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Abstract.
TEM/STEM-EDS methods for the quantitative assessment of geometrical parameters,
chemical composition and crystal structure of second phase particles are reviewed. Significant applications are discussed with regard to different ferritic steels: Interstitial Free (IF) steel for deep drawing,
electrical 1%Si steel and enameling steel. After short term isothermal annealing, a Ti-containing IF
steel exhibited Ti(C,N) precipitates that were finer and more frequent than Ti4C2S2. Ti(C,N) was
a preferential site for Ti4C2S2 nucleation. The experimental results were compared with calculations by a mathematical model of precipitation. Analysis of second phase particles in an electrical
2014

1% Si steel after isothermal annealing allowed evaluation of the inhibition factor for grain growth.
The abnormal grain growth in this steel was mainly due to dissolution of Cu1.92S and Ostwald ripening of (Mn,Cu)S and Ti(C,N) with AlN. Quantitative investigation of precipitates in an enameling
steel, together with hydrogen permeation measurements, showed that interstitial sites at the surface
of coherent ~-Ti(C,N) precipitates act as efficient traps for hydrogen atoms.

1. Introduction
are a very useful tool for the quantitative analysis of fine second
in controlling the mechanical and magnetic properties of ferritic
that
an
role
phases
play important
steels. Carbides and nitrides cause precipitation hardening [1] and, together with sulphides and
oxides, influence hydrogen embrittlement [2]. In addition, second phases can influence grain size
and texture, which affect strength, formability and magnetic properties.
In the present work methods for the measurement of mean size (D), volume fraction (Fv),
number per unit volume (Nv), chemical composition and crystal structure of fine second phase
particles by TEM/STEM-EDS are reviewed and significant applications in steel metallurgy are
discussed. Investigations were performed by a JEM 200CX TEM equipped with a LaB6 electron
source, STEM attachment and EDS detector for high spatial resolution analysis of elements with
atomic number Z &#x3E; 11.

TEM/STEM-EDS techniques

2.

Expérimental Methods

The characterization of second phases in steels requires the
techniques on carbon extraction replicas and thin foils.

application of various TEM/STEM
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2.1 DIFFRACTION CONTRAST TECHNIQUE - Selected Area Diffraction (SAD) patterns, dark
and bright field images of second phases were applied to identify the crystal structure and orientation relationship with respect to the matrix. A previously developed on-line acquisition system
[3] for automatic indexing of SAD patterns was applied.
2.2 HIGH SPATIAL RESOLUTION EDS MICROANALYSIS - The quantitative EDS microanalysis
of fine second phases, with size in the range 20 nm to 300 nm, was performed at 200 kV on extraction replicas in order to avoid matrix contribution effects. The Cliff-Lorimer ratio method [4, 5]
was applied. Carbon extraction replicas on graphite and aluminium grids were used to minimize
spurious X-ray peaks. The electron beam current was chosen in order to have high X-ray count
rates. However, 3000 counts per second were found to be a limit for the large particles to avoid
excessive dead times. For a live time of 100 s, the relative errors for peak intensity measurements
were less than 13% (Fig. 1), even for small particles (20 nm size) or low concentration values

(10-20 wt%).

High spatial resolution EDS microanalysis of sulphides in extraction replicas. Effect of particle
(Di) on the relative error for peak intensity measurements. (I net peak intensity; Ib background
intensity).
Fig.
size

1.

-

=

=

2.3 QUANTITATIVE METALLOGRAPHY - The determination of Fv and Nv was carried out on
thin foils, as extraction replicas do not allow one to evaluate accurately the depth from which
particles were extracted. TEM images of particles represent their area projection on a plane.
Therefore the corrections of measured geometrical parameters, due to overlapping of particles
and sectioning effects, are different from the case of optical metallography [6, 7].
The extraction replica technique was therefore selected as the sample preparation method for
determining size distributions and D values, since sectioning effects are avoided and overlapping
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will be minimized. The high contrast was also helpful for accurate size measurements of a large
number of particles (&#x3E; 1000).
Methods used for the evaluation of geometrical parameters are described in the Appendix.

3. Second Phase Characterization

Examples of second phase characterization will be presented for an interstitial free (IF) steel
deep drawing applications, an electrical 1% Si- steel and an enameling steel, whose chemical
compositions are shown in Table I.

for

Table I.

- Alloying elements (wt%) in the steels.

3.1 PRECIPITATION OF Ti COMPOUNDS IN IF STEEL - The excellent non ageing properties of
IF steels depend on their low content of interstitial elements (C and N) and on the proper addition
of microalloying elements (Ti, Nb) which form highly stable phases with these solutes.
The isothermal precipitation of Ti compounds was investigated in the IF steel (Tab. I) in order
to evaluate the reliability of a mathematical model in predicting nucleation and growth of second

phases [8, 9].
Samples were annealed at 900
phases were identified:

° C for holding times

1.2, 2.4, 12 and 60 ks. The following second

fcc Ti(C,N) with a
0.433 nm;
1.1190 nm.
with
a
0.3206 nm and c
Ti4C2S2
hcp
TiN and TiC are mutually miscible and could not be distinguished.
Some Ti4 C2 S2 particles were found to be formed on Ti(C,N) precipitates as shown in Figure 2.
In such cases, when the sizes of the two types of particle were similar (Fig. 2a), the S content
in Ti4C2S2 was underestimated because of the contribution of Ti from Ti(C,N) (Tab. II). Nearly
stoichiometric levels of S were measured when the size of Ti4 C2 S2 was larger than that of Ti(C,N)
(Fig. 2b, Tab. II). The nature of second phases and their relative frequency for increasing holding
times are shown in Table III. The size distribution and values of D (Fig. 3), Fv and Nv (Tab. IV)
were measured for the total population of second phase particles. The experimental geometrical
parameters were compared with those calculated by a mathematical model [9] taking into account
nucleation at dislocations and lattice defects. The interaction of Ti4 C2 S2 with Ti(C,N) was not
considered in the calculation and both precipitation processes were assumed to be independent.
The model predicted that Ti(C,N) had higher frequency and smaller size than Ti4 C2 S2 for short
holding times (~ 2.4 ks), due to a faster nucleation rate, in agreement with experimental results
=

=

=

(Tab. III).
consistent with experimental data (Fig. 4). Howtimes
predicted a faster rate of particle coarsening
long holding
than the experimental one (Fig. 4). The preferential nucleation of Ti4C2S2 on

Thé calculated

mean

sizes for Ti(C,N)

ever, the calculated values for

(a coefficient)

were
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2.
12 ks: a)

Fig.

Ti4 C2 S2 precipitation induced by Ti(C,N) in the IF steel after isothermal annealing at 900 ° C for
Ti(C,N) and Ti4C2S2 with similar size; b) Ti4C2S2 larger than Ti(C,N).

-

Ti(C,N), hindering the Ti(C,N) growth, can explain this behaviour. Predicted volume fractions of
Ti(C,N) were in agreement (Fig. 5) with experimental data relative to the total population of second phases. In fact, the volume fraction of Ti4 C2 S2 precipitates is not significant for the IF steel
considered. The calculated number per unit volume of Ti(C,N) particles agreed well with experimental data (Fig. 6) for the whole range of annealing times. In practice, Ti(C,N) as a preferential
nucleation site for Ti4 C2 S2 determined the total number of precipitates per unit volume.
3.2 GRAIN GROWTH IN MAGNETIC STEEL - The non oriented 1%Si-steel sheets are produced
for a variety of energy- efficient electrical machinery, where an alternating magnetic field must vary
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Table II.
Quantitative EDS microanalysis of second phases
after isothermal annealing at 900 °C for 12 ks.
-

Table III.
Second
holding times.
-

as a

function of size for the IF steel

phases identified in the IF steel after isothermal annealing at 900 ° C for different

These materials are required to have a sharp grain size distribution centred at 120130 03BCm and a controlled texture characterized by the direction of easy magnetization,
100 &#x3E;,
lying in the plane of the sheet.
The isothermal evolution of second phases in the magnetic steel (Tab. I) was investigated in order to evaluate the inhibition effect on grain growth. The second phase parameters are important
in controlling abnormal grain growth process and the consequent texture development. Different types of second phases such as sulphides and nitrides were identified in samples annealed at
850 ° C for holding times from 0.18 to 864 ks:
hcp Cu1.92S with a 1.135 nm, c 1.3506 nm,
fcc (Mn,Cu)S with a
0.5224 nm,
hcp AIN with a 0.3111 nm and c 0.4978 nm,
fcc TiN with a
0.424 nm

isotropically.

=

=

=

=

=

=
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Fig. 3. Experimental size distribution of Ti(C,N)+Ti4 C2 S2
annealing at 900 °C for increasing holding times.
-

measured in the IF steel after isothermal

Table IV. - Volume fraction (Fv) and number per unit volume (N,) of second phases in the IF steel
after isothermal annealing at 900 °C for different holding times. Foil thickness, t, and foil thickness to
particle mean size ratio, t/D, are also shown.

*

ttf and tcc refer to thickness measurements by the fringe and contamination cone methods

respectively (see Appendix).
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Fig.

4.

-

5.

-

in the IF

Comparison of experimental and calculated values of D

as a

function of

Comparison of experimental and calculated values of Fv

as a

function of holding time for the IF

holding time

steel.

Fig.
steel.

The nature of second phases and their relative frequency for increasing holding times are shown
in Table V. A holding time of 18 ks at 850 ° C caused CU1.92S dissolution and the precipitation
of TiN; for holding times longer than 18 ks Ostwald ripening of (Mn,Cu)S and TiN, AIN was
observed.
Measurements of D and Fv parameters with reference to the total population of second phases
were performed to evaluate the grain growth inhibition factor, Iz, defined as follows [10]:
_
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6.

Fig.

-

Comparison of experimental and calculated values of Nv

as a

function of holding time for the IF

steel.

Table V ent

Second phases identified in magnetic steel after isothermal annealing at 850 °C for differholding times.

The measured precipitate parameters and Iz values for samples treated for 0.18 ks and 864 ks are
compared in Table VI. A significant decrease in lz is observed for long holding times.
These results, combined with the initial grain size distribution and texture were used as input data to simulate grain growth evolution by another mathematical model [11]. The observed
abnormal grain growth of {110} and {111} grains was explained by considering two inhibition decreases at different annealing times: a fast decrease due to CU1.92S dissolution, and a successive
slow one due to Ostwald ripening of the (Mn,Cu)S and TiN with AIN.
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Table VI.
Mean size (D), volume fraction (Fv) and grain growth inhibition factor (Iz) of
in
the
phases
magnetic steel after isothermal annealing at 850 °C for different holding times.
-

*

second

ttf refers. to thickness measurement by the fringe method (see Appendix).

3.3 HYDROGEN TRAPPING IN ENAMELING STEELS
The diffusivity and solubility of hydrogen
in enameling steels are influenced by the presence of second phases which behave as traps for
-

hydrogen atoms.
The geometrical parameters and crystal structure of second phases in an enameling steel
(Tab. I) were related to hydrogen permeation measurements in order to evaluate the hydrogen
trapping capability of second phases. Hydrogen permeation curves and trapped hydrogen concentrations were measured by means of the electrochemical method [12] using a 0.1 M NaOH
solution and the technique reported in reference [13].
Three types of precipitates were present in the enameling steel:
6-Ti(C,N) coherent with ferritic matrix (a-Fe): Simple Tetragonal with a 0.429 nm and c
0.561 nm. The SAD pattern of E-Ti(C,N) showed the following orientation relationship (Fig. 7):
=

=

[111]03B1-Fe ~ [342]~-Ti(C,N)
(110)a-Fe ~ (221)~-Ti(C,N)
Ti(C,N) incoherent with ferritic matrix: fcc with a 0.433 nm;
TiS incoherent with ferritic matrix: hcp with a
0.342 nm and c
=

=

Table VII.

-

Second phases

=

2.640

nm.

identified in the enameling steel.

However, incoherent Ti(C,N) and TiS precipitates were not frequently detected
The estimated numerical fraction of incoherent Ti(C,N) was less than 2% (Fig. 8).

(Tab. VII).
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7.
Second phases analysis in a thin foil of the enameling steel. Coherent E-Ti(C,N) in the enameling
steel: a) SAD pattern; b) indexing of SAD pattern (Simple Tetragonal: a
0.429 nm, c = 0.561 nm) and
orientation relationship with matrix; c) Bright Field Image; d) EDS microanalysis.

Fig.

-

=

These results, combined with hydrogen permeation tests, showed that hydrogen trapping is
mainly due to coherent E-Ti(C,N).
Assuming that the whole surface area (S) of the coherent E-Ti(C,N) precipitates can contribute
to hydrogen trapping and considering the average area (a)2 = (a2 + 2ac) /3
0.222 nm2 of one
face of the tetragonal unit cell, the number, k, of hydrogen atoms for unit cell is calculated from
the following equation [14]:
=

where NI is the number of trapped hydrogen atoms per unit volume, evaluated by permeation
measurements, and N, is the number per unit volume of coherent 6-Ti(C,N). TEM measurements
(Tab. VIII) and permeation results (NI 7 x 1015 mm-3) allowed us to estimate a k value of
about 1, which is the number of interstitial sites of the tetragonal unit cell.
=
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Fig.

8.

-

Size distribution and D of Ti(C,N) in the

enameling steel.

Table VIII. - Mean size (D), surface area S and number per unit volume
E-Ti(C,N) precipitates in the enameling steel.

*

ttf

refers to thickness measurement by the

(Nv) of coherent

fringe method (see Appendix).

4. Conclusions

TEM/STEM-EDS techniques allow a quantitative assessment of geometrical parameters, chemi-

composition and crystal structure of second phases in steels.
Regarding the Ti-IF steel, these methods indicate that, after isothermal annealing, Ti(C,N)
precipitates are finer and more frequent than Ti4 C2 S2 for short holding times, in agreement with
mathematical model calculations which predicted a fast Ti(C,N) nucleation rate. Ti(C,N) is a
preferential site for Ti4C2S2 nucleation and determines the value of Nv for all precipitates of the
type Ti(C,N)+Ti4 C2S2.
The abnormal grain growth, observed for an electrical 1% Si steel, is mainly due to dissolution
of CU1.92S and Ostwald ripening of (Mn,Cu)S, Ti(C,N) with AIN second phases.
Quantitative investigation of precipitates present in an enameling steel, combined with hydrogen permeation measurements, shows that interstitial sites at the surface of coherent E-Ti(C,N)
precipitates have a high probability of occupancy by hydrogen atoms.
cal
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Appendix
A.1 MEASUREMENTS OF GEOMETRICAL PARAMETERS.- Size distribution, and mean
measured on extraction replicas. The size of the i’h particle, Di, was evaluated as:

size, D,

were

with

the maximum and the minimum sizes of the ith particle, respectively. These
accurately measured on TEM micrographs by a graduated eye piece or an automatic
image analyzer equipped with a macroviewer.
The mean size, D, was calculated as the numerical average of Di :

where ai and bi

are

sizes were

where n is the total number of measured particles and AD is the experimental uncertainty associated with D.
Assuming that overlap effect can be ignored, the volume fraction, Fy, and number per unit volume, N,, of second phase particles were measured on thin foils applying the following equations

[7]:

m is the total number of particles in the investigated region, Vi is the volume of the ith
particle, AT is the area of the region, t is the foil thickness and D is the average particle size. The
(t + D) factor arises from particles with centers outside the foil within D /2 of the top and bottom
surfaces. Therefore equations (A.4) and (A.5) become:

where

where VT is the volume of the

region.

The relative

errors

associated were calculated according to

645

the

following equations:

Carbides, sulphides and oxides generally have an ellipsoidal or spherical shape while nitrides have
prismatic shape. Taking into account equations (A.1) and (A.2), Vi was calculated, in the case

a

of an

ellipsoidal shape, as:

In the
base:

case

of a prismatic shape,

The volume of the thin foil

Vi was calculated as the volume of a parallelepiped with a square

region is:

where (lx ly) is the area of the investigated region (0394lx = 0394ly
The foil thickness measured by the thickness fringes technique,

~

±10 nm) and t the foil thickness.

ttf is:

where 03BE(hkl) is the extinction distance of the matrix (i.e. a-Fe), n is the number of grain boundary
fringes in bright field and hkl is the two beam diffraction vector. The estimated thickness error is
20%.
When the electron transparent region did not allow observation of a grain boundary, the foil
thickness was determined by the contamination spots method. Contamination spots with a conical shape were obtained by focusing the electron beam (STEM operating condition) on a tilted
specimen, without activating the anticontamination device. The foil thickness tlc was estimated,
after tilting the contaminated specimen to zero degrees by the relationship:

where x is the
points and T

=

distance of the double cone centres measured for different contamination
(30.0° ± 0.5°) is the tilt angle. The error associated with tcc calculation is:

mean

However, the error can be larger when an oxide layer is formed on the specimen surface. In this
case, the foil thickness is overestimated

by 10 nm to about 50 nm [15].
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