
1. Introduction

It has been some 40 years since the first industrial pro-
duction of Interstitial Free (IF) steels began and the past
two decades have seen the growth in production and de-
mand for the same. The IF steels find wide application in
the auto industry due to their superior formability over con-
ventional low carbon steels. Generally, in these steels the
content of interstitial elements (C and N) is kept below
30 ppm by using modern day vacuum degassers followed by
addition of Ti and/or Nb. These microalloying additions
form carbide and nitride precipitates and thus make the ma-
trix almost “pure”, i.e. free from interstitial elements. How-
ever, with further thrust in weight reduction, in order to
meet environmental norms and to increase fuel efficiency,
the recent trend is to move towards the application of more
and more high strength materials. Thus the high strength
version of Interstitial Free steels, commonly known as
IFHS steels, have been produced and these are being widely
accepted by the automobile manufacturers. IFHS steels
contain mainly P and Mn as solid solution strengthening el-
ements. Here the aim is to achieve higher strength com-
pared to normal IF steels without sacrificing much of its
deep drawability. However, deterioration of drawability has
often been noticed in IFHS grade steels, which has very
often been attributed to the presence of P, the principal solid
solution strengthening element in this grade.

IF steel is termed as ‘clean steel’ as the total volume
fraction of precipitates is very less. In spite of this the pre-
cipitates appear to have a very significant effect on the
properties of IF steels, especially formability.1–3) One would
expect that the IFHS steels, which contain higher amounts
of alloying elements, to have higher volume fraction of pre-
cipitates and therefore the final properties are expected to
be more sensitive to the overall precipitation behavior.

Researchers, especially DeArdo and his group,4–8) have
extensively studied and reported the precipitation behavior
of IF steels. However, there is no systematic report till date

on the nature and extent of precipitation in IFHS steels. In
the recent past, the present authors have shown strong cor-
relation between precipitation and texture formation in
IFHS steels.9–12) In the present contribution the authors
would attempt to focus on the overall precipitation behavior
of IFHS steels, taking composition and mill processing pa-
rameters as variables.

2. Experimental

The steels chosen for this study can broadly be classified
in two groups; batch annealed IFHS (BA-IFHS) and contin-
uous annealed IFHS (CA-IFHS) steels. The chemical com-
positions of the steels are given in Table 1. Table 2 lists the
processing parameters of the steels. The steel compositions
are chosen such a manner that the effect of composition
(especially P, Ti and Mn) on the precipitation behavior of
IFHS steels, can be studied independently.

For microstructural investigation and to reveal larger
sized precipitates Scanning Electron Microscopy (SEM)
was carried out in a FEI Quanta-200 SEM operated at
20 kV. Energy Dispersive Spectrometry (EDS) was used to
determine the chemical compositions and there by identify
the precipitates. For this purpose carefully polished samples
were etched in Nital (Nitric acid in Ethanol) solution
(2–5%) for 10–20 s and observed in the SEM. EDS spectra
were taken from the area of interest for a dwell time of 50 s.

In the present investigation, Transmission Electron Mi-
croscope (TEM) has been the key characterization tech-
nique used. To study the precipitation behavior of the ex-
perimental steels in detail, both Carbon Extraction Replica
and Thin Foil Method have been employed. In the carbon
extraction replica method the extracted precipitates can
clearly be revealed in a TEM without being affected by the
surrounding strain field as in the thin film technique. In this
method it is very easy to identify the precipitates by the
EDS technique since there is no chance of interference
from the matrix. However, using this method it is just not
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possible to determine the precise sites of location of the
precipitate particles, whether on grain boundaries or grain
interiors.

In the carbon extraction replica method, a 200–300 Å
layer of pure graphite particles was deposited on the pol-
ished and etched (with Nital) samples under high vacuum.
The samples with this carbon layers on the top were then
etched once again and extracted precipitates embedded in
the carbon layer were then fished out on Cu-grids after dip-
ping the double etched samples in a bowl of water. The ex-
tracted replicas were examined in a Philips 200 Transmis-
sion Electron Microscope operated at 100 kV. TEM micro-
analysis was carried out by reducing the beam diameter.
Areas as small as 20 nm could be selected in the TEM at an
operating voltage of 100 kV using a Field Emission Gun
(FEG) source. The Convergent Beam Electron Diffraction
(CBED) mode was used to take the EDS and diffraction
patterns from nano-sized precipitates.

In the thin foil method of TEM study, 3 mm diameter
discs were punched out from the thin sheet samples
(�100 mm thick) and finally thinned down using jet elec-
tropolishing. An acetic acid�percholric acid solution was
used for the final thinning. The composition and the jet pol-
ishing parameters were as follows:

Solution: 90% acetic acid�10% perchloric acid
Voltage: 15–20 V
Current: 2–5 A
Time: 20–30 s
Temperature: sub-zero

The TEM study of the thin foils was carried out in the same
TEM operated at 100 kV. Nano-beam condition was used to
obtain Energy Dispersive Spectra (EDS) from the individ-

ual precipitates.

3. Precipitation in IFHS Steels

The precipitation behavior in IFHS steels is quite com-
plex and a variety of precipitates with different morphol-
ogy, size, shape and composition were observed. An overall
idea of the different precipitates found in the experimental
IFHS steels will be presented here, which will include their
compositions, sizes, morphologies, distributions, crystal
structures and also stability. Apart from this, the effect of
precipitation on the property of IFHS steels will also be
touched upon very briefly.

3.1. Precipitates in IFHS Steels

The following precipitates were observed in the experi-
mental steels.

� TiN � CuS
� TiS � TiC
� Ti4C2S2 � Fe(Ti�Nb)P/FeTiP
� MnS � FeTi

TiN

Large TiN particles (1–3 mm) are the most common pre-
cipitates detected in all the steels. The fcc crystals of TiN
(lattice parameter a�4.24Å) can form in the liquid as well
as in the solid phase.13) As the solubility of TiN is very low
in Fe the full stabilization of N is expected in the IFHS
steels.14–16) The amount of Ti (in wt%) required to tie up
with N is 3.42 times of the N present in the steels.6,17) In
IFHS steels N is generally kept below 40 ppm and thus
maximum Ti required to tie up with N is 0.014 wt%. So we
can expect in the current steels that the entire N is removed
from the solid solution as the Ti content is much higher
than the required 0.014 wt%. However, as one can expect,
CA-IFHS steels show smaller TiN precipitates (�1 mm)
than their batch annealed counterparts as the annealing time
is very short during continuous annealing. Again among
CA-IFHS steels the size and frequency of TiN precipitates
are perceptibly higher in Ti�Nb containing steels as com-
pared to Ti-only steels. This may be due to the presence of
Nb which is known to increase the effective Ti solute con-
centration in the matrix and thus trigger the formation of
TiN in the earlier stages of steelmaking.18) It has been ob-
served that the TiN precipitates appears as cube shaped par-
ticles, often is associated with Al2O3 inclusions. On many
occasions sulphide precipitates are observed to be present
heterogeneously on the TiN precipitates. All these features
have been shown in Fig. 1.

TiS

After the formation of TiN precipitates, TiS precipitation
is likely to take place. These sulphides are decomposed
during hot rolling (900°C�T�1 200°C) and coiling
(600°C�T�700°C) due to their low stability at that tem-
perature range.19,20) Thus in the BA-IFHS steels this rhom-
bohedral TiS21) phase (a�3.41 Å and c�26.50 Å) is rarely
observed, instead a complex precipitation of (Ti�Mn)S is
encountered. However, free standing TiS particles have
been observed in CA-IFHS steels and the frequency of
these particles is higher in the Ti�Nb added CA-IFHS steel
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Table 1. Chemical compositions of the steels (in wt%).

Table 2. Processing parameters of the IFHS steels.



(CA-2) as compared to only Ti added CA-IFHS (CA-1)
steel. This could be due to the presence of Nb which is
known to increase the effective Ti solute concentration in
the matrix and thereby stabilizing TiS at lower temper-
ature.22) Figure 2 shows the different morphologies and 
association of TiS precipitates in the experimental steels.

Ti4C2S2

The formation of carbosulphide particles provides an al-
ternative mechanism to the formation of MC carbides for
the stabilization of carbon in ultra low carbon steels.
Ti4C2S2 is hexagonal in structure with lattice parameters;
a�3.21 Å and c�11.20 Å.18) In general, carbosulphide pre-
cipitates are not observed in these steels except in case of
BA-3 steel which shows few such precipitates of this type
on few occasions. The reason could be that the steels were
reheated above 1 200°C when the carbosulphide goes into
solution. Moreover, the presence of high % of Mn in the
BA-IFHS steels is known to suppress Ti4C2S2 formation in
the hot band and during annealing.19) Although the Mn con-
tent of the CA-IFHS steels is much less carbosulphide par-
ticles may not get a chance to form due to the very short
annealing time available. Figure 3 shows a carbosulphide
precipitate present in the BA-3 steel, along with its EDS
spectra and selected area diffraction pattern (SADP).

MnS

The other kind of sulphide precipitates present in these
steels is MnS. This sulphide has a cubic crystal structure
(space group: Fm3m) with lattice parameter a�5.226 Å.22)

MnS forms during hot rolling at a temperature around
900°C. It forms in all type of BA-IFHS steels, irrespective
of their composition. However, in continuous annealed
IFHS steels, CA-1 only shows presence of MnS and not the
CA-2 steel. It could be due to the effect of Nb which pro-
motes TiS formation over MnS. As in case of the other sul-
phides, MnS also does not have any particular shape and
has been found to form as free standing precipitates as well
as epitaxially on the TiN particles present. The sizes of
these precipitates lie between 200–500 nm. The various fea-
tures of the MnS precipitates are observed in the experi-

mental steels are shown in Fig. 2.

CuS

Other than MnS and TiS, occasionally another type of
sulphide precipitate containing Cu has also been observed
in the IFHS steels. Not many researchers have reported the
presence of CuS precipitate in these steels excepting
Dupuis23) and Ishiguro et al.24) This is probably because of
the fact that CuS usually forms in combination with other
precipitates and thus their presence may very well be over-
looked. Figure 2(h) shows a thin foil TEM micrograph
showing the presence of CuS and its elemental analysis in
the BA-1 steel. Obviously the Cu has come from the trace
amount present in the steel.

TiC

Carbon in solid solution is most deleterious for steel
formability and therefore it has to be taken out of solution
in the IFHS steels. Ti is added to tie up with carbon to form
TiC, which makes the matrix ‘interstitial free’. Thus the
formation and control of TiC is very important in such
steels. TiC has a fcc crystal structure (space group: Fm3̄m)
with lattice parameters a�4.2–4.4 Å.4) Thermodynamical-
ly TiC is formed in the ferrite phase stability range
(�700–900°C), mostly as dispersed particles. In the experi-
mental steels fine TiC precipitates are observed throughout
the matrix after annealing, however, their volume fraction,
size and distribution vary from steel to steel. The sizes of
TiC precipitates have been found to be larger in the BA
steels as compared to their CA counterparts, although the
frequency of observation of such particles is higher in the
CA steels. These precipitates generally do not contain any
Nb in them, irrespective of the Nb content of the steels, es-
pecially when these are present in the grain interiors. How-
ever, at or near the grain boundaries of Ti�Nb CA-IFHS
steels, the carbide precipitates are often found to contain a
little Nb. The reason is not hard to understand as Nb is ex-
pected to segregate at the grain boundary at the continuous
annealing temperature which is 100–140°C higher than the
batch annealing temperature (�700°C). It is been observed
that in BA-IFHS steels, decreasing the P and Ti content in-
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Fig. 1. SEM micrographs of the experimental steels showing presence of TiN precipitates.



creases the frequency of observation of TiC precipitates.
The reason for this will be discussed later. The various fea-
tures associated with the TiC precipitates are illustrated in
Fig. 4.

FeTiP/Fe(Ti�Nb)P

FeTiP type ternary phosphide is the only phase which is
observed in the higher strength version of the IF steels, i.e.
in the IFHS steels, and never in the IF steels for obvious
reason. FeTiP is basically a solid solution of Fe, Ti and P
and very often it may also contain Nb in it, provided Nb is
there in the steel. It has an orthorhombic crystal structure
with a�5.939–6.105 Å, b�3.800–3.817 Å and c�7.151–
7.171 Å. It has been observed that presence of Nb in the
FeTiP type of precipitate increases the c-axis substan-
tially.25) The presence of this precipitate has been found to
be highly deleterious for the formability of IFHS steels as it
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Fig. 2. Electron micrographs showing presence of different sulphide precipitates in the experimental steels. (a) SEM and
(b–h) TEM extraction replica micrographs.

Fig. 3. TEM micrograph of Steel BA-3 showing presence of
Ti4C2S2 precipitate, its EDS with elemental analysis and
Selected Area Diffraction Pattern (SADP).



adversely affects the formation of the beneficial {111} tex-
ture. Thus controlling the formation of such precipitates is
of utmost importance in IFHS steels. This will be discussed
in detail in the next section.

FeTiP has been observed in BA-IFHS steels quite fre-
quently, irrespective of their composition, with a Fe : Ti : P
ratio close to 1 : 1 : 1. However, in CA-IFHS steels these are
rarely observed and wherever present they do not maintain
a strict 1 : 1 : 1 ratio for Fe : Ti : P. Higher P, higher Ti BA-
IFHS steels show a higher volume fraction of FeTiP type of
precipitates as compared to lower P, lower Ti steels. Invari-
ably these precipitates contain some Nb in them. The FeTiP
precipitates may be of different shapes, ranging from glob-
ular, rectangular, elliptical, lenticular, etc. These precipi-
tates are observed to be present both inside the grains as
well as on the grain boundaries. The various features asso-
ciated with the FeTiP type precipitates have been illustrated
in Fig. 5. Very often these precipitates form epitaxilaly over
existing precipitates, such as TiC, MnS, etc. This feature is
shown in Fig. 4.

FeTi

In the present study a rather new type of precipitate has
been occasionally noticed. EDS spectra taken from these
precipitates only show presence of Fe and Ti and no other

elements. This precipitate could only be observed in case of
the CA-IFHS steels and not in the BA-IFHS steels. It is
likely that during annealing of the cold rolled steel, Fe and
Ti instantaneously form some clusters and P starts diffusing
in slowly. In case of continuous annealing there is not
enough time for the P atoms to diffuse completely, resulting
in Fe–Ti compounds with very little or no P.10) However,
such conditions are present during batch annealing and
therefore formation of stoichiometric FeTiP particles is
possible in the BA-IFHS steels. Figure 5(d) shows presence
of Fe–Ti type of precipitates in the CA-IFHS steels. More
detailed work is needed to understand the exact phenome-
non leading to the formation of FeTiP/FeTi precipitates in
BA/CA IFHS steels.

3.2. Composition–Precipitation–Stability Maps for
IFHS Steels

Based on the results of the present study as well as re-
search of various authors9–12,19,26) obtained from literatures
schematic composition–precipitation–stability maps for
BA-IFHS steels have been drawn and shown in Fig. 6. As
can be seen there is a little difference between high P, high
Ti steels and low P, low Ti steels regarding the formation of
FeTiP and TiC. Figure 7 shows that the solubility product
values of TiC and FeTiP are quite close.27,28) This indicates
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Fig. 4. TEM micrographs with EDS spectra of experimental steels showing presence of carbide and FeTiP type precipi-
tates in the experimental steels. (a–e) Extraction replica micrographs, (f) thin foil micrograph.



that there is a possibility of competition for the formation
of TiC and FeTiP. A higher P content is expected to pro-
mote the formation of FeTiP type precipitates. Formation of
FeTiP type precipitates are more likely in BA-1 and this
should be less probable in BA-2, BA-3 and BA-4, in that
order. Therefore FeTiP type precipitates are expected to be
more stable in the high P, high Ti steels. Figure 6 also gives
an idea about the precipitation sequence at different stages
of processing. During steel solidification and continuous

casting, TiN and TiS will form. However, TiS is not stable
at lower temperature. Thus it transforms into MnS during
coiling and subsequent annealing treatment. This results in
several (Ti�Mn)S precipitates in the steels. Free standing
MnS also forms during coiling and annealing treatment.

3.3. Effect of Precipitation on the Properties of IFHS
Steels

Although IF steels, being rather clean, normally show
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Fig. 5. TEM micrographs showing presence of FeTiP type of precipitates in the experimental steels. (a–g) Carbon extrac-
tion replica and (h–n) thin foil micrographs.

Fig. 6. Schematic illustrations of precipitation–composition–stability maps of the experimental batch annealed steels.



very little amount of precipitation, these precipitates may
have a great impact on the properties, especially the forma-
bility. It has been reported by several researchers29,30) that in
IF steels, the removal of C from solid solution by the for-
mation of precipitates will determine the development of
the beneficial {111} texture. Because of the much higher
alloying element content of IFHS steels, the amount of pre-
cipitation may be higher than in case of the normal IF
steels. In that case the effect of these precipitates on proper-
ties could be more pronounced also.

It has been observed that in IFHS steels there is a direct
relationship of FeTiP precipitation with {111} texture for-
mation and thus formability.9,10) In fact, higher the volume
fraction of FeTiP precipitation, poorer is the texture and
formability. FeTiP takes out Ti from the solid solution and
the presence of small FeTiP particles on the grain bound-
aries may restrict the grain boundary migration. These will
result in the non-availability of sufficient amount of Ti to tie
up with carbon remaining in solid solution as well as re-
striction in the growth of the beneficial {111} grains. Both
will affect formability adversely. Simultaneously, the re-
moval of P from the matrix as FeTiP/Fe(Ti�Nb)P will also
lead to poorer strength of the IFHS steels. All these effects
will be quite prominent in the BA-IFHS steels. However, in
case of CA-IFHS steels, since FeTiP formation is rather re-
stricted due to the very short annealing time available, this
problem will be avoided to a large extent.

4. Conclusions

The following conclusions can be drawn from this study:
In IFHS steels:
(1) TiN - forms during steel solidification and continu-

ous casting and is very stable.
(2) TiS - forms during later stage of steel making and

continuous casting. However stability is low at lower tem-
perature and it may transform into MnS and very often re-
sults in the formation of (Ti�Mn)S. Other than MnS and
TiS, CuS is also present.

(3) MnS forms, but Ti4C2S2 does not form during an-
nealing and coiling.

(4) There is a competition between TiC and FeTiP for-
mation during batch annealing. Depending upon the P and
Ti content of the steels, FeTiP may become more stable

than TiC and thus may degrade the deep drawability. FeTiP
hardly forms in continuously annealed steels.

(5) Presence of Nb improves the stability of TiS and
may result in the absence of MnS in continuous annealed
steels.
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Fig. 7. Solubility product of TiC and FeTiP as a function of tem-
perature in IF steels.27,28)


