Improved Determination of Carbon in Cast Iron
A new approach to cast iron analysis by optical emission spectrometry

IRON - DEVELOPMENT
OF A TECHNOLOGY

The development of ferrous metallurgy is inextricably linked to the
advance of civilization. It can also be truthfully said that without carbon
there would be no cast iron or steel, as it has been the reducing agent
used to liberate metallic iron from its ores since the earliest times. A few
tenths of a percent difference in carbon content can have a dramatic
effect on the mechanical properties of iron and steel, so its accurate
measurement is critical to ferrous metallurgy.
Chemical and spectroscopic methods have been developed for the
measurement of carbon in iron and steel. One of the most popular is
Optical Emission Spectrometry (OES) using an electric spark source.
When measuring carbon in cast iron, however, this method can be
prone to errors traceable to the granular nature of the material and to the
presence of particles of “free” carbon in the form of graphite. These errors
can only be overcome by perfect sample preparation techniques, but a
high degree of skill and experience is required to achieve reproducible and
reliable results. New developments in OES technology incorporated in
the SPECTROLAB and
SPECTROMAXx from
SPECTRO Analytical
Instruments make it
possible to detect and
even analyze samples
containing
free
graphite. Using this
approach, results are
comparable to those
achieved by techniques
such as combustion
analysis.

The first metal used in quantity for
the production of everyday objects
before about 2500 BC was, an alloy
of copper and tin, bronze, that gave
its name to that era of human history.
The only known iron objects dating
from before that time were those
fashioned from metallic meteorites.
This source was so rare that objects
made from iron were considerably
more precious than gold.
The invention of the smelting process
whereby metallic iron is extracted
from its oxide ores is usually attributed
to the Hittites from Anatolia, in
present-day Turkey. When iron
eventually appeared in any quantity
its mechanical properties made it
ideal for such items as weapons and
from about 1500 BC, iron objects
begin to appear across the Middle
East; from Mesopotamia to Egypt. It
was still a rare and expensive metal:
A small dagger with an iron blade
was important enough to be included
with the priceless treasures buried in
1323 BC with Pharaoh Tutankhamun.
This early iron was produced using
the “blooming” process, in which
iron ore, usually hematite, Fe2O3, or
magnetite, Fe3O4, was mixed with
charcoal and heated in a furnace
through which air was forced by a
bellows. Although the iron oxide
was reduced to metallic iron, the
temperatures reached were too low
to melt the iron completely, and a
spongy mass of iron, or “bloom”,
also containing ash and slag, formed
in the furnace. When the bloom
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was reheated to melt the slag and
subjected to repeated beating and
folding, the impurities were driven
out, leaving a relatively soft and
malleable metal containing little
carbon and known as wrought iron.
It was later discovered that wrought
iron could be given a much harder
outer layer by heating it in a bed of
charcoal, and then “quenching” it
in water or oil. This was the first
example of a process now known
as “carburizing”, a modern example
of which is case-hardening. This
outer layer could take and retain a
very sharp edge, making it ideal for
weapons, tools and similar articles.
By 800 BC iron had arrived in northern
Europe, where the Celts became
known as master craftsmen. Quality
was highly dependent on the skill
and experience of the blacksmiths,
to the extent that their craft acquired
mythical status. One ancient legend
with an amusing link to today’s
ferrous metallurgy is that of Wayland
(or Wieland) the Smith, a figure in
Norse, Germanic and Anglo-Saxon
mythology. According to legend, in
his quest for the ultimate sword he
reduced an ordinary sword to filings,
mixed these with meal and fed the
mixture to some chickens! He then
collected the droppings, melted them
down, and used the resulting metal to
make his sword. This unconventional
method clearly worked, as in legend
one of his swords was so sharp that
it cut an adversary in half without him
even noticing – until he fell apart!
Bizarre though this tale may be, like
many legends it has some basis in
fact: This unusual process would
indeed be capable of increasing the
carbon and nitrogen content of the
steel!
As mentioned above, the bloomeries
did not reach temperatures high
enough to completely melt the iron,
so casting was not possible. The
“blast” furnace appeared in China
in about 500 BC, charged with ore
and charcoal and using phosphorus
minerals as a flux. Similar processes
were in use in India at about the
same time. This produced “pig”
or “cast” iron, that could be cast
but due to its relatively high carbon
content – typically 2-5% - was very
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hard and brittle. This technology did
not reach Europe for almost 2000
years. A major step forward was the
use of coke rather than charcoal as
fuel for the furnace, first introduced in
England in 1779. Without expensive
charcoal, iron could now be produced
cheaply and on an industrial scale.
Carbon is clearly fundamental to
iron and steel metallurgy. In early
times, development was largely by
trial and error, as the chemical and
metallurgical mechanisms were
not understood, but during the 19th
century, the complicated interactions
between iron and carbon were
studied. Le Chatelier and others
demonstrated that iron and steel have
a crystalline, or “grain” structure that
has a huge effect on the mechanical
and other properties of the metal.
This grain structure depends to a
great extent (but not exclusively) on
the carbon content, so the ability to
control the concentration of carbon
accurately and precisely is vital to the
iron and steel production process.

Cast Iron – Cubes and Crystals

Under the microscope cast iron
and steel are not homogeneous but
granular. The structure of a given
sample depends on a number of
factors, but mainly on the carbon
content and the thermal and
mechanical processes to which it
has been subjected. Iron and carbon
can form a number of compounds,
each with its own microstructure
and hence mechanical properties.
At room temperature, commercial
grades of iron are composed of
granular mixtures of ferrite, austenite,
and iron carbide Fe3C, with or without
particles of free carbon (graphite).
The crystal structure of ferrite is an
example of “Body Centered Cubic”
or BCC structure; austenite is “Face
Centered Cubic” or FCC. In both
cases carbon atoms can enter the
iron lattice as the melt cools to form
a stable crystal: In ferrite they can
only take up a position in the center of
the cube, and in austenite positions
in the center of its faces. Clearly this
limits the maximum concentration
of carbon in each crystal type, and
we find that the maximum carbon
concentration in ferrite is 0.025%;

in austenite it is 2.06%. The regular
structure of these materials is what
makes it possible for them to be
rolled or cold-worked, as slip-planes
are possible between adjacent crystal
faces. This is an important property
of steel, and conventionally if the
material contains less than the 2.06%
maximum of austenite it is classified
as steel, if more, then as cast iron.
At higher carbon concentrations iron
carbide Fe3C forms. This contains 6.7
weight% carbon and is also known
as cementite. Free carbon can also
form as the melt cools slowly and
be deposited in the grain boundaries
as graphite. Whether the melt
cools to solidify as cementite or a
mixture of cementite and graphite
depends largely on the cooling rate:
fast cooling promotes the formation
of cementite, giving “white” cast
iron without free graphite; whereas
under slower cooling conditions free
graphite can form to produce “grey”
cast iron. The presence of certain
alloying elements also has an effect:
Carbon atoms cluster around single
Mg or Ce atoms, forming small
globes with diameters between a
few micrometers and 150 μm. Thus,
the amount of free carbon formed
varies with relatively small variations
in cooling rates and the presence of
alloying elements.

BCC (Body Centered Cubic)

FCC (Face Centered Cubic)
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Measuring Carbon in Iron and
Steel

be as representative of the whole
as possible. Care must be taken to
avoid contamination by slag. Molten
metal is highly reactive, and sampling
techniques should be designed so
that chemical reactions that might
take place after sampling, thus
changing the composition away
from that of the melt, are minimized.
Sampling can be either single-stage,
where the sampling device is also the
sample mold, or two-stage, when a
sample is first taken with a suitable
spoon or ladle and then poured into a
mold. Single stage sampling using an
immersion sampler or “lance” is more
suited to automation, which can help
with repeatability of sampling. The
cooling rate as the sample solidifies
is very important: As noted above,
fast cooling reduces the formation
of free graphite, which can affect the
OES carbon analysis. Single stage
sampling tends to cause problems
for cast iron applications. In double
sampling, the sample is often cast
as a thin disc in a heavy copper mold
to cool the sample quickly. In spite of
these precautions, in such a dynamic
situations samples from the same
melt can still show differences in
crystal structure by the time they are
presented for analysis.

There are two traditional methods
for measuring the carbon content
of iron and steel. Until the 1980’s,
combustion
methods
were
the standard procedure for the
determination of total carbon. A small
amount of cast iron or steel (approx.
0.5 g) is chipped, heated to 1150 °C
and burnt in an atmosphere of pure
oxygen. Carbon in the sample is
oxidized to CO2, which is collected
either by dissolution in an aqueous
solution or on a solid absorbent, and
measured either volumetrically or
gravimetrically. Nowadays the CO2 is
usually measured optically, based on
the absorption of infra-red radiation,
and automated combustion analyzers
of this type are frequently found in
steel mills. Most of these analyzers
can simultaneously determine sulfur,
another significant element in iron
and steel metallurgy.
The other popular method, used
extensively since the 1960’s, is
Optical Emission Spectrometry (OES)
using either spark or glow discharge
sources. Chipping the sample is not
required, so the overall measurement
time with spark OES is faster than
the combustion process. The analysis
time with Glow Discharge however,
can be up to ten minutes, due to the The effect of sample taking on the OES
low sputter rate of carbon. The great result can be seen in table 1. Three
advantage of spark OES is that in cast iron samples were prepared
addition to carbon, it can also measure using slow and very slow cooling;
other elements of importance in leading to low to heavy formation of
iron and steel metallurgy, including the undesirable graphite. Typical OES
nitrogen, silicon, sulfur and alloying results are given in table 1.
elements like manganese, nickel and
chromium. This would seem to render This is a somewhat artificial situation,
the combustion analyzer redundant, but illustrates the importance of the
but with high carbon levels the sample sample taking technique.
taking technique can have Table 1: Typical OES results
a significant effect on OES
Sample
% C (OES) % C (combustion)
carbon results. For good
3.54
3.623
accuracy, it is especially 1 (nearly white)
3.19
3.679
important
that
the 1 (grey)
samples be taken with no Difference
0.350
-0.056
formation of graphite.
Sample taking for iron
and steel analysis is not
straightforward: The test
sample is normally only
a tiny fraction of the
total melt, but should
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8 (nearly white=

3.58

3.589

8 (grey)

3.29

3.664

Difference

0.290

-0.075

16 (nearly white)

3.52

3.599

16 (grey)

3.15

3.666

Difference

0.370

-0.067

OES and Grey Cast Iron –
The Analytical Problem

When analyzing granular metals
by spark OES it is normal to use a
“pre-spark” or “pre-burn” before
the actual measurement. This prespark consists of several thousand
high energy sparks whose purpose
is to melt and thereby homogenize
the sample surface before the
measurement itself. Unfortunately, if
free graphite inclusions are present,
the pre-spark results in sublimation
of some or all of the graphite before
the actual measurement takes place;
leading to depressed carbon values.
This effect can be visualized by
looking at the pre-spark area under
the microscope:

Figure 1: Re-polish sample with pre-spark crater

The small black dots are graphite
inclusions. The dark center is due
to the fact that in the center the
ablation was deeper. These areas are
not sharp and not of interest here.
However, it is clearly visible that there
is a belt around the center without
any remaining graphite inclusions.
The inclusions are sublimated;
bypassing
the
liquid
phase
completely. The graphite is therefore
no longer available for measurement.
In a real pre-burn situation, not all of
the graphite inclusions are lost. Also,
ablation of material exposes deeper
levels, where new graphite inclusions
come into the spark during the
measurement phase. Using advances
in OES technology, the SPECTROLAB
and SPECTROMAXx instruments can
record the carbon emission signal
during the pre-spark phase.
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SPECTROLAB UND SPECTROMAXx –
SOPHISTICATED TECHNOLOGY FOR CAST IRON ANALYSIS
The best spectral lines to study the
carbon emissions during the prespark are in the ultra-violet region of
the spectrum.
The instrumental requirements for
this approach are:
1.
2.
3.
4.

Precisely controlled and
reproducible spark conditions
Good performance in the
ultraviolet region of the
emission spectrum
Very high optical resolution and
the ability to use very closely
adjacent emission lines
Sophisticated results
processing

Considering these requirements
in turn:

2. UV performance

To eliminate absorption effects
from water vapor and oxygen, the
atmosphere in the UV optic must be
free of these gases. Most instruments
use a vacuum system to achieve
this, but this method can cause
contamination of the optical system
with vacuum pump oil. SPECTROLAB
uses a unique system called UVPLUS, in which the hermetically
sealed optical chamber is filled just
once with argon, which is circulated
through the system by a membrane
pump. Any traces of impurity are
removed by a filter cartridge built
into the system. Operating costs are
reduced and maintenance intervals
extended.
1

2

5

Schematics SPECTROLAB
1. Excitation
2. Spark Stand
3. Optical System
4. UV-PLUS
5. Readout & Electronics

1. Plasma Generator

Optimal performance in a spectrometer
is largely dependent on the efficiency
and reproducibility of the excitation
source. The spark source used in
both the SPECTROMAXx and the
SPECTROLAB was newly designed to
improve the analytical performance. The
spark source is fully digitally controlled.
Power control, pulse definition and
off-line control are all digital, using the
latest 32 MHz microcontroller to give
much improved control resolution - a
sampling rate of 400 times in a 200 μs
discharge and a sampling resolution
of 125 mW. This ability to accurately
and reproducibly define the spark
gives a number of benefits, including
better precision (which means lower
detection limits) better repeatability,
faster measurements and less
impact from external interferences. In
homogeneous samples, the Absolute
Standard Deviation (ASD) is halved for
most important elements.
An identical spark stand in the
SPECTROLAB and SPECTROMAXx is
designed to optimize the argon flow
and reduce argon consumption, while
removing sample condensate very
efficiently.
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3. Optics

In the last few years, CCD technology
(Charge Coupled Device) has entered
the market; becoming an alternative
to photomultiplier detection. CCD
detectors consist of a linear array of
very narrow light-sensitive elements
or “pixels”. Each pixel combines
the function of exit slit and sensor,
relegating the problem of crowded
PMTs to the past and increasing
the flexibility of the instruments.
With just one of these fields, it
is possible to record the entire
spectrum. Instrument configuration
is also simplified, because individually
arranged exit slits are no longer
required.

3
4

The SPECTROMAXx has a separate
optic with a small volume for the
wavelength range between 145 and
230 nm. The volume can be kept
so small, because only CCD chips
are used as detectors. The VUV
transparency can be achieved by
flushing with very little argon, which
is then purified and utilized for the
spark procedure.

The CCD performance is completely
sufficient for many applications.
The SPECTROMAXx is equipped
exclusively with CCDs. With today’s
technology, however, PMTs possess a
much higher maximum sensitivity and
shorter reaction time. For this reason,
they are better suited to applications
such as the analysis of minimal traces
and time-dependent examination of
individual sparks. The SPECTROLAB

Schematics SPECTROMAXx LMX06
1. Spark Stand
2. Sample Clamp
3. Excitation
4. UV Optic
5. Air Optic
6. Fiber Optic Connection
7. Electronics & Readout
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combines both technologies in a
single instrument. The hermetically
sealed and temperature controlled
optical unit contains two separate
detector segments; each equipped
with its own diffraction grating. The
optical unit itself is a remarkable
example of aluminum half shell
technology with an extremely robust
and stable mechanical structure and
minimal internal volume.
The CCD segment consists of 22 CCD
arrays covering the spectrum between
120 and 320 nm. An additional
CCD module per fiber optic can be
optionally coupled to the spark stand
to record the wavelengths between
233 and 780 nm; making it possible
for the instrument to continuously
cover the entire spectrum from 120
nm to 780 nm. The PMT segment
handles the wavelengths between
120 and 546 nm and a selection out
of 108 spectral lines can be chosen.
This provides unequaled flexibility in
analytical line selection and helps to
avoid interferences between trace
and matrix elements.

4. Data handling

The SPECTROLAB and SPECTROMAXx
produce enormous amounts of data.
Depending on the instrument, there
can be up to 37 CCD arrays installed
with 2,048 or 3,800 pixels each. This
enables complete coverage of the
spectrum relevant for iron analysis,
allowing extreme freedom of line

selection. In addition to the output
of results for the individual elements,
this data can also be sorted according
to measurement and configuration
or even readout as a complete
wavelength scan. This presents
many possibilities for application in
research and development as well as
for the analysis of unknown materials
and/or new alloys. Moreover,
new and perhaps unexpected
contaminations can be discovered
and identified in a sample. For routine
measurements based on selected
lines, only the “Regions of Interest”
(RoI) need be transmitted. This
allows transmission of the transient
data in real time so that the analytical
results can be accumulated during
the measurement to give ever
increasing statistical certainty as
the measurement progresses. This
helps to keep the measurement time
as short as possible without loss of
result quality.
In contrast to the SPECTROMAXx,
the SPECTROLAB offers an additional
method of detection: PMTs are
utilized. With the help of special
integrators, the PMT signal can be
readout with microsecond resolution
allowing individual sparks to be
broken into a hundred or more steps
and delivering detailed information
for each individual spectral line. An
integration window with optimized
dynamic bandwidth and the best
possible signal/background ratio
for trace analysis (Spark Analysis

SPECTROLAB M12 Metal Analyzer

SPECTROMAXx LMX06 Metal Analyzer

For Traces, SAFT) can also be
defined. Other than conventional
spectrometers, the SPECTROLAB
is able to measure the emission
for each individual spark instead
of integrating the entire emission
over a given measuring time (Single
Spark Evaluation, SSE). This enables
the elimination of faulty discharges
produced by material defects in the
sample (i.e., inclusions or porosity)
leading to much better results.
SAFT and SSE can be set up
independently from another for each
PMT as necessary – multiple times
if so required. This flexibility ensures
optimal analytical results in the
shortest amount of time.
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RESULTS AND EVALUATION
The spectral line C 148.2 nm (with Fe 149.7
nm as an internal standard) is well suited to
measurement of the carbon content during
the pre-burn. In the following example, the
pre-burn includes 5,000 sparks. The readout
system bundles the intensities measured for
ten sparks to a package, so that 5,000 sparks
form 500 intensity packages. The packet
intensities shown in Figure 2 were measured
during the pre-burn phase for a graphite-free
sample. After a stabilization phase of 700
sparks (70 packages), the packet intensities
become stable. For a sample containing
0.5% W/W graphite, however, the situation
is different as shown in Figure 3:
In this case, after the initial stabilization
phase, there is an enhanced carbon intensity
until about packet 150 is reached. This is
Figure 2: Pre-spark intensities – graphite-free sample
due to emissions from ablated carbon atoms
that are soon lost to measurement, after
which the emission returns to the average
level.
A statistical approach is used to derive from
this data an indicator as to how much free
graphite is present. If the indicator is below
a predetermined level, then the analysis
continues using the normally preferred line
at 193 nm and an appropriate iron line as an
internal standard, for example that at 187.7
nm. If between that level and a predetermined
threshold, then the SPECTROLAB calculates
the concentration using the signals from
the C148/Fe149 line pair. It should be
remembered that with the SPECTROLAB’s
and the SPECTROMAXx’s CCD optics, all
line intensities are simultaneously recorded
and immediately available for calculation.
If the indicator exceeds the threshold, the
Figure 3: Pre-spark intensities – sample containing 0.5% w/w free graphite
sample is rejected – a “bad” sample. Typical
results using this strategy are given in Table
2, which shows the results obtained on the
same samples as in Table 1.
Table 2: Typical Results
With the improved method, the Sample
C%
C%
C%
differences between the grey and
(conventional method
(improved method
(combustion)
using C193nm)
using C148nm)
white samples are much closer
together, showing that differences 1 (almost white)
3.54
3.63
3.623
due to crystal structure have been 1 (grey)
3.19
3.64
3.679
significantly reduced. The results on
Difference
0.350
-0.010
-0.056
the grey samples are also in much
8
(almost
white)
3.58
3.66
3.589
better agreement with the combustion
analysis. An additional benefit of 8 (grey)
3.29
3.62
3.664
the method is the fact that there is Difference
0.290
0.040
-0.075
a warning as soon as a significant
16 (almost white)
3.52
3.69
3.599
amount of graphite is registered. In
3.15
3.68
3.666
this case it is possible to check and 16 (grey)
Difference
0.370
0.010
-0.067
improve the sample taking process.
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CONCLUSIONS
This method takes advantage of the advanced capabilities of the SPECTROMAXx and SPECTROLAB optical emission
spectrometers to optimize the determination of carbon in cast iron samples. Errors due to sample taking are significantly
reduced and the method provides good agreement with combustion analysis, within 0.1% w/w C. “Bad” samples can
be detected automatically and excluded from the results.
A patent for this method has been applied for.
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