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ABSTRACT
The mean size and fraction of the second-phase particles in a
13% chromium steel are investigated, while no plastic
deformation was applied. The results of the measurement
are compared with the modelling results from a
physicallybased model. The heating sequence is performed
on samples using a Gleeble thermo-mechanical simulator
over the temperature range of 850–1200°C. Using scanning
electron microscopy (SEM) and energy dispersive
spectroscopy (EDS), the size distribution and composition of
the carbides were evaluated, respectively. For obtaining
particle size distribution (PSD), an image-processing
software was employed to analyse the SEM images.
Additionally, the relation between the 2D shape factor and
size of the particles is also studied at different temperatures
and most of the particles turned out to have a shape factor
close to two. In order to measure the carbide weight
fraction, electrochemical phase isolation was employed. The
Ms and fraction of the martensite phase after quenching of
samples are calculated and the results were comparable
with the measured hardness values at corresponding
temperatures. The measured hardness of the samples is
found to comply very well with the measured mean size of
the precipitates. The calculated mean size of the particles
from the model shows very good agreement with both
hardness value and experimentally measured mean size,
while the calculated volume fraction from simulation
follows a slightly different trend.
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Introduction

Knowledge about the size and fraction of the second-phase particles is an intense
field of interest in both academia and industry. This strong interest arises from
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the critical role of these particles in microstructure evolution during the manu-
facturing process and their influence on the final properties of the material [1–3].

The second-phase particles are the result of the diffusional phase transform-
ation. This thermally activated phenomenon that occurs continuously during
many industrial processes, determines the final properties of the material. The
second-phase particles are known to usually harden the material, mainly by
interacting with dislocations. Dislocations can cut and pass through these par-
ticles or loop around them and harden the work piece. If the particles are
hard enough the so-called Orowan bowing [4] sets an upper limit for the hard-
ening. In particle strengthening process, many other parameters, including alloy-
ing effect, type of particles, particle coherency and shear modulus, and the
particle matrix interfacial energy, are also influential in addition to the size
and fraction of the particles [5–7]. In precipitation which happens through a
series of nucleation, growth and coarsening events [8], first the size and fraction
of particles increase simultaneously until the equilibrium fraction is achieved. At
this stage, only particle size increases further by coarsening and the fraction
remains constant during an isothermal heat treatment. These variations in frac-
tion and size will affect the particle spacing, which is an important parameter in
calculating the Orowan strengthening mechanism [9] and calculating the flow
stress [10–13]. Therefore, the knowledge about the size and fraction of precipi-
tations would be crucial to adjust the final microstructure of the product as well
as the process parameters especially those related to the flow stress modelling.

Precipitation modelling has also advanced a lot recently and many good
models were developed that can verify experimental data with high accuracy
[14–17]. However, the current authors could not find any quantitative study
on the second-phase particles of this 13 wt% chromium steel or any similar
grade at the temperatures above 800°C so far. This temperature is important
because most of the hot working processes of this alloy take place at this temp-
erature interval and accurate quantitative information about the present precipi-
tates is crucial for controlling any high-temperature deformation process or for
the modelling purposes.

In this study, the existing second-phase particles of a 13% chromium steel at
the temperatures from 850 to 1200°C are investigated and the results are com-
pared with those obtained from the model used to simulate the flow stress for
this alloy [13]. This comparison is made assuming that any change in the size
and fraction of the carbides is negligible due to the short time of deformation,
i.e. approximately one minute for the longest test. In the experimental part, pre-
cipitations are first identified using scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) and then the SEM images are analysed
by an image-processing software, ImageJ [18], to generate particle size distri-
butions (PSD), and the shape factor of the carbides. In order to investigate the
fraction of particles, electrochemical phase isolation method is used and
finally, the measured hardness of the samples at all temperatures is also
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compared with the obtained carbide mean size and fraction in addition to the
calculated Ms and martensite fraction in each sample after quenching.

Material and experiments

The chemical composition of the material, which was studied in this work, is
given in Table 1.

Test specimens were shaped to cylinders of radius 10 mm and length of
15 mm from a hot-rolled slab. All the samples went through a similar heating
cycle using a Gleeble thermo-mechanical simulator, according to the schematic
diagram of Figure 1.

The samples were first heated up to near 1250°C and held there for 100 s to
obtain an austenitic microstructure. Then they were cooled down to various
desired test temperatures followed by 15 s soak to achieve a uniform tempera-
ture and then quenched to room temperature using compressed air without
any deformation in samples.

The metallographic examinations were initially performed using light optical
microscopy (LOM) and hardness measurements. Vickers hardness was
measured using a low-load hardness tester with one-kilogram load (HV1)
under ambient laboratory conditions. Each length of the diagonal square-
shaped Vickers indents was measured with LOM immediately after indentation.
The mean Vickers hardness was calculated from five indentations on each
sample.

Table 1. The chemical composition of the studied material.
Element C Mn Si P (Max) S (Max) Cr Fe
Mass % 0.68 0.7 0.4 0.025 0.01 13 Bl.

Figure 1. Schematic heat sequence in the Gleeble thermo-mechanical simulator. Start and end
points of tests are room temperature.
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In order to study the second-phase particles in detail, a Zeiss Sigma Scanning
Electron Microscope (SEM) equipped with Oxford Instrument Energy Disper-
sive X-ray spectroscopy (EDS) was used.

Electrochemical phase isolation was carried out on samples using a Versa-
STAT 3 Potentiostat with a mixture of ethanol and 10% hydrochloric acid
(HCl) as electrolyte. In this technique, after an electrochemical reaction the
matrix dissolves but other phases, i.e. carbides, generate a solid–liquid solution
can be filtered for later measurements. The solution including the dissolved
matrix and remained carbides was filtered using PALL Super® 200 filters with
a pore size of 0.2 microns. The filters were dried in the oven before and after
the tests and the weight differences were assumed to be only from the carbides
in the solution.

The model

The model used to analyse our experimental results were described in detail else-
where [11,13] and for example, it can predict the flow stress based on the dislo-
cation density evolution during plastic deformation. The dislocation density-
dependent flow stress in the model is stated as follows:

s = s0 +maGb
��
r

√
(1)

where σ is the true stress and σ0 represents strengthening contributions from
solute drag, Peierls-Nabarro stress (athermal) and the second-phase particles.
However, since the focus in this work is on deformation at very high tempera-
tures, the only effective contributor would be from particles and the other con-
tributions can be neglected. G, m, b, α and ρ are the shear modulus, the Taylor
factor, Burgers vector, a constant with the value of 0.15 [19] and the dislocation
density. Assuming that σ0 is mainly related to strengthening effects from the
Orowan hardening mechanism [9], it can be described by Equation (2).

s0 = 0.8mGb
Lprec

(2)

where Lprec is the particle spacing and assuming a random distribution of par-
ticles it can be obtained from Equation (3).

Lprec = r

����
2p
3f

√
(3)

In Equation (3), r and f are the mean size and volume fraction of the precipitates,
respectively.

Another important parameter in the model is the ratio of precipitate volume
fraction and their mean size ( f/r). Knowing σ0, the operative particle spacing
(Lprec) can be calculated from Equation (2) and with substituting Lprec in
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Equation (3) and using ( f/r) ratio, the mean size and fraction of precipitates can
be calculated at different temperatures from Equations (4) and (5).

r = 3(f /r)(0.8mGb)2

2p(s0)
2 (4)

f = 3[0.8(f /r)mGb]2

2p(s0)
2 (5)

Generally, in modelling it is common to assume that the particles are uni-
formly distributed spheres of radius r; the same concept was adopted in this
work as well. All these calculations for mean size and volume fraction are
based on the assumption that, due to a relatively short deformation time, the
fraction and size of carbides do not change considerably before and after the
hot compression tests, from which the values of σ0 and the f/r ratio were deter-
mined [13].

Results

Modelling

Both σ0, i.e. the strengthening effect from the carbides, and f/r ratio were
obtained for the test material in another work [13], and the results are summar-
ised in Table 2.

Data at 850°C are adapted from an unpublished work, although the values are
obtained in the same way as for the other temperatures. Substituting values from
Table 2 into Equations (4) and (5), the mean size and volume percent of precipi-
tates were calculated, and the results are shown in Table 3.

Experimental

Metallographic investigation was started with LOM and measuring grain size
followed by hardness measurements. Table 4 shows the average grain size of
the quenched samples using the linear intercept method.

Table 2. σ0 and f/r ratio that used in flow stress modelling for the test alloy [13].
T (°C) 850* 900 1000 1100 1200
σ0 (MPa) 100 70 40 15 8
f/r (nm−1) 1.3e−3 3.9e−4 2.7e−4 5.2e−5 2.4e−6
*unpublished data.

Table 3. Resulted mean size and fraction of the carbides from the data in Table 2.
T (°C) 850 900 1000 1100 1200
r (nm) 57 33 58 64 8
f (%) 7.3 1.3 1.6 0.3 0.002
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The LOM micrograph of a sample quenched from 900°C is illustrated in
Figure 2.

The hardness of the samples is measured using a Vickers hardness testing
machine and the average value from five separate measurements on each
sample are presented in Table 5.

The samples were further investigated using SEM and EDS in order to ident-
ify different particles in more detail. From the early observations, two types of
particles were generally present in the samples. The vast majority of the observed
particles were chromium carbides, but there were also a few non-metallic
inclusions, mainly sulphides and oxides, which are not in the scope of this work.

In SEM observation, the evident characteristic of the samples was the random
distribution of the precipitates and the obvious size difference of carbides inside
the grains and on the grain boundaries. Carbides with a noticeable larger size
were mainly located on the grain boundaries, while finer carbides were generally
distributed inside the grains. Additionally, some grains and grain boundaries
were containing carbides, while others did not. In Figure 3, a high-resolution
SEM image of a sample quenched from 1100°C shows the typical microstructure
of the samples together with four different chosen points for EDS analysis.

Table 5. The average Vickers hardness of samples quenched from various temperatures,
measured using 1 Kg load (HV1). Numbers in parentheses are the obtained standard deviations.
Temperature (°C) 850 900 1000 1100 1200
Hardness (HV1) 317 (25) 270 (24) 325 (71) 352 (107) 286 (16)

Figure 2. LOM image of the sample quenched from 900°C with 25X magnification, the scale bar
is 1 mm.

Table 4. Measured average grain size by linear intercept method for samples quenched from
different temperatures.
T (°C) 850 900 1000 1100 1200
Average grain size (μm) 200 220 270 220 240
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Table 6 summarises the EDS point analysis results of three different carbides
in addition to the matrix, as shown in Figure 3 (b). Spectrum one (SP.1) orig-
inates from a carbide inside the grain, while spectrum two and three are for ana-
lysing two carbides at the grain boundary with a noticeable size difference, and
spectrum four (SP.4) is more representative for the matrix. This last point (SP.4)
was selected to distinguish the composition difference between the carbides and
the matrix and also to compare the results with the provided nominal compo-
sition of this alloy. Measured values in the table are in mass present and the
numbers in parentheses are the respective standard deviations.

It is obvious from the results in Table 6 that the first three selected points, i.e.
carbides, are rich in chromium and carbon, while they have less iron in their
composition as compared to point 4 which is more representative for the
matrix. This difference in element content becomes more pronounced as the
carbide size increases, which is in agreement with other observations [20]. To
verify that all the observed particles are chromium carbides, EDS area
mapping was also employed to identify the carbides in the samples. Figure 4
shows an EDS maps for different elements in a sample at 850°C.

The EDS area maps, similar to point analysis, clarify that the observed car-
bides are rich in chromium and carbon and depleted from iron compared to
the neighbouring matrix.

In phase isolation, the matrix was dissolved using an electrochemical reaction
which led to the release of the carbides in the solution. During this process, the

Figure 3. SEM micrograph of the sample quenched from 1100°C, (a) lower magnification, and (b)
higher magnification of the selected area in (a). Scale bars in (a) and (b) are 10 and 2.5 µm,
respectively. Arrows in (b) show the selected points for EDS analysis.

Table 6. EDS analysis results for the displayed points in the Figure 3 (b). Values in the
parentheses are the standard deviation.
Detected element mass % Fe Cr C

Spectrum 1 51 (0.6) 42.5 (0.6) 6.4 (0.2)
Spectrum 2 69 (0.5) 25.9 (0.5) 5 (0.2)
Spectrum 3 37.1 (0.5) 54.3 (0.5) 8.6 (0.2)
Spectrum 4 (Matrix) 84.5 (0.3) 13 (0.3) 2.5 (0.1)
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electrolyte was turned into green which indicates chromium release. The
obtained suspension, which contains carbide particles, was filtered and then
all filters were dried in an oven to eliminate moisture. Both samples and
filters were weighted before and after the tests to obtain the weight fraction of
the carbides. Table 7 summarises the calculated weight percent of the carbides
from these values.

In Table 7, at 1200°C, the fraction is very low compared to other temperatures
which seems reasonable. At other temperatures, the fraction decreases progress-
ively from its peak at 1100°C with decreasing temperature but at 850°C the frac-
tion raises again.

In order to study the PSD in the samples, several SEM images with different
magnifications at all test temperatures were processed with the ImageJ software.
In this process, the chosen SEM images were transferred to binary black and
white images according to the contrast and the equivalent circular diameters
(ECD) of the carbides were calculated from their measured area. Figure 5
shows an SEM image and the corresponding processed binary image with car-
bides in black for a sample quenched from 1100°C.

Using this method, particle size distributions were obtained for all the
samples except for the one quenched from 1200°C where only a few carbides
were observed with SEM and it is excluded to keep the acceptable statistics in
the calculations. The logarithmic number fraction of carbides versus their equiv-
alent circular diameter (ECD) is plotted in Figure 6.

Each PSD was fitted to a bimodal log-Normal distribution function [21] and
the results together with the mean ECD of the carbides at all temperatures are
presented in Figure 7.

Table 7. Carbide weight fraction according to the weight of filters and samples before and after
the phase isolation process.
Temperature (°C) 850 900 1000 1100 1200
Carbide weight (%) 3.096 1.578 2.185 2.332 0.803

Figure 4. EDS compositional map for identifying chromium-rich carbides, (a) SEM image, (b) C
Kα1, (c) Cr Kα1 and (d) Fe Kα1. Scale bar is 10 μm. The brighter area shows higher element con-
tents in b, c and d.
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As it can be seen in Figure 7, the distribution functions are bimodal, one mode
represents the larger carbides and the other is for the smaller carbides. This is
also in a good agreement with the earlier SEM observations.

Table 8 summarises the mean ECD calculated for the both functions shown in
Figure 7 together with the arithmetic mean size for the whole range of data. The
mean size decreases from 1100°C to 900°C but increases again at 850°C. It
should be noted that the mentioned mean values of distribution functions in
Figure 7 are geometric means and differ from the arithmetic means that are
given in Table 8.

Comparing the hardness measurement results with the weight fraction of the
carbides in Table 7 and their mean size in Table 8, it can be seen that the hard-
ness curve has a very similar trend as the measured size and fraction have.

Figure 5. SEM image of the sample quenched from 1100°C (right) and the corresponding pro-
cessed binary image (left). Matrix is turned white and carbides remained black for
measurements.

Figure 6. Number fraction vs equivalent circular diameter (ECD) of carbides at various test temp-
eratures, values in parentheses are the total number of observed carbides.
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Figure 8 shows the mean size and fraction of the observed carbides in compari-
son to the model results and hardness of the samples.

Another interesting remark during the image analysing was obtaining the
shape factor of the counted carbides which can give quantitative information
about their shape. By comparing the shape factor of the carbides with their
size, it might be possible to understand the carbide precipitation behaviour at
different temperatures. Figure 9 depicts an intensity diagram for the size of
the carbides against their shape factor. The colour bar shows the number
density of the carbides.

In Figure 9, the highest density for carbides lies in a region of shape factor
between one and three with a size lower than 200 nm at all temperatures.
There are no data for carbides with size under 40 nm due to SEM resolution
limit.

Figure 7. Experimental particle size distributions and the corresponding fitted bimodal distri-
butions for all the quenched samples. SD and M are the standard deviation and geometrical
mean of each log-normal distribution function, respectively.

Table 8. Mean size of the carbides obtained from distribution one and two at each temperature
in Figure 7 and the arithmetic mean for the total range of data.
Temperature (°C) 850 900 1000 1100
Arithmetic Mean ECD of Distribution 1 [nm) 120 87 126 134
Arithmetic Mean ECD of Distribution 2 (nm) 503 533 534 577
Arithmetic Mean (Total) (nm) 122 90 130 135
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Discussion

From the SEM investigations, it is obvious that some grains have carbides both at
the boundaries and inside them, while others are free from carbides. This might
be due to composition variations in the matrix, especially carbon content vari-
ation, as a direct effect of solute partitioning or the so-called micro-segregation
during solidification.

In Figure 3, which is representative for the general observed microstructure in
this study, most of the carbides are in the order of a few hundreds of nanometres,
especially the intragranular carbides, e.g. spectrum 1. Additionally, the concen-
tration of iron seems higher in smaller carbides comparing to relatively larger
carbides, see data from spectrum 3. This could be due to the small size of the
carbides that leads to detect signal from the iron-rich matrix or as Hou et al.
[22] reported in a study on M7C3 carbides, the newly precipitated carbides
were more iron rich in their metallic composition than previously precipitated
carbides. Coarser carbides are mainly located on the grain boundaries, e.g.

Figure 8. Comparison of the hardness values with fractions (a) and measured equivalent circular
diameter (ECD) with the calculated mean size of the carbides at different temperatures (b). In (a),
the experimental measurements are showing weight fraction, while the model results are in
volume fraction.
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spectrum 3. These intergranular carbides, by having no effect on the moving dis-
locations, are not generally contributing to the hardening in flow stress calcu-
lations and this might be the reason that the model predicts lower fraction of
carbides compared to measured values.

As the temperature decreases, other type of carbide will become thermodyna-
mically stable and nucleation and the growth of this new carbide could be the
reason for the sudden rise in the mean size and fraction of particles at 850°C.
However, Inoue and Masumoto [23] proposed that M7C3 could transform to
other stable carbides, i.e. M23C6, during temperature decrease.

The bimodal PSD in Figure 7 was also observed to be plausible by Chen et al.
[24] after modelling precipitation in a Fe-Cr-C alloying system during an iso-
thermal annealing. Chen et al. claimed that the bimodal distribution was the
result of the slower growth rate in smaller particles and remarkably the faster
growth rate of larger ones due to different dominant size-dependent growth
mechanism.

In Figure 8, by comparing the results, the maximum of the mean carbide size
occurs at 1100°C. This maximum can be described by the lower driving force
and higher diffusion rate, which favour the formation of rather large carbides
at this high temperature. But at a relatively lower temperature, e.g. 850°C,
there is a higher driving force for precipitation but lower diffusion rate which

Figure 9. Intensity diagram shows the accumulation of the observed carbides with respect to
their size and shape factor for samples quenched from different temperatures, (a) 850, (b)
900, (c) 1000 and (d) 1100°C.

12 N. SAFARA ET AL.



probably leads to the precipitation of finer carbides. Detecting all these fine car-
bides might be hard especially with the available resolution of SEM and limited
pore size of the filters used in the phase isolation process.

Although hardness values and the mean size and weight fraction of the exper-
imental measurements demonstrate a similar trend, these results are not com-
parable with the σ0 values for this steel at the same temperatures that are
shown in Table 2. While the σ0 values increase with the decreasing temperature,
the other mentioned values, e.g. mean size of particles, increase from 1200°C to a
maximum at 1100°C and then drop to a minimum at 900°C and rise again at
850°C.

A possible reason for this behaviour is martensite formation during quench-
ing and to investigate this, the martensite start temperature, Ms, and the amount
of martensite formed during quenching were calculated.

The Ms temperatures were calculated from Steven and Haynes [25] formula,
and the equilibrium values for carbon content and mass fraction of M7C3, as the
main second-phase particle, were obtained from Thermo-Calc with the TCFE7
database. The results showed a close to linear relation between mass fraction of
M7C3, Wp and Ms which is used to estimate the Ms temperatures for the exper-
imental values of Wp. The calculations imply that martensite will form in
samples quenched from 1100°C and lower, in addition to an Ms trend which
is in accordance with the measured hardness values as shown in Figure 10.

The relation between hardness and volume fraction of martensite, Xm, that is
calculated from the relation given by Koistinen and Marburger [26] and using a
k value equal to 0.024 given in literature [27] is depicted in Figure 11.

The contradictory behaviour of σ0 and hardness in accordance to quench
temperatures could be described in respect to second-phase particles as well.
While the fraction of large particles who are not contributing in hardening
was higher at high temperatures the smaller particles with more strengthening
effect were abundant at lower temperatures. The measured size and fractions
in this study might not show this trend clearly since the data are not conclusive
and the statistics are mainly related to rather large particles. It is however in
accordance with the fact that growth rates are higher at high temperatures,
while the nucleation rates are low and vice versa.

The experimental limitation in measuring the weight fraction of carbides, i.e.
filter pore size of 200 nm, most probably leads some fine carbide to pass through
the filter and consequently excluding their effect in the results. Additionally, the
SEM resolution might not be sufficiently good to capture all small but effective
nano-sized carbides and other measurements, such as transmission electron
microscopy (TEM), might be needed.

The effect of these issues can be supported by the results from the image
analysis. For example, in Figure 9 it is possible to estimate, by extrapolating at
850°C and 900°C, that there are probably areas with high concentration of
fine particles which are not covered in this figure. This is also in agreement
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with the greater σ0 values at these two mentioned temperatures compared to
other higher temperatures and our assumption that σ0 mainly originates from
Orowan hardening mechanism at the test temperature range of this study.
Moreover, when the temperature falls, more particles are precipitating from
the solid solution that contributes to hardening and increase of σ0, although
since they are in the early stage of precipitation they have a small size which
makes it hard to be captured easily.

Finally, the number density of carbides with respect to their size and shape
factor in Figure 9 shows that small carbides mainly have a shape factor of close
to two, and this shape factor can be related to the relative energy of the bounding
interfaces, i.e. the ratio of grain and phase boundary interface energies. This shape
factor might suggest a lenticular or cylindrical 3D shape for the carbides.

Figure 10. Calculated Ms temperatures and its relation to measured hardness.

Figure 11. Comparison between calculated martensite fraction and measured hardness at
different temperatures.
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Conclusions

In this work, a 13 wt% chromium steel is investigated mainly to develop a better
understanding about precipitation in this alloy with studying the mean size and
fraction of the present second-phase particles at temperatures above 800°C. This
temperature has been chosen since it is a common interval for hot working pro-
cesses and to gather more data about the material’s microstructure at this state.

According to the metallographic assessments and SEM observations, gener-
ally two classes of carbides exist in the samples. One is the small intragranular
carbides, and the second is relatively larger intergranular carbides. This obser-
vation is later verified by the particle size distribution calculations and it is cal-
culated that the former ones have a mean equivalent circular diameter (ECD) of
around 100 nm, while the latter ones have a mean ECD of roughly 500 nm.

The composition of the precipitates, studied with EDS, shows that most of the
particles are chromium carbides, and finer carbides have less chromium and
carbon content in their composition, while they are richer in iron, in contrast
to coarser carbides.

Phase isolation analysis is performed to obtain the weight fraction of the
second-phase particles at all test temperatures. The sample quenched from
1200°C had the lowest fraction and the carbide fractions decrease from a peak
at 1100°C to a minimum at 900°C but rise again at 850°C.

The measured mean size of carbides has a similar trend as for the carbide frac-
tion measurements and the average hardness values of each sample. This behav-
iour is most probably due to the precipitation start of M23C6 carbides in vicinity
of 850°C for this alloy.

These results are compared with the calculated mean size and volume frac-
tion of the carbides from the data used in the hot compression flow stress
simulations. The mean size from the model shows a good agreement with
experimental measurements, while the volume fraction follows a slightly
different trend.

The Ms temperature and fraction of martensite were also calculated for all test
temperatures and the results had a similar trend as the measured hardness data.

In general, it seems that the majority of carbides were under 200 nm and had
a 2D shape factor close to two, which might show the ratio between the grain and
phase boundary energies and suggest a lenticular or cylindrical 3D shape for
them.
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