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Abstract

This work investigates the role of primary austenite mor-

phology on the eutectic and eutectoid microstructures and

the ultimate tensile strength (UTS) in a hypoeutectic

compacted graphite iron (CGI) alloy. The morphology of

primary austenite is modified by isothermal coarsening

experiments in which holding times up to 60 min are

applied to the solid–liquid region after coherency. The

cooling conditions for the subsequent eutectic and eutec-

toid reactions are similar. Miniaturized tensile tests are

performed to evaluate the UTS. The morphological char-

acteristics related to the surface area of primary austenite,

the modulus of primary austenite, Mc, and the hydraulic

diameter of the interdendritic region, D
Hyd
ID , increase with

the cube root of coarsening time. The eutectic and

eutectoid microstructures are not significantly affected by

the morphology of primary austenite, thus indicating that

the morphology of the interdendritic regions does not

control the nucleation frequency and growth of eutectic

cells or graphite. UTS decreases linearly with the

increasing coarseness of primary austenite for similar

eutectic and eutectoid microstructures, demonstrating the

strong influence of primary austenite morphology on the

UTS in hypoeutectic CGI alloys.

Keywords: cast iron, compacted graphite iron, CGI,

solidification, dendrites, primary austenite, UTS

Introduction

Global environmental targets demand improved perfor-

mance and fuel economy. Urged by these goals, automo-

tive manufacturers strive to design improved fuel-efficient

engines, which entail higher peak pressures during opera-

tion and thus subject the material to higher thermal and

mechanical loads. In this context, the exceptional balance

between thermal and mechanical properties achieved with

compacted graphite cast iron (CGI) alloys1 makes them a

preferred material for structural elements in heavy-duty

engines, such as cylinder heads or cylinder blocks. The

further development of the material application is chal-

lenged by the limited availability of accurate

microstructure–property relations available in the litera-

ture2,3 and our ability to avoid the possible appearance of

defects during solidification. Thus, a better understanding

and prediction of the microstructure formation during

solidification is essential to optimize the use and produc-

tion of CGI.

In hypoeutectic cast iron alloys, primary austenite forms

dendritic microstructures, which coarsen during solidifi-

cation.4 During coarsening, the solid–liquid region formed

by the dendrites and the surrounding liquid reduces its total

interfacial area.5 This increases the length scale of the

dendrites,6 promoting significant morphological changes in

the primary austenite crystals.7 Large dendrite arms thicken

following an Ostwald ripening process8 in which their

length scale, e.g., the secondary dendrite arm spacing

(SDAS), is proportional to the cube root of total solidifi-

cation time, t1/3.4 Further coarsening leads to a globular
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appearance of the microstructure7 as a result of dendrite

fragmentation9 and coalescence of crystals,10 challenging

an accurate measurement of the SDAS. To describe the

morphology of heavily coarsened microstructures, shape-

independent morphological parameters, such as the inter-

facial area, have been proposed.8 Recent work has shown

that these parameters follow the same relation to t1/3 for the

three main cast iron alloys, i.e., lamellar (LGI), compacted

(CGI), and spheroidal graphite iron (SGI).11 After dendrite

coherency, free growth stops, coarsening becomes the

dominant growth mechanism, and the feeding changes

from mass to interdendritic.12 At this point, the morphol-

ogy of primary dendrites will determine the morphology of

the interdendritic regions where the eutectic reaction will

occur.13

During the eutectic reaction in CGI, compacted graphite

and eutectic austenite grow cooperatively until the end of

solidification,14,15 forming three-dimensional eutectic cells

in the interdendritic regions.16 Graphite nucleates on pre-

existing inclusions in the liquid,17 and its growth is con-

trolled by the segregation of some trace elements.18 In

particular, the presence of O and S is detrimental to the

formation of CGI, and their impact on the nodularity of the

alloy is critical.19 A nodularization treatment is performed

to reduce the level of O and S. Mg is the most common

element for this purpose. This treatment is challenging, as

the production of compacted graphite only occurs within a

very narrow window of Mg contents.20,21 Outside this

window, lower values of Mg promote LGI, while higher

values result in nodularities over 20%, not accepted in CGI

production, due to an excessive presence of graphite

spheroids.22 A further complication appears as Mg fades

with time, thus needing strict control during

processing.19,23–25

In solid state, during the eutectoid reaction, austenite

transforms into pearlite, ferrite, or a mixture of these

phases.26 The chemical composition and cooling condi-

tions control the fraction of these phases. However, the

formation of ferrite in CGI is promoted by the morphology

of compacted graphite.1

Models relating microstructure and mechanical properties

in CGI are scarce in the literature. However, several rela-

tions have been proposed for the ultimate tensile strength

(UTS) in LGI, which shares a similar fracture mode with

CGI. Most of them use the shape and distribution of gra-

phite as modeling parameters. Applying the Griffith frac-

ture model for brittle materials,27 the maximum length of

graphite is used to determine the UTS.28,29 The influence of

eutectic cell size is not clear, as literature shows contra-

dictory results. Several studies report that UTS decreases

with the size of eutectic cells30,31, while the opposite effect

has also been reported, indicating the lowest UTS for the

smallest eutectic cell size.13 Furthermore, the size of

eutectic cells in LGI was correlated to the SDAS of the

primary austenite,32 suggesting a connection between the

morphologies of primary and eutectic microstructures.

Besides, the effect of the eutectoid microstructure was

incorporated into the model by including the pearlite

lamellar spacing (PLS) using a Hall–Petch type equation.33

In recent studies, the UTS of pearlitic LGI was correlated

with the morphology of primary austenite in hypoeutectic

alloys.34 The UTS decreased for coarsened dendritic

microstructures, showing a linear relation to the morphol-

ogy of the interdendritic regions regardless of the maxi-

mum graphite length and the size and distribution of the

eutectic cells. The interdendritic region, which represents

the volume between dendrites where eutectic cells grow,

substitutes the graphite length in the traditional Griffith

equation for the prediction of the UTS in LGI. However,

the study was performed with experimental conditions

yielding simultaneous variations in primary, eutectic, and

eutectoid microstructures.34

This work aims to increase the understanding of the cor-

relation between microstructure and the mechanical prop-

erties in hypoeutectic CGI alloys. The main objective is to

study the role of primary austenite morphology on the

eutectic and eutectoid microstructures, and on the UTS of

hypoeutectic CGI alloys at room temperature. To that

purpose, the morphology of primary austenite is modified

by isothermal coarsening, leaving the cooling conditions

during the subsequent eutectic and eutectoid reactions

unaffected. Miniaturized tensile tests (MTT) are performed

to evaluate the influence of primary austenite morphology

on UTS.

Experimental

Experimental Alloy

The experimental alloy used in this work was a hypoeu-

tectic Fe–C–Si alloy treated with Mg to solidify as SGI.

Mn, Cu, and Sn were added to promote pearlite during the

eutectoid transformation.35 The chemical composition of

the alloy was determined by optical emission spectrometry

(OES)36 on graphite-free white chilled coins produced

immediately before the pouring. A composition of 3.4%C,

2.5%Si, 0.03%P, 0.01%S, 0.063%Mg, 0.7% Mn, 0.1% Sn,

0.9% Cu (wt%) was determined. The alloy was cast into

sand molds in the shape of rods of 50 mm diameter and

300 mm height that were subsequently machined to a

weight of 400 ± 0.5 g, yielding a diameter of 38 mm and a

height of 42 mm.

Solidification Experiments

Solidification experiments were conducted inside an elec-

trical resistance furnace to modify the chemical composi-

tion to produce CGI and to study the thermal coherency of
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the experimental alloy. The rods were re-melted and held at

1450 �C inside a 40-mm-diameter alumina crucible under

Ar atmosphere. The holding time at 1450 �C was adjusted

during the experiment to reach a composition correspond-

ing to CGI by lowering the residual Mg in the alloy.37

Based on previous research and preliminary experiments,

the holding time at 1450 �C to produce a CGI with a

nodularity lower than 5% from the experimental SGI

material used in this work was set to 80 min.37

After the holding time at 1450 �C, the samples were cooled

inside the furnace, and thermal analysis was conducted

during solidification. Thermal coherency was determined

to be at 1167 �C, indicating the moment when a coherent

dendritic microstructure has been formed.12

Isothermal Coarsening Experiments

The cooling curves from the solidification experiments

were used to design an isothermal treatment to coarsen the

primary austenite after thermal coherency. The experi-

mental procedure during the isothermal coarsening exper-

iments is as follows. The rods were re-melted using the

same conditions used in the solidification experiments, i.e.,

melted and held at 1450 �C for 80 min. Then, the samples

were cooled inside the furnace to 1163 �C, above the

eutectic temperature for this alloy to avoid the interaction

between the coarsening of primary austenite and the

nucleation and growth of the eutectic microstructure. Next,

the samples were held isothermally for different times (0,

10, 30, and 60 min) to promote the coarsening of the

dendrites. During isothermal coarsening, the solid fraction

should remain constant, as the solidification is halted. The

primary austenite microstructure is then coarsened with no

influence of the eutectic microstructure as shown in pre-

vious work using interrupted solidification experiments.38

After the coarsening time, the samples were cooled to room

temperature inside the furnace, providing similar cooling

conditions for the eutectic solidification and eutectoid

transformation. Further details on the experimental

methodology can be found elsewhere.11,39

Miniaturized Tensile Tests

From the samples from the isothermal coarsening experi-

ments, miniaturized tensile bars of 40 mm length were

machined and polished. The tensile bars were extracted at a

half-radius distance from the center of the cylinder.

Dimensions of the tensile bars are shown in Figure 1. The

thickness of the bars is 1.8 ± 0.2 mm in order to contain

several CGI eutectic cells. Miniaturized tensile tests (MTT)

were performed at room temperature in a loading stage

(produced by Kamath & Weiss) with a crosshead dis-

placement rate of 10 lm/s. Four bars were tested for each

condition. After the MMT, the samples were etched in a

picric-based solution to reveal the microstructure and

observe the austenite dendrites.40

Microstructural Characterization

The microstructural characterization was performed by

optical and scanning electron microscopy (SEM). The

micrographs of the etched samples were transformed into

binary images. For each coarsening time, four random

areas belonging to different regions of two different sam-

ples were analyzed, covering a total area of about 80 mm2.

Two separate binary images were prepared from each area

of analysis, as shown in Figure 2. One image was prepared

for the primary austenite microstructure and one for the

eutectic microstructure, enabling the measurement of dif-

ferent morphological characteristics using Olympus Stream

Motion Desktop 1.9.1 software.

The secondary dendrite arm spacing (SDAS), commonly

used in the literature to characterize coarsening of dendritic

microstructures,41 was measured locally on dendritic

microstructures including at least three secondary dendrite

arms parallel to the primary arm. The area fraction (f c),

perimeter (Pc), and area ðAcÞ of primary austenite were

measured on the same binary images. Morphological

parameters were calculated from these measurements to

perform a two-dimensional quantitative analysis of the

morphological evolution of primary austenite during

coarsening in CGI.

The modulus of primary austenite, Mc (lm), is defined as

the ratio between the volume of primary austenite, Vc and

surface area, Sc. Stereological relations were applied42,43 to

calculate this characteristic from a 2D investigation. Fol-

lowing those, Vc was approximated by Vc � Ac and Sc by

Sc � 4=pPc. Thus, Mc (lm) was calculated as

Mc � p=4ðAc=PcÞ. In the same way, the hydraulic diam-

eter of the interdendritic region, D
Hyd
ID (lm), is defined as

the ratio between the volume of the interdendritic region,

V ID, and the surface area, SID. D
Hyd
ID is determined con-

sidering that the primary austenite and the interdendritic

region share a common interfacial boundary, thus

SID � Sc;. Applying the same stereological principles and

the relationship between the area of primary austenite (Ac)

and the total area of the micrograph (AT), which defines the

Figure 1. Dimensions of the tensile bars for the minia-
turized tensile tests (MTT).
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area of the interdendritic region ðAIDÞ as AID � AT � Ac:
Thus, the hydraulic diameter of the interdendritic region,

D
Hyd
ID , is calculated as D

Hyd
ID � p=4ðAID=PIDÞ �

p=4ððAT � AcÞ=PcÞ. Additionally, the shortest distance

between the center of gravity of a primary austenite crystal

and its surrounding crystals, DNN
c (lm), was measured for

all austenite crystals in the micrograph.

The eutectic microstructure was characterized by the area

fraction (f EC), number (EC=mm2), size (DiamEC), and

shortest distance (DNN
EC ) between eutectic cells in the binary

images. Furthermore, before the MTT, the nodularity, area

fraction, graphite particle type, and the maximum length of

graphite were calculated following ISO 16112:2006(E)44

on multiple regions of the sample covering a total area of

about 24 mm2. The maximum length of graphite was cal-

culated considering only the largest 1% of the graphite

particles.

The pearlite lamellar spacing (PLS) was determined on

SEM images, Figure 3. The SEM was operated at a con-

stant magnification and an acceleration voltage of 15 kV.

Ten images were taken for each sample, and the PLS was

determined in the regions with the most refined pearlite

containing at least 10 pearlite lamellae.

Results and Discussion

Morphological Characteristics of Primary
Austenite During Coarsening

The microstructures resulting from the isothermal holding

and the subsequent cooling to room temperature are shown

in Figure 4. The micrographs show the morphological

changes that occurred in the dendritic microstructure as a

function of the coarsening time. The microstructure after

0 min of isothermal coarsening, Figure 4a, shows a den-

dritic network where highly branched and interconnected

dendrites have impinged on each other and secondary

dendrite arms are visible. As the isothermal holding time

increases, for 10 and 30 min, Figure 4b and c, the effect of

coarsening is more significant. The surface area of the

dendrites is reduced, increasing the length scale, and an

overall more globular microstructure is observed. This

suggests that dendrite fragmentation occurs simultaneously

with Ostwald ripening as a result of coarsening. In the

regions where the secondary arms are visible, they appear

thicker. After 60 min of isothermal holding, the

microstructure shows more coarsened, almost globular,

primary austenite crystals, Figure 4d. A regular arrange-

ment of crystals is observed, suggesting the former den-

dritic microstructure, but, likely, these crystals are no

Figure 2. (a) Micrograph of an etched sample after 0 min of isothermal coarsening and the binary images of the
same micrograph for (b) microstructural characterization of primary austenite, and (c) characterization of the
eutectic microstructure.

Figure 3. SEM image of a pearlitic region in the sample
after 0 min of isothermal coarsening.
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longer interconnected in three dimensions due to dendrite

fragmentation. There are fewer crystals/globules than in

previous micrographs, and indications of coalescence of

austenite crystals can be observed.

The quantitative analysis of the morphological character-

istics of primary austenite is based on the parameters

described in the experimental section, Mc, Dc, D
hyd
ID , and

SDAS and shown in Table 1. The normalized fraction of

austenite, f �c, was determined from the measured fraction of

austenite, f c, assuming a uniform distribution of primary

austenite in the microstructure, even in regions covered by

eutectic cells.

SDAS shows a linear relation with the cube root of

coarsening time, t1=3, up to 30 min, as shown in Figure 5.

This is in good agreement with the literature.4,41 However,

after 60 min of coarsening, SDAS deviates from the pre-

vious samples and shows a significant scatter. This could

be because SDAS was measured on a random 2-D section

of the 3-D microstructure and detached arms may have

moved in the liquid at this stage of coarsening. The mod-

ulus of primary austenite, Mc, increases slightly with

coarsening time as it represents the reduction in surface

area to volume of primary austenite occurring during

coarsening. In Figure 5, Mc is shown as a function of the

cube root of coarsening time, t1=3. We find a linear

Figure 4. Micrographs of etched samples after (a) 0, (b) 10, (c) 30, and (d) 60 min of isothermal
coarsening.

Table 1. Microstructural Characteristics of Primary Austenite as a Function of Coarsening Time

Coarsening time (min) f �c SDAS(lm) Mc (lm) D
Hyd
ID (lm) DNN

c (lm)

0 0.35 ± 0.05 65 ± 14 16 ± 1 27 ± 3 95 ± 6

10 0.36 ± 0.02 102 ± 28 20 ± 1 35 ± 3 127 ± 6

30 0.34 ± 0.01 136 ± 23 21 ± 1 41 ± 2 142 ± 9

60 0.37 ± 0.03 212 ± 53 27 ± 1 47 ± 5 183 ± 5

The error shows the standard deviation
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relationship for all the samples in this study. These results

agree with results from quenching experiments in CGI

reported previously38 and recent literature studying the

evolution of interfacial area in dendritic microstructures of

different alloys10,45 reporting a relation to t1=3 for long

coarsening times. Micrographs in Figure 4 also suggest a

spatial redistribution of primary austenite crystals during

coarsening, which is shown by the distance between pri-

mary austenite crystals, DNN
c , increasing linearly with the

cube root of coarsening time, t1=3, as shown in Figure 5.

Additionally, the changes in morphology and distribution

of the dendritic microstructure necessarily change the

morphology of the interdendritic region. The hydraulic

diameter of the interdendritic region, D
Hyd
ID , calculated in a

similar way to Mc, shows the reduction in surface area and

spatial redistribution of primary austenite during coarsen-

ing. D
Hyd
ID increases with coarsening time, Table 1, as the

surface area of the interdendritic region is reduced during

coarsening. D
Hyd
ID also follows a linear relationship with the

cube root of coarsening time, t1=3, as shown in Figure 5.

Characteristics of Eutectic and Eutectoid
Microstructures After Coarsening of Primary
Austenite

Micrographs in Figure 4 show eutectic cells comprised of

compacted graphite particles and eutectic austenite in CGI

for all the samples studied after different coarsening times.

The morphology of primary austenite determines the

interdendritic region where the eutectic microstructure will

grow. This suggests a possible interrelation between both

microstructures.

As shown in the previous section, the interdendritic region

follows a linear relation with the cube root of coarsening

time, t1/3. However, the analysis of the nodularity, fraction,

and maximum length of graphite shows that these

parameters corresponding to graphite do not follow the

same trend and do not change considerably with coarsening

time, Table 2. Furthermore, the distribution of graphite

particles, based on the roundness shape factor (nodular,

vermicular, and intermediate), is analyzed as a function of

coarsening time. As shown in Figure 6, the total number of

graphite particles and the number of vermicular graphite

particles are similar for the different coarsening times.

These results show that the growth of graphite in CGI is not

significantly influenced by the morphology of primary

austenite.

Eutectic cells in Figure 4 appear quite spherical, and it is

difficult to distinguish any significant effect of the coars-

ening time on their morphology and number. Table 3

shows that the fraction (f EC), number (EC=mm2), size

(DiamEC), and spatial distribution (DNN
EC ) of eutectic cells

are not significantly affected by coarsening time. As the

number of eutectic cells is similar to the number of

nucleation events occurring during the eutectic reaction,

these results show that the morphology of primary

austenite does not significantly influence the eutectic

nucleation frequency in CGI. Thus, the surface area of
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Figure 5. Microstructural characteristics of primary
austenite as a function of coarsening time. The error
bars show the standard deviation.

Table 2. Graphite Particle Characteristic as a Function
of Coarsening Time

Coarsening time
(min)

Nodularity ISO
(%)

FractionGr

(%)
LMax

Gr (lm)

0 2.6 ± 1.1 9.9 ± 0.7 222 ± 30

10 1.9 ± 0.9 10.5 ± 0.9 246 ± 52

30 2.6 ± 1.4 9.9 ± 1.0 223 ± 32

60 2.9 ± 1.1 10.6 ± 1.1 247 ± 46

The error shows the standard deviation

Figure 6. Distribution of graphite particle types as a
function of coarsening time.
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primary austenite and the size of the interdendritic channels

do not influence the size and distribution of eutectic cells,

nor the nodularity and type of graphite particles in CGI.

Analyzing the microstructures in Figure 4, it can be

observed that the presence of Cu, Mn, and Sn in the alloy

promoted the stabilization of pearlite inside the coarsened

primary dendrites in the regions away from the graphite

particles for all coarsening times, as shown in Figure 7. It

can also be observed that ferrite surrounds the compacted

graphite particles as its formation is associated with the

compacted morphology of graphite.1 As described earlier,

the fraction of austenite and eutectic cells are not affected

by coarsening time. Thus, we can expect a similar ratio of

pearlite/ferrite in all the micrographs, independent of the

coarsening time. Furthermore, the pearlite lamellar spac-

ing, PLS, reported in Table 4, is not significantly influ-

enced by coarsening time, thus indicating that the

morphology of primary austenite does not influence the

eutectoid reaction.

Ultimate Tensile Strength as a Function
of the Microstructural Characteristics

UTS values from the MTT are shown in Table 5 and as a

function of the cube root of coarsening time in Figure 8a.

A linear decrease in UTS is observed as coarsening time

increases. Given that the only microstructural characteris-

tics showing the influence of the coarsening time are those

of primary austenite, UTS is shown as a function of the

morphological characteristics of primary austenite (SDAS,

Mc, D
Hyd
ID and DNN

c ) in Figure 8b. Again, it can be observed

that UTS decreases linearly. From the primary austenite

characteristics, we observe how UTS does not correlate

well with SDAS for the sample of 60 min of coarsening.

This is due to that SDAS is not an accurate characteristic of

the primary austenite morphology for long coarsening

times, as seen in Figure 5. These results show that Mc and

D
Hyd
ID , the parameters related to the surface area of primary

austenite and the interdendritic region, describe more

accurately the effect of primary austenite morphology on

UTS.

Conclusions

The primary austenite in a hypoeutectic CGI alloy has been

coarsened isothermally for different times, up to 60 min.

The cooling conditions for the subsequent eutectic and

eutectoid reactions after the isothermal treatment were kept

similar. This way, the morphology of primary austenite

could be altered independently of the eutectic and eutectoid

microstructures.

Table 3. Microstructural Characteristics of Eutectic Cells
as a Function of Coarsening Time

Coarsening
time (min)

fEC EC/mm2 DiamEC

(lm)
DNN

EC

(lm)

0 0.52 ± 0.03 2.8 ± 0.2 443 ± 45 471 ± 36

10 0.48 ± 0.06 2.6 ± 0.1 459 ± 36 483 ± 30

30 0.48 ± 0.03 3.0 ± 0.4 431 ± 33 461 ± 30

60 0.51 ± 0.02 2.8 ± 0.5 464 ± 33 489 ± 34

The error shows the standard deviation

Figure 7. Micrograph of the sample after 60 min of
isothermal coarsening showing pearlite (P) and ferrite
(F).

Table 4. Pearlite Lamellar Spacing (PLS) as a Function
of Coarsening Time

Coarsening time (min) PLS (lm)

0 0.38 ± 0.10

10 0.37 ± 0.08

30 0.34 ± 0.08

60 0.33 ± 0.11

The error shows the standard deviation

Table 5. Ultimate Tensile Strength (UTS) as a Function
of Coarsening Time

Coarsening time (min) UTS (MPa)

0 311 ± 2

10 298 ± 3

30 276 ± 4

60 267 ± 4

The error shows the standard deviation
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Primary austenite in CGI coarsens according to the Ost-

wald ripening model, and its morphology is accurately

described by the parameters related to the surface area of

primary austenite, Mc and D
Hyd
ID . SDAS deviates for long

coarsening times.

The characteristics of the eutectic and eutectoid

microstructure in CGI are not significantly affected by the

changes in the morphology of primary austenite. This

indicates that the surface area and the size of the inter-

dendritic regions do not control the size and distribution of

graphite particles and eutectic cells, and hence, do not

influence the nucleation frequency and growth of eutectic

cells or graphite particles in CGI. The similar cooling

conditions during the eutectic reaction and the constant

alloy composition promoted similar eutectic microstruc-

tures for all coarsening times.

The UTS decreased with the increasing coarseness of pri-

mary austenite. This demonstrates the strong influence of

primary austenite morphology on the UTS of hypoeutectic

CGI alloys for similar eutectic and eutectoid microstruc-

tures. These results for CGI are in good agreement with the

recent model by Fourlakidis and Diószegi34 for hypoeu-

tectic pearlitic LGI, using the hydraulic diameter of the

interdendritic region, D
Hyd
ID , in the Griffith fracture model to

replace the graphite length.

The effect of primary austenite on UTS in CGI has been

shown isolated, stressing the importance of incorporating

the morphology of the primary microstructure in the

models for mechanical properties of hypoeutectic alloys.

However, the contributions to strength from graphite

morphology, eutectic cell size, pearlite/ferrite ratio, and

pearlite lamellar spacing are not to be neglected and

require future work.
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