should also change the growth kinetics 
of ferrite. In order to verify this effect, the DTA records of 
the whole series of alloys were compared for the three cool-
ing rates available. The records on alloys NF3 (ferritic) and 
NP6 (pearlitic) for a cooling rate of 5 K/min are plotted in 
Figure 7. On both curves, the arrests at highest and lowest 
temperatures relate respectively to the ferritic and pearlitic 
transformations, as already mentioned in relation with Fig-
ure 4. The intermediate bump on the record of alloy NF3 
(open arrow) is due to the Curie transformation of ferrite. 
The comparison of these two records shows that the growth 
rate of ferrite is much smaller in the case of alloy NP6 than 
for alloy NF3. As a matter of fact, a continuous decrease of 
the ferrite growth rate was observed with increased addition 
of copper from alloy NF3 to alloy NP7 for all three cooling 
rates investigated with DTA. Such an effect appears far too 
marked to be due only to the slight temperature difference 
for the start of the ferritic reaction that is observed. It is here 
postulated that the effect is mainly due to the sharp decrease 
of the carbon diffusion coefficient in ferrite at the Curie tem-
perature as assessed by Ågren.10 Though the Curie tempera-
ture could not always be observed on the DTA traces, it is 
estimated at 744°C (for alloy NF3 from Figure 7 and should 
be similar for all other alloys as they contain about the same 

Figure 5. (a) Evolution of the characteristic transformation temperatures with the cooling rate for alloy NP1;  
(b) evolution of the undercooling of the ferritic (open symbols and crosses) and pearlitic (solid symbols and plus signs) 
reactions for all alloys and cooling rates.
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silicon content than NF3. The time derivative of the DTA 
signal showed that the ratio of the maximum growth rate 
of ferrite for alloy NF3 and NP6 to be 18.9/3.6=5.25. This 
value compares well with the 3.7 value estimated by Ågren10 
as the jump of the carbon diffusion coefficient at the Curie 
temperature, thus supporting the present hypothesis.

Figure 6 also shows that at a cooling rate of about 60 K/
min, as-cast (TA cups) and heat-treated (U3) materials do 
present very different ferrite contents. This positive effect of 
heat-treating on the ferrite fraction has been already report-
ed5 and was tentatively related to the recrystallization of the 
matrix upon re-austenitizing, resulting in higher number of 
rapid diffusion paths for carbon from austenite to graphite. 
Further, it was noted that high Cu addition leads to the for-
mation of intergranular ferrite3, and this was observed again 
in the present study as illustrated in Figure 8. In this figure 

are shown the microstructures of alloys NF3 and NP5 from 
samples cooled at two different rates selected so that they 
show a similar final amount of ferrite. It is clearly seen in 
Figure 8-b that part of the ferrite is intergranular, while there 
is no such feature in Figure 8-a.

The effect of heat-treating may also be illustrated by plot-
ting T

trans
 and V

trans
 as a function of ferrite fraction for the 

as-cast and U3 samples (Figures 9-a and -b). At low fer-
rite fraction, it is seen that the pearlitic reaction proceeds 
at about the same temperature for as-cast and heat-treated 
alloys, but with a higher transformation rate (higher V

trans
 

values) for the former. On the right side of the graphs, when 
the transformation is essentially ferritic, it is seen that the 
transformation temperature is lower and the rate of trans-
formation higher for heat-treated samples than for as-cast 
ones. It is not expected that the austenitizing treatment could 

Figure 6. Evolution of the ferrite fraction with copper 
content for various cooling conditions.

Figure 7. Comparison of the DTA traces recorded on 
alloys NF3 and NP6 at 5 K/min. The open arrow indicates 
the Curie transformation of the ferrite matrix in alloy NF3.
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Figure 8. Comparison of the microstructure of alloys NF3 and NP5 after cooling at, respectively, 5 K/min and 55.5 K/
min (Nital etchant).
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affect significantly the microsegregation of substitutional 
elements, while it can certainly homogenize carbon distribu-
tion. A full understanding of the above features would thus 
certainly need a simulation of the microstructure evolution 
during the eutectoid transformation accounting for carbon 
redistribution. Note that the maximum ferrite content in as-
cast condition is 80% whereas nearly fully ferritic structures 
are obtained after heat treatment.

Conclusion

A series of cast irons with copper content varying from 
0.11 to 0.95 wt. % have been cast and then austenitized and 
cooled at different rates. The observation of their microstruc-
ture confirmed that low level addition of copper to cast irons 
containing 0.1-0.2 wt. % of manganese does not decrease 
the final ferrite amount significantly under both as-cast and 
heat-treated conditions. On the contrary, addition of copper 
at a level equal or higher than 0.6 wt. % leads to a marked 
decrease of the ferrite fraction at all cooling rates. Analyzing 
the thermal records confirmed previous results that copper 
addition decreases the temperature for the start of both the 
ferritic and pearlitic reactions, but this could not explain the 
dramatic change beyond 0.6 wt. % Cu added. Comparing the 
DTA records showed this decrease to be due to an effect of 
copper on the growth kinetics of ferrite which is tentatively 
related to the strong decrease of the carbon diffusion coef-
ficient in ferrite when the temperature drops below the Curie 
temperature of that phase. 
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