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The effect of graphite flake morphology
on the thermal diffusivity of gray cast
irons used for automotive brake discs
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Thermal diffusivity of automotive grade SAE G3000 (d) gray cast iron has been measured
as a function of graphite flake morphology, chemical composition and temperature. Cast
iron samples used for this investigation were cut from “step block” castings designed to
produce iron with different graphite flake morphologies resulting from different cooling
rates. Samples were also machined from prototype and commercial brake rotors, as well
as from a series of cast iron slugs with slightly varying compositions. Thermal diffusivity
was measured at room and elevated temperatures via the flash technique. Graphite flake
morphology of the various cast iron samples was quantified stereologically with image
analysis techniques. Several geometric features of the graphite flake morphology were
quantified. It was found that the thermal diffusivity of these gray cast irons increases with
carbon equivalent and has a strong linear correlation to graphite flake length. For gray iron
with the same chemical composition, a four fold increase in the graphite flake size results in
a b0% increase in thermal diffusivity. Amongst the commercial rotors, room temperature
thermal diffusivity varied from 0.156 to 0.200 cm?/s. © 1999 Kluwer Academic Publishers

1. Introduction The phase of the cast iron matrix influences diffusivity
Gray cast iron has been the primary material for au-a small degree, and ferrite has a higher diffusivity value
tomotive brake rotors (discs) because of its excellenthan pearlite [3, 4].
thermal transport ability and its damping properties. A Most rotors on production passenger cars today are
brake rotor must be able to dissipate the frictional heagray cast iron with Type A or B graphite flakes (AFS-
generated by application of the brake pads during a stoASTM A247 designation) embedded in a pearlite ma-
One way to improve the heat transfer ability of a rotor istrix. However, there are variations in chemical com-
to increase the material’s thermal diffusivity. Thermal position and processing between foundries which lead
diffusivity describes the rate of heat propagation dur-to microstructural differences between rotors produced
ing transient processes, and so is afundamental material the same specification. Solidification rate impacts
parameter for the design of brakes. Thermal diffusiv-graphite flake morphology, hence different casting
ity can be used to calculate thermal conductivity, themold configurations (e.g. number of parts/mold) or
steady-state measure of how a material transmits heatew component designs may result in slightly different
Gray cast iron rotors with improved thermal conductiv- graphit flake morphologies. Knowing how morphology
ity have shown increased resistance to heat cracks [limpacts thermal transport allows assessment of how a
possibly improving the service life of the brake. If the variation in disc production will impact thermal man-
thermal transport ability of gray cast iron can be in-agement in the rotor.
creased without sacrificing other design criteria, brake Thermal diffusivity was measured at room and ele-
performance may be enhanced. vated temperatures for pearlitic gray cast irons to de-
Graphite inclusions have a significantly higher ther-termine whether subtle differences in morphology alter
mal diffusivity than the matrices of cast irons. Distri- heat transfer. In order to isolate the effects of graphite
bution of the graphite phase is the primary influence orilake shape from the influences of composition, test
thermal transport. Nodular iron, where graphite is inspecimens were made from “step block” castings de-
spherical form, exhibits lower conductivity than com- signed to have 5 different cooling rates and hence dif-
pacted graphite, which in turn has a lower conductivityferent graphite flake morphologies in each step. Steps
than gray iron with its flake graphite; as graphite flakesare labeled 1-5, with Step 1 being the thinnest step with
get longer, diffusivity and conductivity increase [2-5]. the fastest cooling. Variations in chemical composition
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were considered by cutting material specimens frommetallography, avoiding the use of wet grinding to
production and prototype ventilated front rotors of sim- prevent graphite flake pullout. Metallographic mounts
ilar dimensions, labeled here US#1, US#2, US#3were observed by optical microscopy in an unetched
German, Japanese, Prototype US and Prototype Ewondition. Image analysis was performed with a Nikon
rope. In order to isolate the influences of compositionoptical microscope and Image Pro Plus software to
8 cast iron alloys with slight compositional variations, quantify the structure, size and shape of the graphite
were cast in a large cylindrical mold. Test specimendlakes. Chemical composition of each cast iron alloy
were cut from these castings designated as Alloys 1-8vas determined on a JOEL optical emission spectrom-
eter (OES), and LECO combustometric analysis was

2. Experimental used to determine the weight percents of C and S.

Room temperature thermal diffusivity was measured by

the flash technique [6] using a xenon flash system at thd. Results and discussion

High Temperature Materials Laboratory at Oak RidgeThe chemical composition in wt% of the alloys ap-

National Laboratory. To perform this measurement, ongpears in Table I. Fig. 1 shows that for the rotor and cast

face of a sample of known thickness is subjected to arron alloy samples there is a positive, almost linear de-

intense, brief heat pulse, and the time for the pulse tg@endence of thermal diffusivity with increasing carbon

propagate to the opposite face of the sample is recordegquivalent (CE), where CE % C+ 1/3(% SH % P).

The diffusivity, «, is calculated from the time it takes This increase is expected since increasing the % C or

for the rear surface to achievg2lof its maximum tem-  CE is the most direct way to improve the graphitization

perature rise, in gray iron. Amongst the brake rotor samples, thereisa

25% increase in diffusivity with a 0.4% increase in CE.

a = CD?/tys (1) The general linear trend seen in part of Fig. 1 extends

beyond the carbon % range of the rotors studied here

(3.43-3.79% C) to 2.5-4.0% C [1]. Other research has

whereC is a dimensionless parameteér,is the speci- : . .
men thickness, angs is the half rise time of the rear Fiemonstrated the effect of increasing thermal diffusiv-

surface temperature. Analysis software determines thiy With increasing % CE from 3.6 to 4.8% CE [11].
value of C using Koski’s parameter estimation tech- [N order toisolate the effect on thermal diffusivity of
nique [7] applied to Clark and Taylor analysis [8]. Clark the graphite shape from the composition (or CE), "step
and Taylor's analysis includes the effect of radiationP!0CK’ castings were produced to gray iron G3000 spec-
heat losses. |f|cat|0n. A step block casting is shaped like a staircase;
Specimens used for the diffusivity measurementSteP heights were 3.175, 6.35, 12.7, 25.4, and 50.8 mm,
are disk-shaped, nominally 12.7 mm in diameter angVith €ach step being 124 mm wide and 56 mm deep.
3.18 mm thick. Before testing, each specimen was medBecause of the difference in step thickness, each step
sured and weighed to determine its density and thick€xperiences a different solidification and cooling rate,
ness, and coated with carbon to maximize the energfroducing different graphite flake morphologies in ma-
absorption. Five diffusivity measurements of each spectial with the same composition. Although all of the ro-
imen were made at room temperature; between 3 and®’ anql alloy samples have a fully pgarlltlc microstruc-
specimens were tested for each alloy and each test cofir® With only trace amounts of ferrite, the step block

dition, assuring a statistically reliable and representat@stings contain small amounts of ferrite in the pri-

tive value for each sample and for each alloy. mfarily pearlit_ic matrix. The thinnesft step, Step 1, con-
The elevated temperature thermal diffusivity was me12ins approximately 4.9 vol % ferrite, Step 2 contains

asured on a system equipped with a moveable Nd:gla_%g vol %, and the amount_of ferrite drops to a minimum

laser, a cryogenically cooled InSb IR detector, and foufn Step 5 of 0.4 vol % ferrite.

furnaces [9]. A low temperature aluminum block fur-

nace was used to achieve the test temperatures 6200

500°C. Oxidation of the cast iron samples was mini-

mized by flowing ultra high purity argon through the o

furnace. Each specimen was measured three times -

each elevated temperature. The Koski parameter estg %

mation technique applied to Cowen’s analysis [10] wasz 019

used to determine the value ©fin Equation 1 and to

Thermal Diffusivity of Automotive Gray Cast Iron

e——
—e—1
—e—H

ty, ¢

generate the diffusivity results for the elevated temper 2 018 | i
ature results. £ o1 i

Automotive disc brakes operate at high temperature g
and are subject to the influences of environment. Ang  °'° :
other goal of this work was to determine how the pres-~ 415 eHimkgiopremois | |
ence of oxide scale effects thermal diffusivity. Rotor x Cas! fon slug samples
samples were oxidized in a furnace at 5a0for 1, 10 Q14 ‘ :

4.0 4.1 4.2 4.3 4.4 4.5 4.6

and 270 h. Thermal diffusivity was subsequently mea:
sured at room temperature.

To quantify the graphite flake morphology, diffusiv- Figure 1 Room temperature thermal diffusivity increases as a function
ity specimens were mounted and prepared by standard carbon equivalent (CE). Error bars ateone standard deviation.

Carbon Equivalent, %
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TABLE | Chemical compositions (wt %)

Rotors

Japanese German US#1 US#2 US#3 Europe US

Proto.

Proto. Step
blocks Alloy 1 Alloy 2 Alloy 3 Alloy 4 Alloy 5 Alloy 6 Alloy 7 Alloy 8

Cast iron alloys

Carbon 3.69 3.79 351 345 343 378 379 364 339 342 340 361 360 363 350 3.70
Manganese 0.56 0.74 088 065 071 059 051 068 065 071 084 0.83 0.67 0.89 0.89
Phosphorus 0.03 0.05 0.01 0.02 0.03 003 004 005 009 011 0.10 0.09 0.08 0.11 o0.11
Sulfur 0.10 0.09 0.10 0.08 0.13 0.10 0.16 0.01 0.12 0.12 0.12 0.12 013 012 0.12 0.15
Silicon 2.14 2.01 1.87 230 243 216 190 220 212 2.26 233 223 230 2.28 2.26 2.25
Copper 0.05 0.19 095 0.10 0.28 0.08 120 0.10 0.27 029 029 031 0.33 029 0.18 0.20
Nickel 0.03 0.10 0.01 0.08 0.12 0.08 0.07 0.01 0.13 0.13 013 013 0.13 0.2 0.12 0.12
Chromium 0.05 0.12 0.24 030 031 025 014 031 021 040 039 0.22 0.37 0.20 0.19 043
Iron Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base
Carbon 4.41 4.48 4,14 422 425 451 4.44 439 412 4.20 4.20 4.38 4.39 4.42 4.29 4.48
Equivalent

TABLE Il Microstructural characteristics of gray cast iron diffusivity specimens

Average flake Maximum flake Surface/Volume Aspect Fields of view

Sample length (mm) length (mm) (1/mm) ratio analyzed Flake type Size class
Step 1 (3.18 mm) 14 195 0.88 2.6 27 DA 3-4

Step 2 (6.35 mm) 42 383 0.45 4.4 20 A 2

Step 3 (12.7 mm) 58 556 0.40 6.2 20 A 2

Step 4 (25.4 mm) 89 685 0.37 5.4 19 A 1

Step 5 (50.8 mm) 94 881 0.19 6.5 10 A 1

German 47 547 0.39 3.2 10 A, B 2
Japanese 71 710 0.34 4.8 10 A 1

Proto. Europe 43 575 0.41 3.1 20 A, B 2

Proto. US 52 655 0.44 4.4 20 A 1-2

US#1 51 403 0.32 3.8 10 A 2

US#2 46 469 0.38 3.1 10 A 2

US#3 49 564 0.39 3.5 20 A 2

Commercial image analysis software was used td.ength” is the maximum value of observed for a
measure the graphite flake morphology parameters sugsarticular iron over the all the fields of view. It should
as flake length, area, major shape axis, minor shape axige noted that only flakes fully visible in the field of
and shape perimeter on unetched mounts. These parawiew were measured and tabulated as is necessary for
eters are defined in the schematic pictured in Fig. 2accurate assessment of average length values. A three
Table Il lists average microstructural characteristics ofdimensional property important for heat transfer is sur-
the graphite found in each step and in the brake roface area/volume; in order to estimate this property for
tors. The “Average Flake Length” is simply the averagethe graphite from two dimensional images, the average
value L from all the flakes measured for a particular graphite shape perimetel, was divided by the area
iron over all the fields of view. The “Maximum Flake enclosed,A, and this value is included in Table Il as
“Surface/Volume.” The “Aspect Ratio” was defined as
major axis/minor axis oX/Y.

Schematic of graphite flake morphology:

Enlargement of flake at center of circle:

Examples of unetched optical images used for mea-

i
\ N

P = Perimeter length or circumference of graphite shape
A = Area of graphite shape

L = Actual length of graphite shape

Figure 2 This schematic shows how the parameters used to characteri

graphite flake morphology are defined. A commercial image analysi

X = Major axis of graphite flake shape
Y =Minor axis of graphite flake shape

suring graphite parameters are shown in Fig. 3. Actual
diffusivity samples were mounted, polished and used
for the microstructural measurements, hence the num-
ber of fields of view analyzed was limited by the size
of the samples. The number of fields of view analyzed
for each sample type is listed in Table II; this corre-
sponds to measuring between 5000 and 12000 flakes.
Alloys 1-8 were not used in the microstructural study
because they were all cast in the same large cylindrical
mold which resulted in very large flake sizes, e.g. max-
imum flake lengths of 1000-14Q0m. With such large

éﬁakes sizes statistically valid assessment of the graphite

software program was used to measure the dimensions definedere: morphology was not possible on the small diffusivity
A, L, X, andY, for thousands of flakes in each diffusivity sample.

samples.
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Figure 3 Optical images of gray iron from Step 1, Step 3, Step 5 and US #2. Step 1 contains Type D and Type A graphite; other samples have only
Type A graphite flakes.

The average flake length-diffusivity relationship is length, as seen in Fig. 4. The step block specimens,
shown in Fig. 4a, and maximum observed flake lengthwhich all come from the same casting, illustrate the
vs. diffusivity is plotted in Fig. 4b. In Fig. 4, the dif- graphite length effect clearly because compositional in-
fusivity value of a particular sample is plotted againstfluences are reduced. The rotors vary in composition but
the flake parameter measured on that same sample. Fstill show a strong trend of increasing diffusivity with
the step blocks it was found that both the average flakenaximum flake length. For gray irons with a similar
length and the maximum flake length exhibited a vir-flake size, CE is a better predictor of diffusivity. (Flake
tually linear relationship with diffusivity; longer flakes size does not necessarily increase with increasing CE.)
result in greater diffusivity. For the step blocks, a lin- Consistent with the diffusivity-length relationship, it
ear correlation of diffusivity and average graphite flakewas also noted that as the aspect ratio of the graphite
length has arR? value of 0.90 (Fig. 4a) while the lin- flakes increases, thermal diffusivity increases. Fig. 5
ear fit with maximum flake length was not as good,shows this remarkably linear relationship for the step
with R>=0.71 (Fig. 4b). Considering Fig. 4 and the block samples R?>=0.99), and again the rotor diffu-
datain Table Il, the presence of Type D (interdendritic)sivity values appear to be influenced by more than just
graphite, as well as the shorter Type A flake size ingraphite shape, and do not neatly follow the linear in-
Step 1, drastically reduced thermal diffusivity in thosecrease.
samples. Although the matrix also contributes to diffu- Figs 4 and 5 confirm that the length and shape of
sivity, and ferrite is a better heat conductor than lamelthe graphite effects heat transport. Graphite in gray
lar pearlite, the small amount of free ferrite present iniron is an interconnected three-dimensional network;
Steps 1 and 2 is not enough to compensate for the lowevhat is known as a “graphite flake” in a two dimen-
diffusivity resulting from the interdendritic graphite sional metallographic image is a curved basal section
and shorter Type A flakes. through the crystal or an edge-on view of the basal

Diffusivity specimens from each rotor were analyzedplanes [12]. The thermal transport ability of graphite
to determine if the graphite flake length also accountsn the basal plane significantly exceeds its value along
for the variation found in the rotors’ diffusivity. For the the C-axis. Thermal conductivity along th@-axis is
rotor samples, maximum flake length showed a strongeapproximately 84 W/mK but along the basal plane is
agreement with the step blocks than the average flake93—419 W/mK [12]. A gray iron alloy with longer
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Thermal Diffusivity vs.
Average Graphite Flake Length
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Figure 4 (a) The average flake length measured on step block and rotor samples exhibits an increasing relationship with the room temperature thermal
diffusivity. Line is a fit through the step block sample results only. (b) For both the step blocks and the rotor samples, room temperature thermal
diffusivity increased as the maximum observed graphite flake length increased. Linear correlation shown is for step block samples only.

(or higher aspect ratio) flakes therefore has more oflake length or that other factors limited the diffusivity
the basal planes available for heat flow, and hence thatf the gray iron from these large castings. It should be
cast iron will exhibit a higher diffusivity (and thermal noted that these castings contained significant poros-
conductivity). ity which would reduce diffusivity. The large volume
Cast iron slug samples (Alloys 1-8) all had aver-of the mold (a cylinder with approximately 160 mm
age flake lengths of 80—-100m, and maximum flake diameter and 300 mm height) means that significant
lengths of 1000—-1400m due to the drastically slower segregation could occur during solidification. Chem-
cooling rate in this mold configuration compared toical analysis was not performed on the same samples
the cooling rate in the commercial rotors. However,that were used to measure diffusivity, hence the average
these gray irons did not follow the trends observed incompositions listed in Table | might vary for individ-
Figs 4 and 5. Diffusivity values were comparable toual samples. Another possible cause for the discrep-
the commercial rotors (Fig. 1.) even through the flakesancy relates to oxidation; oxidation can occur along the
were longer. This suggests that either there is a limit taraphite-pearlite interfaces and longer flakes mean that
how much the diffusivity can be improved by increasedoxidation could reach greater depth below the surface.
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Thermal Diffusivity vs. Graphite Aspect Ratio
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Figure 5 For the step block samples, room temperature thermal diffusivity increased linearly with graphite flake aspect ratio; this relationship did not
exist for the rotor samples. Error bars represemne standard deviation as in previous figures.

Elevated Temperature Diffusivity
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Figure 6 Thermal diffusivity of gray castiron decreases with temperature. The difference in thermal diffusivity between gray iron variations diminishes
at elevated temperature.

At this time, it is not clear why the graphite structure with results from Ref. 13, whose authors measured dif-
analysis for these gray irons is not consistent with thefusivity at 300°C.
other data. Since brake rotors operate in a corrosive environ-
Elevated temperature diffusivity was measured bymentand at high temperatures, the effects of oxide scale
a laser flash system at temperatures betweef 800 on the diffusivity were investigated. Room temperature
500°C for Steps 1-4 and several of the cast iron rotorsthermal diffusivity dropped following 270 h of expo-
Diffusivity decreases with temperature as shown insure to 500C, as shown in Fig. 7. Insignificant changes
Fig. 6, where the average diffusivity value for each tem-in the pearlitic matrix would be expected following so
perature is plotted for several gray irons. Gray iron’sshort an exposure at 50Q, and the graphite flake mor-
ability to transport heat decreases as its temperatunghology would not be affected at all. This diffusivity
increases. Fig. 6 shows that the difference in diffusiv-change can be attributed to the growth of oxide scale on
ity for different cast irons is less significant at elevatedthe sample surfaces. The largestinfluence was observed
temperatures. The results agree reasonably well witinthe German rotor specimen which experienced a 14%
elevated temperature diffusivity values reported fordrop in diffusivity. Although there was no measurable
“coarse flake” gray iron from 206-700°C [3]. Data  weight gain to quantify the amount of scale developed it
at 200°C reported in Ref. 3isincluded on Fig. 6, along was visible on the sample surfaces. The German rotor
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Thermal Diffusivity of Oxidized Gray Iron
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Figure 7 Room temperature thermal diffusivity of gray irons dropped with increasing exposure toCs@ror bars represent one standard
deviation.

samples have greater flake sizes than the other sar®ffice of Transportation Technologies, as part of the
ples and therefore may be more vulnerable to deepddigh Temperature Materials Laboratory User Program,
oxide intrusion. Results in Fig. 7 suggest that if ox- Oak Ridge National Laboratory, managed by Lockheed
idation occurs while in service gray iron brake rotorsMartin Energy Research Corp. for the US Depart-
may experience asignificant drop in their heat transpornent of Energy under contract number DE-ACO05-
ability. 960R22464.
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