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The carbide particles in AISI 5115 steel modified with added 0.038 wt.% Nb were characterized by means
of transmission electron microscopy after simulation of carburizing heat treatments at high temperatures.
The advantage of a high-temperature carburizing treatment over the standard 930 °C heat treatment is the
significant reduction in the processing time. However, higher carburizing temperature leads to general and
abnormal grain growth, which must be avoided by grain-pinning precipitates. The carburizing heat
treatment simulations were performed at 950, 1000, and 1050 °C for 1 and 2 h in samples with two prior
microstructural conditions: hot rolled and spheroidized. Characterization of the precipitates regarding
composition, morphology, size, and distribution was performed using carbon extraction replicas and thin
foil specimens. The results confirm the existence of complex Nb carbides. Particle size distribution curves,
as log-normal functions, are shown to be extremely important in the interpretation of grain boundary
pinning, rather than the mean particle size. The spheroidized samples showed a susceptibility to abnormal
grain coarsening.
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1. Introduction

The mechanical-metal industry is turning more and more to
metallurgical processes for surface hardening of parts and com-
ponents to obtain the required properties. Together with this
demand, questions of automation and efficiency have become
of greater importance (Ref 1-3).

Traditionally for components for surface hardening, me-
dium carbon steels with additions of Cr, Ni, and Mo are used,
as for example in the AISI steels 4118, 4320, 4620, 5120, and
8620. Temperatures of the conventional processes normally do
not surpass 930 °C due mainly to the excessive, prior growth of
austenite grains. In some cases, treatments known as “carbur-
izing at high temperature,” at up to 1050 °C, are used for such
steels modified with Al, Ti, and/or Nb (Ref 2, 4).

This increase in temperature allows a significant reduction
in the process time and therefore is suitable for continuous
industrial production lines (Ref 2, 3). Also, at high tempera-
tures, deeper case depths with smoother carbon concentration
gradients from the surface to core may be obtained (Ref 3, 5).

Grain boundary pinning during the carburizing process is
due to the existence of fine second-phase particles previously
precipitated during thermomechanical processing of the steels.
The presently accepted viewpoint is that there is an ideal criti-
cal size to retard recrystallization and growth of austenite

grains, which contributes to refinement of the final microstruc-
ture (Ref 6, 7). This precipitation in austenite can occur at grain
boundaries or in the matrix, the latter case being more effective
for grain boundary pinning, as precipitation along the grain
boundaries could lead to acceleration of the Oswald ripening
phenomena.

Nb and Ti are elements that possess a great affinity to C and
N. Nb compounds are more soluble than those formed with Ti,
they precipitate in the austenite field, and usually result in a
fine dispersion of carbonitrides (Ref 8, 9). Solubility of Nb
carbide in austenite is mainly a function of temperature. Be-
cause Ti nitride is stable at high temperatures, it is also used
most effectively to inhibit abnormal grain growth (Ref 10).

The potential for grain growth inhibition is well docu-
mented in the literature, and different relationships between the
grain diameter and the size and volume fraction of grain pin-
ning precipitates have been proposed (Ref 11-14). The differ-
ent equations are variations of the classic Zener equation: R �
4r/3f, where R is the average grain radius, r is the average
precipitate radius, and f is the volumetric fraction of the pre-
cipitates (Ref 11). From the Zener equation, one can conclude
that the smaller the precipitate, the larger its potential to pre-
vent austenite grain growth. In the same way, the smaller the
grain size, the larger the volumetric fraction of second-phase
precipitates necessary for grain boundary pinning. Some au-
thors consider this relationship to overestimate the extent of
grain growth as the values found in practice display a smaller
grain size (Ref 12, 13). On the basis of this observation, Cuddy
and Raley (Ref 14) showed from the data of other authors a
linear relationship between grain size (D) and the ratio of the
particle diameter (d) to the volumetric fraction of the particles
( f ), d/f.

During cooling or isothermal treatment of steels with grain-
controlling carbonitride precipitates, some grains may become
unpinned because of growth or dissolution of the precipitates,
resulting in abnormal grain growth. The heterogeneity of the
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precipitate distribution can also lead to abnormal grain growth
when the ratio of the radius of the particles to the volumetric
fraction, r/f, is locally much smaller than the average value
(Ref 15).

In the present work, an evaluation of the microstructural
aspects was made through quantification of the sizes of the
precipitates of AISI 5115 modified with the addition of Nb,
resulting from thermal simulation of carburizing heat treat-
ments at high temperatures (950, 1000, and 1050 °C). This
modified steel possesses characteristics that distinguish it from
the traditional family of HSLA steels, in that it does not
achieve the level of mechanical strength of this class of steel
and has the addition of a single precipitation hardening ele-
ment. However, precipitation did control the grain growth of
this steel adequately for carburizing.

To evaluate the size of second-phase precipitates using
transmission electron microscopy (TEM) of thin foils, it must
be taken into consideration that, when a cut is made during
sample preparation, the precipitates on this plane are also sev-
ered. In this way, during counting, the diameters of the particle
intersections along the cut planes are measured similarly to
those in the inner material. It must also be remembered that, for
measurement of particle size from extraction replicas, section-
ing of particles on a polished surface prepared for film depo-
sition is made in the same way as for thin foil samples. In
addition, the distribution of particle sizes will be influenced by
the depth of the chemical attack prior to deposition of the
extraction film and by the efficiency of the second chemical
attack to remove the film. The ideal condition considered in

this calculation would be that all particles that intersect with the
polished surface be completely removed from the remaining
volume and that they are totally inert to the attack. However,
these conditions are very unlikely to occur, and deviation from
ideal conditions must be considered. On the other hand, the
advantage of using the replication method is that it allows
measurement of a large number of samples compared with
what would be obtained with observation of a thin foil with the
same amount of work. An additional advantage of using rep-
licas for the counting of particle sizes is that it permits analysis
of their size distribution. This distribution is spread over a large
range of values, and normally the deviation from the standard
value is very large, making it impossible to compare samples
processed differently. In the present case, the distribution
curves for the particle counting by band size displayed a log-
normal function (Ref 16). For these reasons, the method has the
advantage of comparatively minimizing the errors in measure-
ment, as much from the counting itself as from the inherent
nature of the sample preparation process, and allows different
microstructural conditions to be compared.

2. Materials and Methods

AISI 5115 steel modified with the addition of 0.038 wt.%
Nb was in the form of hot-rolled bars, with diameters of 29.50
and 33.34 mm; the chemical composition is shown in Table 1.
This material was supplied by Aços Finos Piratini, Porto
Alegre, Brazil.

Groups of these bars in two microstructural conditions, hot

Table 1 Chemical composition of steel used in this work (wt.%)
Composition of AISI 5115 standard steel is also shown.

C Mn Si Smax Pmax Cr Nb Ni Mo Ti

AISI 5115 0.13-0.18 0.70-0.90 0.15-0.35 0.012-0.035 0.040 0.070-1.05 … … … …
AISI 5115-Nb 0.18 0.95 0.25 0.012 0.008 0.83 0.038 0.14 0.03 0.004

Table 2 Carburizing simulation heat treatments for both BL and ES microstructural conditions

Condition

950 °C 1000 °C 1050 °C

5 h 6 h 1 h 2 h 1 h 2 h

29.50-BL Stabilized Stabilized Stabilized Stabilized Stabilized Stabilized
29.50-ES Stabilized Stabilized Stabilized Stabilized Abnormal growth Abnormal growth
33.34-BL Stabilized Stabilized Stabilized Stabilized Stabilized Abnormal growth
33.34-ES Stabilized Stabilized Abnormal growth Abnormal growth Abnormal growth Abnormal growth

BL, hot rolled; ES, spheroidized; diameters of bars (mm), 29.50 and 33.34. Abnormal grain growth after heat treatment is indicated as “Abnormal growth,”
conditions chosen for TEM examination are shown in boldface type.

Table 3 Distribution characteristics, size, and volumetric fraction of precipitates as well as effect over prior austenite
grain caused by the carburizing heat treatment simulations

Sample Band size, nm Average size, nm
Prior austenite
grain, ASTM

Volume
fraction, %

Distribution of
precipitates

BL-29-00 8-89 36 Stabilized 0.70 Homogeneous
ES-29-00 5-100 36 Stabilized 0.73 Homogeneous
BL-29-50 7-156 41 Stabilized 0.71 Homogeneous
ES-29-50 6-135 40 Abnormal growth 0.76 Regions without precipitation
ES-33-00 6-139 22 Abnormal growth 0.72 Regions without precipitation

All samples, according to Table 2, were heat treated for 2 h; “00” indicates 1000 °C, and “50” indicates 1050 °C.
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rolled, and spheroidized at 750 °C for 14.8 h, were submitted to
heat treatments that simulated thermal cycles in the high-
temperature carburizing process at 950, 1000, and 1050 °C,
followed by water quenching. Heat treatments were performed
at 950 °C for 5 and 6 h and at 1000 and 1050 °C for 1 and 2 h.

The size of the prior austenite grains was examined by light
microscopy using polished samples, etched by immersion in an
ultrasonic cleaning unit for 15 min, followed by light polishing
with 1 �m diamond paste. The etchant solution used contained
100 ml of water, 3 g of picric acid, 10 g of sodium dodecyl-
benzene, and 5 drops of concentrated hydrochloric acid. Mi-
crostructures of the samples after the heat treatment described
above were revealed by etching with 3% Nital.

TEM was used to observe the precipitated particles and to
evaluate their size, morphology, and distribution. Twenty nega-
tives for each condition (original magnification, 20,000×) were
used for particle size measurement. For each condition, ∼1000
particles were measured. The TEM samples were taken from
the center of the cross section of the bars. Energy-dispersive
spectroscopy (EDS) analysis was used for qualitative chemical
analysis of the precipitates. Selected-area electron diffraction
was also used for identification of precipitates.

The samples were prepared using the method of carbon-film
extraction replication. A carbon film was placed on a point of
interest of the sample, which had been polished and treated
with 5% Nital to expose the particles. To facilitate extraction of
the carbon film, cuts in the form of a grid were made, and then
the samples were immersed into a solution of 5% Nital. The
exposed film was then fixed on a 100 mesh copper grid. Thin
foil specimens were also prepared by flat polishing. This is a
mechanical polishing step with a diamond lapping film ranging
from 6 to 0.5 �m in a low-speed rotary polisher. A disk 3 mm
in diameter with an original thickness of 100 �m, previously
formed by electro-erosion, was mechanically polished until the
region of interest had a thickness <10 �m.

The diameters of the precipitates for each sample, obtained
by TEM, were measured individually from the micrograph ob-
tained from different regions using image analysis software.
Twenty negative films for each condition (original magnifica-
tion, 20,000×) were used in these measurements. The volumet-
ric fraction of the precipitates was calculated in the same way
using an image analysis program showing the proportion be-

tween the areas of the precipitates and total area of the field
analyzed, and also by the classic intercept counting method.

3. Results and Discussion

Table 2 shows the heat treatment conditions that simulate
the carburizing process for the two different microstructural
conditions and indicates which of them showed abnormal grain
growth. The cells with gray backgrounds correspond to condi-
tions that were selected for microstructural characterization us-
ing TEM.

Measurements of prior austenite grain size of selected
samples indicated a uniform size, corresponding to ASTM 12
(Ref 17). After the carburizing simulation heat treatment, ab-
normal grain growth occurred in some samples, notably at
higher temperatures, 1000 and 1050 °C, and in the sphe-
roidized condition as shown in Table 2. The grain size in all
samples after simulation, even in the stable regions of those
with abnormal grain growth, corresponded to ASTM 10 (Ref
17). Figure 1 illustrates the typical aspect of abnormal grain
growth observed in sample BL-33-00.

Fig. 1 Micrograph showing abnormal grain growth; sample BL-33-
00 (light microscope)

Fig. 2 TEM micrographs obtained using thin foil samples of BL-29-00, bright field: (a) highlighting the aligned precipitates at the martensitic lath
interfaces and (b) highlighting the regions with randomly and aligned particle precipitation (bar scales, 200 nm)
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The data presented in Table 3, characterizing the particle
size and distribution as well as the volume fraction of the
particles, were taken from observations of samples prepared by
carbon film extraction replication. In this table, conditions
where abnormal grain growth can be observed are also indi-
cated. The volumetric fraction measurements show very simi-
lar values, for all conditions, of ∼0.7%. These values serve only
as an indication, not as absolute values, as several errors may
be added, such as the choice of particles for counting as well as
inherent errors from analysis of the image itself. Another factor
is that the analysis was made using a carbon extraction replica,
wherein extraction of carbonitride precipitates may not be com-
plete.

Randomly distributed particles can be observed in the ma-
trix using thin foil specimens to the same extent as those dis-
tributed at the martensitic lath interfaces. This aligned distri-
bution can also be observed in the matrix and not associated
with the martensitic lath interfaces, as highlighted in Fig. 2.

In some of these particles associated with the martensitic
lath interfaces, the EDS spectrum obtained showed the pres-
ence of Nb. Figure 3 shows the EDS spectrum of Nb carboni-
trides obtained using a carbon film extraction replica.

In the analysis using carbon extraction replica specimens,
one can observe the presence of large aligned particles (Fig.
4a). The diffraction pattern of the Nb-containing precipitates is
also presented showing a lattice parameter a0 � 0.439 nm.
These precipitates appear together with smaller, randomly dis-
tributed precipitates (Fig. 4b). This precipitation morphology is
very pronounced in the samples where there was no abnormal
grain growth.

Analysis using carbon extraction replica specimens showed
that, in the conditions without abnormal grain growth, precipi-
tates with characteristics described above were distributed
homogeneously over the carbon film while in the conditions
with abnormal grain growth there were large regions of the
carbon film on which there were no precipitates, as indicated in
Table 3.

For size quantification of the precipitates, the particles were
classified by band size (results in Fig. 5), which shows the
relationship with the thermomechanical history of the samples.
Three types of distributions can be identified.

For the two samples with diameters of 29.50 mm with simu-
lation treatments at 1000 °C, BL-29-00 and ES-29-00, the
average size of the carbonitrides was similar (Table 3 and
Fig. 5).

For the two samples with diameters of 29.50 mm that were
heated to 1050 °C, BL-29-50 and ES-29-50, the average size
observed in the distribution curves by band size remains simi-
lar, between 20 and 30 nm (Table 3). However, a greater num-
ber of large-sized particles was observed, which is justified as
a tendency for coalescence of the carbonitrides to intensify
with an increase in temperature. As a consequence, the average
arithmetic size was larger as compared with the other samples
with the same diameter, 41 and 40 nm, respectively (Table 3).
It is important to emphasize that the sample in the spheroidized
condition presented abnormal grain growth while this did not
occur with the hot-rolled sample.

From the data available from this work, it is not possible to
make any definite conclusion to explain the abnormal grain
growth of the spheroidized sample that was treated at 1050 °C
for 1 h. It is clear, however, that spheroidization influences the
growth and distribution of the precipitate sizes as, even in the
sample simulated to 1000 °C, a certain quantity of larger pre-
cipitates were noted (Fig. 5). A small percentage of precipitates
of size ∼100 nm are a consequence of the coarsening of a large

Fig. 3 EDS spectrum characteristics of precipitated particles contain-
ing Nb obtained in carbon replication. The Cu peak comes from the
copper grid.

Fig. 4 Micrographs obtained on carbon extraction replica: (a) larger aligned precipitates (BL-29-00), diffraction pattern of the niobium-containing
precipitates according to [011] orientation; (b) randomly distributed precipitates (BL-29-00)
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number of finer particles. This growth could produce the re-
gions with a low precipitate density.

The ES-33-00 sample, which had been heat treated to
1000 °C, showed a distribution where the most particles were
between 10 and 20 nm, with no coarse particles. The average
arithmetic size observed was 22 nm, significantly smaller than
the other conditions (Table 3). The history behind the fine
distribution in this sample is unknown. However, justification
for the abnormal grain growth is related to the small size of the
particles, producing a relation, 4r/3f, that is less than that for
the other “conditions” and also below the ideal critical size for
grain boundary pinning. Note that in the two “conditions” that
had abnormal grain growth, the material had gone through the
spheroidized thermal treatment before the carburizing heat
treatment simulation.

4. Conclusions

• This work shows that AISI 5115 steel, with the addition of
0038 wt.% Nb, may be adequate for high-temperature car-
burizing as the hot-rolled samples have effective, previous
austenite grain boundaries pinned by the niobium carbo-
nitrides.

• Samples that had no abnormal grain growth showed that
the average size of the precipitates (20-30 nm), according
to the band size distribution curves, was efficient for prior
austenite grain boundary pinning. For the spheroidized
samples, which did have abnormal grain growth, there are
two considerations: presence of a certain quantity of pre-
cipitates of size equal to or greater than 90 nm and insuf-
ficient number of precipitates of the ideal critical size for
pinning.

• TEM characterization and the band size graphs are effi-

cient in themselves for precipitate characterization, show-
ing a relationship between the response of the material to
carburizing simulation and grain boundary pinning. The
curves show log-normal band size distributions.
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