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ABSTRACT: The equilibrium form of carbon in iron and steel is graphite. In higher carbon cast
irons graphite is normally formed from the liquid state. In lower carbon steels carbon invariably
exists in the form of metastable cementite, due to slow graphitisation kinetics in the solid, but in
fact, graphite formation is also more likely to be prevented by alloying to stabilise the
microstructure for service. Relatively few high-resolution studies of graphite formation have thus
been made, in the past also because of probable difficulties associated with specimen preparation
of a relatively coarse aggregate microstructure. More recently, new investigative techniques and
methods have allowed closer examination of graphite formation in steels. Examples are given of
HRTEM, EELS, ELNES, EFTEM and FIB/FEGSEM recently applied to observations of
graphite nucleation and growth in the solid state in steel. This has importance, for example, in
the potential development of more economic and user-friendly machining steels which would
rely upon internal lubrication by graphite particles in the microstructure.

Keywords.graphitisation, free-machining steel, HRN;EELS;ELNES;EFTEM;FIB/FEGSEM,
Raman spectrometry

Introduction

Since the pioneering work of the M9Century scientists developing techniques for the
observation by light optical microscopy of the microstructure of metals, such as Henry Clifton
Sorby and Adolf Gottfried Martens [1], who first examined the etched microstructures of steels,
emphasis has been mainly upon the higher resolution observation of ever more refined structure.
Inevitably, more recently, this has focused upon the micro- and nano-scale microstructural
features such as dislocations, precipitates and interfaces, realised durinj @enfiry to be of
fundamental importance to materials properties. Major investigative instrumentation enabling
this work, and itself a driver of the research, has been the continuing development of diffraction
instrumentation e.g. XRD and synchrotron radiation, concuyravith high resolution electron
microscopy and field ion microscopy, also capable ofordhiemical analysis. Coupled with the
power of modern simulation software this has also enabled three-dimensional observation. In
consequence, less emphasis has been placed upon coarser microstructures easily observable by
the basic light optical microscope and, more recently, the basic scanning electron microscope.
Contributing towards this has been early difficulties associated with specimen preparation of
coarse aggregate microstructures for examination at higher resolution, for example, thin foils for
transmission electron microscopy. However, more recent methods, e.g. precision ion beam
thinning/polishing techniques, are enabling the opportunity to examine the development of such
aggregate structure and also how it influences properties.



The present article focuses upon the example of machinability of carbon steel, a parameter of
significant industrial importance given the tonnage of high specification steel turned into
machining swarf during the finishing stage of manufacturing. In addition, machining time during
manufacturing is an important cost in such a high volume industry. Components can be rapidly
produced in large numbers with excellent surface finish and dimensional tolerances compared
with, for example, casting and mechanical forming procedses also worthwhile mentioning

that the application, even of fairly limited metallographic techniques, to the steel work piece has
received little attention in machining, the major focus having been upon tool materials and
engineering aspects of machine tools.

Customary free-cutting or free-machining steel grades contain combinations of spegiiad allo
additions (e.g. PbS, P, Bi, Se, Te)to facilitate rapid machining but which can make them
difficult to process (e.g. melt, cold forge) or re-cycle [2-&8h alternative strategy is use of
carbon in the microstructure in its equilibrium form as graphite. This should provide internal dry
lubrication between tool and work piece during a cutting process, as for example, in nodular cast
irons [e.g. 4,7,8]. However, the compound state of carbon in steels, generally the iron carbide,
cementite (F&C), or various alloy carbides, useful for hardness and wear resistami@ake

steel difficult to machine and cold work [2,3]. It is possible to reduce metastable carbide to
graphite, but only by excessively long annealing treatments, commercially unecandngb

volume industries manufacturing with steel. However, recent studies have shown that
graphitisation can be achieved after much shorter annealing times by alloying with Si and Al
which destabilise cementite and by using minimum carbide stabilising elements such as Mn and
Cr[3,9-19.

In general, these graphite dispersions consist of fairly coarse particles or nodules. Observation of
these by some more recent metallographic techniques are presented in this article. The overall
objective of the research, not considered here, is to relate the structure and growth of the graphite
nodules during a graphitisation anneal to eventual machining parameters [20], in an attempt to
produce a relatively leanly alloyed and hence more economic free-machining carbon steel.

Experimental Procedures
MATERIALS AND TREATMENTS

High-purity elements were used to makB0 g ingot (Steel A) under a partial pressure of argon
gas in an arc melting furnac&.60kg melt (Steel Bwas also prepared by Tata Steel (UK). The
compositions (in wt.%) of the experimental steels are givdmabie 1

TABLE 1 Chemical composition of experimental steels in wt.% (balance Fe).

C |Si |Mn |P S Cr Mo | Ni Al | B N
Steel A 0.38| 1.82| 0.07| nd nd <0.05| <0.05| <0.05| 1.44 | nd nd
Steel B 0.39]1.86| 0.11] 0.010| 0.0019| 0.005| 0.015| 0.005| 1.38| 0.0005| 0.0022
nd = not determined

SteelA was homogenized at 1150 °C for 70 h and water-quenched. Steel B was homibgenize
and hot-rolled to plate of 12mm thickness (primarily for machinability testingri@0dealt with



here). Specimens for metallographic examination were sectioned from experimental steel
samples annealed at 680°C for various times ranging from 15 min to 91 h.

TECHNIQUES AND METHODS
Light OM/Scanning EM and Focused 1on Beam/Scanning EM

For microstructural study by light optical microscopy (LOM) metallographic specimens were
prepared by following standard procedures and methods. Specimens were etched using 2% Nital
(2% nitric acid and 98% propan-2-ol by volume). LOM study was carried out using an Olympus
brand BX51 microscope and digital micrographs recorded with an AxioCam MRc 5 (Carl Zeiss)
camera attached to the microscope. Metallographic specimens prepared for LOM were also used
for scanning electron microscopy (SEM) imaging and energy dispersive X-ray (EDX)
spectroscopy. SEM studies were carried out using two types of field-emission gun scanning
electron microscope (FEGSEM): (#&) LEO 1530 Gemini FEGSEM equipped with EDX
spectrometer; (bA dual beam FEI Nova 200 FEGSEM wiHocused ion beam (FIB) column.
Secondary electron (SE) imaging and EDX were carried out at an accelerating voltage of 10 kV.

Raman Spectrometry

A Renishaw Raman spectrometer with a Leica brand light optical microscope wds saetly

the crystallinity of graphite particles The spectrometer utilised an argon iron laser of wavelength
514.5 nm at an operating power of 50mW which was focused using a 50x objective lens
allowing Raman spectra in the wavenumber range 200-320Qaive recorded from areas ca. 1

pm in diameter.

Conventional TEM/Scanning Transmission EM/High Resolution EM

Samples for TEM were first mechanically ground to a thickness of arourdid@@m from thin

slices, followed by electropolishing in a twin-jet unit using an electrolyte of 10% perchlatjc ac
30% 2-butoxyethanol and 60% ethyl alcohol, at 20 mA, 15 V and approximately -10 °C. Further
thinning was carried out as necessary by ion milling in a Gatan precision ion polishing system
(PIPS) for various times ranging from 20 min. to several hours.

TEM observations were carried out using a range of instruments: (a) A Philips CM 20, operating
at 200 kV, with an Oxford ultra-thin window EDX attachment and ISIS software; (b) An FEI
CM200 FEGTEM, fitted with a Gatan Imaging Filter (GIF200) and an Oxford Instruments ultra-
thin window EDX detector. EELS spectra and images were recorded using the Gatan Imaging
Filter. The microscope was operated at 197 kV with the Schottky emitter at an extraction voltage
of 3.21 kV, giving an EELS zero loss peak energy resolution of about 0.8 eV. Processing was
performed using Gatan Digital Micrograph and ELP software; (c) An FEI Tecnai TRa0isg
transmission electron microscope (STEM) with field emission gun (FEGTEM) fitted with a high-
angle annular dark field (HAADF) detector, Oxford Instruments INCA 350 EDX system and
Gatan Orius CCD camera.

Description of Microstructurest Low Resolution



LIGHT OPTICAL MICROSCOPY (LOM)

Typical dispersions of graphite nodules forming in three different starting microstructures are
presented in Fig. 1. Immediately apparent are locations of the nodules, associated in this example
with grain boundaries in Fig. 1a and with pearlite regions in Fig. 1c. Despite the same annealing
time the size of graphite nodules is also very different, ranging from a few microns diameter in
Fig. 1a to aroundjbmin Fig. 1b and closer to p@nin Fig. 1c. After 1 h at 680°C the previous
acicular martensitic or bainitic ferrite morphology has become more equiaxed.
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FIG. 1 Light optical micrographs showing graphite dispersions in etched microstructu
Steel B formed after 1 h graphitising anneal at 680 °C from starting microstructures: (
martensite; (b) upper bainite; (c) ferrite-pearlite. 2% Nital Etched.

In some of the coarser graphite nodules it was also possible to observe an apparent foreign
particle near the centre of the nodule, as illustrated by Fig. 2.
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Annealed for 3 h
Starting Microstructure: Ferrite-pearlite

FIG. 2 Light optical micrograph showing a particle at the centre of a graphite nodule
annealing the ferrite-pearlite microstructure of Steel B for 3 h at 680 °C.

SCANNING ELECTRON MICROSCOPY (SEM/EDX)

SEM imaging is consistent with the LOM imaging but provides additional chemical information
via EDX. Figure 3 shows an image for a regularly spheroidal graphite nodule with an adsociate
carbon elemental map (although in this example it is unknown whether this nodule has been
sectioned diametrically during sample preparation). Figure 4 shows an example of a nodule



containing a foreign particle along with elemental maps for carbon, aluminium and nitrogen. It is
clear that this particle is an AIN, which can also be shown from accompanying EDX spectra as
illustrated in Fig. 5.

Electron Image 1 CKal_2

FIG. 3 SEM image and accompanying carbon elemental EDX map for a graphite 1
formed from a ferrite-pearlite starting microstructure after 1 h of graphitising anneal (Ste

Electron Image 1 CKal_ 2

AlKa1 M Ka1_2
FIG. 4 SEM image and accompanying elemental EDX maps from a graphite particle f
from abainite starting microstructure after 1 h of graphitising anneal (Steel B).
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FIG. 5 SEM micrograph showing an irregular graphite nodule formed after 3 hafemite-
pearlite starting microstructure and accompanying EDX spectrum taken from the central
particle indicating AIN (Steel B).

Given that the overall objective of this graphitisation study is to understand better and possibly
promote the use of graphitisation as a simple and economic route to free-machining steels, it is
worth mentioning that these metallographic methods can be applied to the machining process
itself and not just to the metallography of the machining steels.

Hence, Fig. 6a illustrates SEM observations which compare machined surfaces of steels in
different microstructural conditions. Figures 6b and 6c¢ indicate the presence of graphite on the
surface of machined chips (swarf).

Dry drilled hole surace; AnAnealed for 5h| sonn D drilled hole surface; Anealed fr 5h
~_ Starting microstructure: Martensite Starting microstructure: Ferrite-pearlite
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FIG. 6 SEM micrographs: (a) comparing the surface finish of holes dry drilled (Ste
annealed 5 h from starting microstructures of martensite and ferrite-pearlite); (b) a
identifying carbon on chip surfaces using elemental mapping and EDX spectra. (S
annealed 5 h frorastarting microstructure of ferrite-pearlite).

Application of Higker Resolution and Microanalytical Techniques

CONVENTIONAL AND HIGH RESOLUTION TRANSMISSION ELECTRON
MICROSCOPY (CTEM/HRTEM)

Observations by conventional transmission electron microscopy aligned with those from the
lower resolution techniques of LOM and SEM. Two distinguishable morphologies of graphite
nodule were observed: a coarser irregular form ~ 20 um diameter and a smaller more regular
spheroidal form~2-5 pm diameter. CTEM confirmed the LOM observation that the irregular
form usually contained an easily visible smaller foreign particle (~5um diameter), generally
either oxide or nitrideupon which the graphite had most likely heterogeneously nucleated. On
the other hand, the smaller more refined graphite nodules (also ~5um diameter or less) appeared
to contain no nucleating particle. Figure 7 shows an example from a thin-foil section across a
small spheroidal nodulgl0]. Diametrically opposite cone-shaped segments radiating from the
centre can be imaged in dark field using intense regions of the 002 diffraction ring, showing
them to have similar radial orientations (Fig..74&9suming that these “cones” originate from the

centre of the nodule then the point at which they touch at their apices locates the centre of the
nodule and identifies a diametrically-sectioned nodule. This is a significant observation given



that investigators of nodular graphite in cast iron have commented upon the difficulties of
producing diametrical sections for conventional TEM]. This observation therefore provides
support toan argument that the very small regularly spheroidal graphite nodules contain no
nucleating foreign particle, such as an oxide or nitride.

(a) (b) (c)
FIG. 7 (a) Bright-field image and (b) daffield image of ‘touching’ opposite “cone” sections of
a small regular spheroidal graphite particle, indicating near-diametric sectioning. (c) Dar
image of oppositécone” sections not touching, indicating non-diametric thin-foil section. [10]

ENERGY FILTERED TRANSMISSION ELECTRON MICROSCOPY/ELECTRON
ENERGY LOSS SPECTROSCOPY/ELECTRON LOSS NEAR-EDGE SPECTROSCOPY
(EFTEM/EELS/ELNES)

The evolution of microstructure during a graphitisation anneal of Steel A in the quenched
martensitic state showed dissolution og&aron carbide phase (cementite) and formation of
graphite nodules within ~1.5 h. However, complex particles consisting of both a crystalline
cementite part (as evidenced by electron diffraction) and a non-graphitic carbon-rich amorphous
part have also been identified (Fig. 8), leading to the postulation that these particles could be an
intermediate stage during the overall graphitisation process [13-15]. Figure 9 shows non-
guantitative Fe 3 Mn L23 O K- and C K-edge EFTEM jump ratio images of a complex
particle [13-15] These images were obtained using a ‘‘two-window’’ method: an EFTEM image

formed by dividing a post-ionisation edge image by a pre-edge image which shows the
gualitative distribution of the element and eliminates the effects of diffraction contrast and, to
some extent, specimen thickness. The cementite part appeared Mn-rich, to be expected, and
guantitative EELS analysis of the C/Fe ratio from the different parts of the complex particle
showed that carbon content increased substantially from around 30 atom% for a cementite region
(in agreement with the E€ stoichiometry) to around 70 atom% for the amorphous part.
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FIG. 8 TEM bright-field images: (a) Cementite, amorphous and mixed complex particles [
after annealing Steel A for 50 min.; (b) A complex particle after annealing for 58 min; el
diffraction and EDX identifieca Mn-rich cementite part and an amorphous carbon-richgss
indicated. [13-15]

FIG. 9 EFTEM jump ratio images frora complex particle aéir annealing steel A (initially ir
the quenched martensitic state) for 58 min: (a) TEM bright-field image; (bk EFpidp ratio
image; (c) Mn kL zjump ratio image; (d) O K-jump ratio image; (e) C K-jump ratio image.
15]



EELS spectra of the core loss region of the C K-edge (arising from ionisation of carbon 1s
electrons to unoccupied p electron states above the Fermi level) from the crystalline and
corresponding amorphous regions of two particles, are presented in Fig. 10 [13-15]. EELS
spectra from a reference cementite precipitate and a graphite nodule in the same steel are also
shown for comparison. This comparison suggests that position and shape of the C K-edge in the
EELS spectra changed during annealing; the relative edge onset is lower for the cementite,
typical for carbide. More distinct features are exhibited by the spectra from crystalline cementit
and the relative intensity of the initial electron loss near edge spectroscopy (ELNES) peak is
substantially reduced on going from cementite to graphite. The measured spectra thus indicate
that the bonding nature of the carbon in the particles is changing during annealing, from a state
similar to that in crystalline cementite to that closer to an amorphous carbon structure.
Significantly, this suggests that the graphite phase may nucleate and develop from the initial
cementite formed during the earlier stage of martensite tempering.
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FIG. 10 EELS spectra of carbon K-edges from reference phases and two complex part
Steel A: 1- reference cementit2- cementite part of complex particle 1; 3- cementite pal
complex particle 2; 4- amorphous part of complex particle 1; 5- amorphous part of cc
particle 2; 6- reference graphite formed by annealing at 680°C. [13-15]

In consequence, it was not surprising to find after closer examination of the small spheroidal
graphite nodules, that they could compris@amamorphous central region surrounded by a more
crystalline graphitic mantle. This was determined usiggantitative method of mapping EELS
plasmon energy loss shifts within graphitising carbon systems using EFZBMIhe plasmon

feature results from a collective oscillation of the valence electrons, and the absolute energy loss
of this feature (Ep) is dependent upon the valence electron density (&plence electron
density)?). As carbon becomes increasingly graphitic, the interlayer spacing reduces, increasing
bulk density. Consequently, the valence electron density also increases and so Ep increases in
energy loss from ~22eV for amorphous carbon to ~ 27 eV for well-crystallized grag8jitén[

this plasmon ratio method, two energy loss images of an area are recorded using a 3 eV energy
window, one centered at 22.0 and the other at 27.0 eV, these are then spatially correlated and the
intensities divided (27 eV image/22 eV image), producing a plasmon ratio map free of



diffraction contrast and thickness effects. Provided that the sample thickness is less than 2.2
times the inelastic mean free path (i.e. 200-250r228), then in the final grey-scale plasmon

ratio image, lighter regions of high intensity indicate areas with a higher degree of graphitisa

at a resolution measured to be between 1-2 nm.

Thus it can be seen from Fig. 11, comprising a montage of images, that the partiebehduts

darker low intensity, about Qud across, indicating a low degree of graphitisation [13,14]. On

the other hand, the outer mantle region surrounding the core shows much lighter high intensity
indicative of a more crystalline graphititate. Figure 12 shows corresponding plasmon spectra

for regions near the centre and edge of the graphite spheroid [13,14]; the intensity difference and
the Ep values obtained indicates that the core region is near-amorphous whilst the outer mantle is
considerably more graphitic in character. The result conforms to the hypothesis that the
nucleating region of the graphite nodule is initially in an amorphous carbon state but crystallises
with time and further growth into a more graphitic condition.

23eV

24eV

25eV

26eV

27eV

FIG. 11 Plasmon ratio mapping of a graphite spheroid: (a) montage of 21 BF image
corresponding montage of 21 plasmon ratio maps. (The right hand side of the graphite ¢
has suffered damage from the ion milling TEM sample preparation.) [13,14]
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FIG. 12 Plasmon spectra from the centre region and from an area near the edge of a
spheroid. [13,14]

APPLICATION OF FOCUSED ION BEAM (FIB)

The development of focused ion beam (FIB) techniques is probably one of the most significant
recent advances in sample preparation methods where coarser phases require to be examined at
high resolution. Figuré3illustrates the preparation of a coarse graphite nodule ~15um diameter
which has formed in association with an AIN precipitate ~5um diameter.

@ (b) ©
FIG. 13 Part of sequence preparing a TEM sample from a graphite nodule containing i
precipitate using a FIBSEM. (a) SEM image of nodule; (b) TEM lamella after ion |
milling prior to removal from sample; (c) TEM lamella removed and attached to TEM gri

High resolution TEM information enabled by the FIB preparation method is illustrated by Fig.
14, which examines a graphite particle ~3um diameter formed after 20 minutes of graphitising
anneal from a bainite starting microstructure. Imaging the 002 lattice planes indicates the
crystallinity of the graphite and a 002 interplanar spacing of 0.337 nm. The angular spread of the
graphite 002 reflections and 002 interplanar spacipg)(dan also be measured after increasing



times to provide information on the degree of crystallinity of the graphite phase as a function of
annealing time. This is illustrated in Fig. 15 for a ferrite/pearlite starting microstructure annealed
20 min.
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FIG. 14 (a) SEM micrograph; (b) TEM lamella prepared from outlined section in (&
HRTEM lattice image from graphite region in (b); (d) lattice intensity profile along the
shown in (c). (Steel B).
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(b) (c)
FIG. 15 (a) Diffraction pattern from a graphite particle showing measurement of the al
spread of (002) reflections. (b) Diffraction pattern from a graphite particle and (c) int



profile of two (002) reflections along the profile line marked in (b). (Steel B).

Lattice information at the AIN/graphite interface and along the immediate growth direction of
the graphite is also readily available as indicated by Fig. l1l6aftarrite/pearlite starting
microstructure annealed for 20 min. The interface appears quite planar at this scale with a
potential degree of coherency between the two lattices, indicating the preference for
heterogeneous nucleation at AIN. It is also noticed that the initial graphite growth direction
varies from different sections of ithinterface, eventually rotating towards a more common

growth direction.

10 nrn

(c) (d)
FIG. 16 (a) SEM micrograph; (b) TEM lamella prepared from outlined section in (&
HRTEM lattice image across AlN/graphite interface; (d) magnified image of the inte

region outlined in (c). (Steel B).

RAMAN SPECTROMETRY

Although sample preparation for Raman spectrometry is similar to that for lower resolution
metallographic techniques such as LOM and SEM, it can provide higher resolution information



similar to X-ray diffraction techniques, which also rely only upon simple surface preparation of
samples. This is because it measures the scattering of incident light by a crystal, detecting
changes in the scattered light from the original frequency. This change in frequenatteybdc

light (non-Rayleigh scattering) occurs due to the frequency of molecular motion of the material
in which the light was scattered, a phenomenon known as the Raman Effect (Raman scattering)
or combinatorial scattering of light (e.g. [24]). Thus it can be usefully deployed to study the
structure and degree of crystallinity in the graphite nodules under investigation in parallel with
the studies described above.

Figure 17 indicates the Raman spectrum obtained from a typical graphite nodule formed from the
starting microstructure ferrite-pearlite after annealing for 5 h. The formation of two characteristic
lines/bands, D at1350 cm' and G at1590 cmt, in the Raman spectra shows the presence of
graphitic carbon. The G-peak and tli# Raman band/line in the range 2500-2800%cm
represents the presence of crystalline graphite and the D-peak indicates a defective oedlisorder
poorly crystalline form of graphite. Figure 17b indicates the intensities and wave numbéys (cm

of D, G,D' andG' bands of the Raman spectra. These data can be used to calculate the D/G
Intensity Ratio (#/Ic) for the Raman spectra from graphite particles after different annealing
time periods to indicate the degree of crystallinity. An average value obAkeratio from 5
graphite nodules similar to that shown in FigaWéas 0.38, indicative of a fairly high degree of
crystallinity reached after a 5 h anneal of the ferrite/pearlite starting microstructunesthds
consistent with the high resolution TEM techniques described above.
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FIG. 17 (a) Micrograph of a graphite nodule recorded using the Raman light o
microscope and (b) the Raman spectrum from the nodule.

Summary

A number of investigative metallographic techniques, including advanced methods of sample
preparation, e.g. focused ion beam (FIB), have been applied to the examination of graphitisation
in medium carbon steel. Relatively few high-resolution studies of coarse graphite dispersions in
steel and cast iron have been made, probably due to difficulties associated with specimen



preparation. Thus, descriptions are given of the application of HRTEM, EELS, ELNES, EFTEM
and FIB/FEGSEM which have led to new information on graphite formation in the solid state in
steel. In addition, Raman spectroscopy has also been used alongside these techniques to examine
the graphitic structure. Choice of this specific microstructural example not only demonstrates
how these modern techniques are enabling coarse microstructures to be examined at high
resolution, but through such detailed study may lead to the opportunity to develop a new grade of
free-machinig steel.
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