Materials Science Forum Submitted: 2017-10-04

ISSN: 1662-9752, Vol. 925, pp 272-279 Revised: 2017-11-29
doi:10.4028/www.scientific.net/MSF.925.272 Accepted: 2018-01-25
© 2018 The Author(s). Published by Trans Tech Publications Ltd, Switzerland. Online: 2018-06-20

Strength Prediction of Lamellar Graphite Iron: From Griffith’s to
Hall-Petch Modified Equation

Vasilios Fourlakidis'®, Lucian V. Diaconu?® and Attila Diészegi*®
'Swerea SWECAST AB, P.O. Box 2033, SE-550 02 Jonkdping, Sweden

2Jénkoping University, Dept. of Mechanical Engineering/Material and Manufacturing Casting, Box
1026, SE-551 11 JO6nkdping, Sweden
2vasilios.fourlakidis@swerea.se, “lucian-vasile.diaconu@ju.se, “attila.dioszegi@ju.se

Keywords: Tensile strength, lamellar graphite iron, primary austenite, pearlite spacing.

Abstract. Traditionally, ultimate tensile strength (UTS) is used as the main property for the
characterization of lamellar graphite iron (LGI) alloys under static loads. The main models found in
the literature for predicting UTS of pearlitic lamellar graphite iron are based on either regression
analysis on experimental data or on modified Griffith or Hall-Petch equation.

In pearlitic lamellar graphite iron the primary austenite dendritic network, transformed to pearlite,
reinforces the bulk material while the distance between those pearlite grains, defines the maximum
continuous defect size in the bulk material. Recently the novel parameter of the Diameter of
Interdendritic Space has been used to express the flow length in a modified Griftith equation for the
prediction of the UTS in LGI. Nevertheless this model neglects the strengthening effect of the
pearlite lamellar spacing within the perlite grains. A model based on modified Hall-Petch equation
was developed in this work. The model considers the effect of both microstructure parameters and
covers a broad spectrum of microstructure sizes typical for complex shape castings with various
wall thicknesses.

Background

Environmental regulations, economy, high performance and fuel consumption are the main
parameters that drive the development of heavy truck engines. Cylinder blocks and cylinder heads
are the primary components of these engines and the majority of them are made of lamellar graphite
iron (LGI) alloy. The maximum strength of LGI is an essential factor that determines the
performance and the fuel consumption of those engines. The dependence between different
microstructural parameters and the ultimate tensile strength (UTS) of LGI has been thoughtfully
investigated in the past [1-7 and 9] and shows that the UTS can be predicted either by using the
Griffith relation [1, 3, 6 and 7] or a modified Hall-Petch equation [9]. The modified Griffith fracture
relation is given in Eq. 1 and the Hall-Petch strengthening model is presented in Eq. 2:

k
oyts = 7% (1)

Where c is the flaw length and k, is the stress intensity factor of the metallic matrix.

— k2
Where o is the yield stress, k; and k; are the contributions from other strengthening mechanisms and
d is the grain size.

Previous research works [1, 3, 6] considered that the graphite flakes, dispersed in the metal matrix,
behave as Griffith cracks in a brittle type solid and they used the maximum graphite length as the
flaw parameter (c) in the Eq. 1. However in a recent work [7] it has been found that the coarseness
and the amount of the eutectic phase, as it is expressed by the novel develop parameter of the
Hydraulic Diameter of the Inter-dendritic Phase (Dp'™?), can be used in the Griffith equation,
instead of the graphite length, for the more accurate prediction of the UTS in LGI alloys, see Eq. 3.
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The conclusion was that in LGI the primary dendritic network is the materials main strengthening
factor and the entire eutectic phase can be considered as the flaw length. The model obtained covers
the whole spectrum of carbon content from eutectic to hypoeutectic composition, solidified at a
wide range of different cooling rates.

Outs = 77— 3)

Nevertheless it is known [8] that the strength of the primary dendritic network can be increased by
increasing the pearlite inter-lamellar spacing. Catalina et al [9] considered a tensile strength model
for pearlitic LGI, where certain levels of stresses are imposed on the material before a crack is
initiated. The proposed equation is based on modified Hall-Petch equation and the UTS is predicted
as a function of the maximum graphite length (Lyax) and the pearlite inter-lamellar spacing (A,). The
proposed model considered that the constant coefficient k, in Eq. 2 was influenced mainly by the
pearlite inter-lamellar spacing, see Eq. 4. Finally, multiple regression analysis was used to derive
the coefficients in Eq. 5.

K.
K3 +—4

Oyrs = K1 + == => Oyrs = K1 + ——=+ —= 4
UTS 1 Lonax UTS 1 Lmax \/Lmax'}\p ( )

2.25x1073  1.98x1073

R Lmax + v Lmaac'7\p (5)

Where L. and A, are in um.

The present work demonstrates the dependence of UTS on the microstructural constituents of:
pearlite inter-lamellar spacing and Hydraulic Diameter of the Inter-dendritic Phase. Specifically
both microstructural features will be incorporated in a modified Hall-Petch equation for the
modeling of UTS.

OoyTs = 80 +

Experimental Methods

Detailed description of the experimental methods is presented elsewhere [10, 11]. Briefly, the
experimental layout contained three cylindrical castings each one surrounded by a different material
(chill, sand and insulation) intended to provide three different cooling rates, see Fig. 1. The
chemical composition and the cooling rates are presented in Table 1 and 2. Two-dimensional heat
flow condition was induced by placing an insulation plate at the top and the bottom of the
cylindrical castings.

Uniaxial tensile testing was performed on one sample machined from each cylindrical casting.
Tensile strength measurements were obtained using dog-bone shaped test bars according to
VOLVO standard 5C25. The tests were conducted at a strain rate of 0.035 mm/s and at room
temperature. The positions of the tensile bars and the section surface for microstructure
investigation were within the equiaxed zone and hence the results obtained are not systematically
influenced by the primary austenite orientation.

insulation

Figure 1: Schematic representation of the experimental casting.
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Table 1: Chemical composition (wt%) and carbon equivalent (CE=%C+%S1/3+%P/3).
Heat C Si Mn P S Cr Cu CE
13A 362 188 057 004 0.08 0.14 0.38 4.26
13B 334 183 056 004 0.08 0.15 0.37 3.96
13C 3.05 177 054 004 0.08 0.14 036 3.65
13D 280 175 054 004 0.08 0.15 035 3.40

Table 2: The experimental solidification rate and time for the different cooling conditions.

High (Chill) Medium (Sand) Low (Insulation)
Cooling rate [°C/s] 3.5 0.8 0.2
Solidification time [s] 90 400 1550

The microstructure was examined using an optical microscope. For a quantitative determination of
the morphological parameter D™, the eutectic phase area (Ap) and the periphery of the primary
phase (Py), were measured by using image manipulation open source software (GIMP-2) and a
commercial image analysis software (Leica Qwin V3 Runner). The parameter DML s given as
follow [10]:

A
D =2F (6)

Fig. 2 shows typical images of the investigated microstructure. Fig. 2(a) present the primary phase
delimited by the red line. The average diameter of the five larger eutectic cells were measured in
each sample, see Fig. 2(b). The pearlite inter-lamellar spacing was measured in a SEM by a linear
intercept method. The minimum value was considered to be the correct spacing (perpendicular to
the lamellea). As can be seen in Fig. 2(c) the distance between 11 adjacent ferrite lamellas was
measured and divided by 10 for the calculation of a single inter-lamellar spacing.

$3700 15.0kV 9.4mm x35.0k SE

(b)
Figure 2: Typical images of the investigated microstructure. (a) primary austenite dendritic

network, (b) eutectic cell and (c) pearlite inter-lamellar spacing.

Results and Discussion

The microstructure analysis results show that the carbon contents and the cooling rates have a
sizeable impact on the scale of the as-cast microstructure. For a given cooling rate, the fraction and
the coarseness of the dendritic phase is found to increases with decreasing carbon content. On the
other hand the increasing cooling rate causes a decrease in microstructure coarseness while the
fraction of primary austenite remains constant.

Microstructure investigation at the cross section of the fracture area shows that the crack path
followed the graphite-matrix interfaces and it was passed through the eutectic cells, see Fig. 3. The
red arrow in Fig. 3 indicates the direction of the tensile stress. Graphite de-cohesion from the matrix
can be also observed. As seen in Fig. 4 the crack advanced at the periphery of some intact dendrite
arms meaning that the dendrites poses much higher resistance to the crack growth in comparison
with the eutectic phase [10].
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Figure 3: Crack propagation at the inner area of Figure 4: The crack path bypasses the
an eutectic cell. dendrite arms.

The eutectic cells size is influenced by factors such as cooling rate and carbon content or by process
related parameters. The diameter of the eutectic cells is believed to be directly proportional to the
maximum size of the graphite flakes. The present work data correlation between eutectic cell size
and UTS presented in Fig. 5 shows that different cooling rates provide different linear dependencies
between the eutectic cell size and UTS. Similar observations were made in a previous work [9]
where two different cooling rates resulted to two different relationships between UTS and
maximum graphite length. As seen in Fig. 3 the experimental data covers a broad range of eutectic
cell sizes. Although the influence of eutectic cell size on UTS is the most discussed relationship in
the literature the results of this work indicates that neither the eutectic cell size nor the maximum
graphite length can be used as generic parameters for the prediction of the UTS.

A likewise series of linear dependencies between pearlite inter-lamellar spacing and UTS was
observed, see Fig. 6. The pearlite inter-lamellar spacing increases with increasing carbon content
and the decrease of cooling rate while the UTS shows an inverse linear relationship with the pearlite
lamellar spacing for a given cooling rate.
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Figure 5: Effect of eutectic cell size on UTS.  Figure 6: Effect of pearlite spacing on UTS.

Fig. 7 shows that there is an inverse relationship between D™ and UTS regardless of the cooling

rate. Regression analysis provides the following dependency between the tensile strength and the
DHydLP:

Hyd~0-586

ours = 1616 - (D, (7

where D™ is in pm.
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The relationship obtained indicates that DHydIP can be considered as the most influential factor
causing the reduction in UTS. It appears that it is not the length of the graphite flakes but rather the
fraction and the coarseness of the eutectic area, as expressed by DHydIP, which is the dominant factor
that reduces the UTS in lamellar cast iron alloys.
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Figure 7: Effect of Hydraulic Diameter of the Inter-dendritic Phase on UTS.

In lamellar graphite iron the eutectic cells can encapsulates a number of individual primary
dendrites. This number varies according to the fraction of primary austenite as can be seen in Fig. 8
where it is presented the microstructures of two LGI alloys with 3.6% (Fig. 8a) and 3.15% (Fig. 8b)
carbon contents that result to ~20% and ~50% fraction of primary austenite, respectively. Although
both samples have similar eutectic cell size, considerably larger number of primary dendrites
traverses across the eutectic cell of the low carbon content sample as can be seen in Fig. 8(b). The
depicted observations at Fig.s 3, 4 and 8 were used in Fig. 9 for illustrating schematically a
proposed crack mechanism that clarify, in some extent, the found influence of D™ on UTS.

4

Figure 8: Microstructure of LGI with (a) 3.6% C and (b) 3.15% C. The dashed red lines indicate
some of the primary dendrites that crossing the eutectic cells.

Fig. 9 shows a simplistic representation of the microstructure of two LGI alloys produced with
different carbon contents and under identical cooling conditions and inoculation treatments. Under
those conditions both microstructures will have the same eutectic cells size and pearlite inter-
lamellar spacing but different D™p. If a tensile force is applied on the microstructure a crack will
start to form at a certain stress level. This crack will propagate relatively easy through the numerous
interconnected graphite particles that are embedded in the metallic matrix of the eutectic cell, see
Region 1 in Fig. 9. Contrary when the crack reaches a primary dendrite (see Region 2 in Fig. 9) the
relatively rapid crack extension will be halted due to the fact that much larger stresses are required
for the fracture of this phase. The magnitude of the additional stress is proportional to the pearlite
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inter-lamellar spacing. Thus it can be assumed that for different carbon contents the UTS is related
to fraction eutectic and it can oscillate independently of the eutectic cell size. For example the LGI
2 microstructure in Fig. 9 can be considered stronger than the LGI 1 due to the larger number of
primary dendrites that exist within the eutectic cell. The DM, parameter expresses the length scale
of eutectic phase and it is more suitable to be related with the UTS. Obviously, not only the size of
the eutectic phase but also the coarseness of the microstructure has a crucial effect on the UTS. This
complex microstructure interrelation it is expressed by the D™ parameter. For example Fig. 10
shows the microstructure of the 13D-insulation and 13C-Sand sample. As seen in Table 3 both
samples have approximately the same UTS although there is a significant difference in their
microstructure features with the exception of DHydlp that shows the smaller deviation.

LGl 1 Metallurgical factors LGI 2
%C 1>%C 2

cooling rate 1 = cooling rate 2

inoculation 1 = inoculation 2

Microstructure/Strength
results
ECEL*1=ECEL 2
)\pearlite 1= )\pearlite 2
Ap1>Ap2
DHydip 1 > DHydp 2

Primary Eutectic cells Crack initiation Outs 1< Outs 2

dendrites Crack propagation path Last solidify area

*eutectic cell size
Figure 9: Schematically representation of the crack mechanism in LGI. The red arrows indicate the
direction of the tensile stress.

Table 3: Microstructure data

and UTS.
C13D Cl13C  Difference [%]

fy [%] 50 60 25
ECEL 1380 965 30
[pm]
7\fpearlile 0.33 0.23 30
[um]
D, 21 19 10
[pm]

Ouis [MPa] 284 286 1

Figure 10: Microstructure of (1) C13D-Low cooling rate (2.80%C) and (2) C13C-Medium cooling
rate (3.05%C). The arrows indicate the size of a typical eutectic cell and the red marked area shows
a part of the inter-dendritic area (Ajp).

However the derived correlation between DHydlp and UTS is similar but not identical with the
modified Griffith’s relation (Eq. 1). More specific the exponent of the Eq. 7 is found to be equal to -
0.586, somehow larger than the proposed exponent in the Griffith’s relation (equal to -0.5). This
discrepancy indicates a deficiency of the proposed model and shows that the experimental data
could be adjusted in a different physical model where the effect of pearlite inter-lamellar spacing
(Apeartite) on UTS may be taken into consideration. Thus linear multiple regression analysis was
made to determine the simultaneous influences of the DHydlp and the Apearlite ON the UTS. The model
obtained is based on the modified Hall-Petch relation (Eq. 4) and is shown in Eq. 8.

OuTs = 70.9 + 491.2 + 295.7 (8)

Hyd Hyd
\/DIP \/DIP 'Apearlite

H .
where D™ and Apearlite are in pm.
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Probably the initial stress levels are overestimated in Eq. 8 and 5 (k;=70.9 and 80 MPa
respectively). It is likely that during the tensile test the formation of multiple cracks at the graphite
lamellae tip or the graphite de-cohesion from the matrix can occur at lower initial stress levels due
to the fact that the lamellar graphite iron shows a non-linear mechanical behavior.

Fig. 11 shows the predicted UTS from the Eq. 7 and 8 in comparison with the experimental data.
The R? values indicate that the modified Hall-Petch relation (Eq. 8) predicts with better accuracy
the UTS values than the derived exponential relation (Eq. 7).
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Figure 11: Measured and predicted UTS values.

Conclusion

High cooling rates refine the dendritic network, the eutectic cell structure, and the pearlite inter-
lamellar spacing resulting in improved mechanical properties. Increasing carbon content mainly
reduces the amount of the primary phase which negatively affects the mechanical properties.

The DY parameter expresses the ratio between the size and the coarseness of the area between
the primary dendrites. This work shows that not the size of the graphite flakes but the D" is the
main factor that determines the ultimate tensile strength in LGL.

The pearlite inter-lamellar spacing and Hydraulic Diameter of the Inter-dendritic Phase were used
in a modified Hall-Petch equation for the modeling of UTS. The model developed can be applied
across the whole spectrum of carbon content from eutectic to hypoeutectic composition, solidified
at various cooling rates typical for both thin and thick walled complex shaped iron castings.
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