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Identification of the nitrides formed during the
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The precipitation of a low carbon low aluminium steel with a sub-stoichiometric [Al]/[N]
atomic ratio was investigated during an annealing at 600°C by Transmission Electron
Microscopy (TEM) and chemical analyses by X-ray Energy Dispersive Spectroscopy (EDX)
on thin foils and carbon extraction replicas. These studies showed that in this steel, the
precipitates which form have a platelet-like morphology associated with a cubic structure
(with a=0.4124+0.005 nm) and the following orientation relationship with iron: (001), //
(001)re and [110], // [010]re. The EDX microanalyses of these precipitates revealed that they
contain, in addition to aluminium and nitrogen, chromium and/or manganese. It was
suggested that in the early stages of annealing, the initial precipitates are of CrN or
(Cr,Mn)N type. During a prolonged annealing, they serve as nucleation sites for the final
precipitates of (Al,Cr)N and (Al,Cr,Mn)N type. © 2001 Kluwer Academic Publishers

1. Introduction content can not be responsible for the consumption of
The texture of recrystallization of cold-rolled allthe nitrogen presentin solid solution. This can be at-
aluminium-killed steels is greatly controlled by the tributed to the presence in the nitrides of elements other
interactions which may occur, during the annealing, bethan aluminium and/or to an adsorption of nitrogen at
tween the recrystallization and the precipitation of alu-the AlN/x-Fe interface, as was suggested by Biglari
minium nitrides (AIN) [1-6]. In particular, the works of et al. [8].
Meyzaudet al.[4] showed that the interaction between The aim of this work is thus to clearly identify the ni-
recovery, recrystallyzation and precipitation of AIN is trides which form during the annealing of a low-carbon
dependent both on the annealing temperature and daw-aluminium steel, with a sub-stoichiometry in alu-
the heating rate. In the case of a batch annealing (whemainium, both from a chemical and structural point of
the annealing temperature is of the order of ®D0 view, using Conventional and High-Resolution Trans-
and the heating rate is between 20 and 209 K), the  mission Electron Microscopy (CTEM and HRTEM)
AIN precipitation interacts with the recrystallization, combined with chemical analyses by X-ray Energy Dis-
which leads to the formation of g11} texture. This  persive Spectroscopy (EDX).
texture is generally recognised as being responsible
for the good drawability of cold-rolled and annealed
Al-killed steels and seems to result from an inhibition 2. Material and experimental procedure
of the growth of the sub-grains by the AIN precipi- 2.1. Material
tation, followed then by the growth of sub-grains of The material investigated is a low-carbon low-
{111} type after coarsening of the AIN particles [3-6]. aluminium steel having a microstructure characterised
However, it has to be noted that the evidence of théby equiaxed grains. Its chemical composition, ex-
formation of the AIN precipitates during the recrystal- pressed in weight percentage, is the following:>56
lization annealing was not always clearly established10-3 wt.% C, 11x 103 wt.% N, 14x 103 wt.% Al
Indeed, some authors [1-3], using direct observationg2 x 10~ wt.% Cr and about 308 10~2 wt.% Mn.
of thin foils or of carbon extraction replicas, did not With regard to the composition of the steel, the max-
detect the AIN particles supposed to form during theimum amount of stoichiometric AIN, which can pre-
annealing treatment. As a consequence, they supposeipitate, is 23x 1072 %, leading theoretically to about
that the effective precipitates were in a state of pre5 x 10-2 % of nitrogen left in solid solution at the end
precipitation clusters of AIN. of the precipitation. A previous work, performed on
Furthermore, it was observed by Meréhal.[7],on  this steel and based on internal friction and thermo-
a steel with a sub-stoichiometric [AI]/[N] atomic ratio, electric power measurements [7], showed that the ini-
a complete elimination of nitrogen from the solid so- tial nitrogen content in solid solution is of the order of
lution. As a consequence, the precipitation of stoichio-10 x 10-2wt. % and that this nitrogen begins to precip-
metric AIN is unlikely in this steel, since its aluminium itate afte 1 h ofisothermal annealing at 600 and has
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completely disappeared from the solid solution afterthe nitrides to be quantified accurately. Indeed, as can
about 250 h at 60, supporting the hypothesis of the be seen in Fig. 5a, the carbon and nitrogen peaks over-
formation of nitrides other than stoichiometric AIN. As lap, which makes the quantification of nitrogen very
a consequence, this steel was studied after different afmprecise.
nealing times at 60 ranging betwee 1 h and 280 h
(1 h, 6 h, 38 h and 280 h). The samples were isother; ..
mally treated under vacuum, so as to avoid oxidation.2'4' Determlnat_lqn of the structure
of the precipitates
In order to identify the structure of the precipitates,

2.2. Transmission electron microscopy selected area electron diffraction (SAED) patterns

(TEM) observations and high resolution transmission electron microscopy

The TEM investigations on the studied steel werelMages were obtained from the precipitates. Numer-
conducted on a field-emission gun JEOL 2010Fcal fast-Fourier transforms of the HRTEM images

microscope operating at 200 kV and equipped with g€corded with the on-line slow-scan camera were ob-
slow-scan CCD camera (1K1K, Gatan) and with t@ined, in order to obtain the corresponding numerical

an Energy Dispersive X-ray (EDX) analyser having diffractograms.
an ultra-thin window and a Link Isis analytical system
(Oxford Instruments). 3. Results

To characterise the morphology and the size of they 1 conventional TEM observations
precipitates formed during the different annealings,3 1 1. Thin foils

conventional transmission electron microscopy obserTha TEM observations of the samples annealed for 1 h

vations were carried out both on thin foils and on carborn, 4 6 h at 606C did not show the presence of precip-
extraction replicas of the studied steel. They were pre;

) : ; - F'*itates formed during the annealing. After 1 h, no pre-
pared using respectlv.ely conventional electropol|sh|nq:ipitateS were detected, since they did not have enough
and a standard technique.

time to form. After 6 h, it is likely that the precipitates
2.3. Determination of the chemical were 100 small to be detected. .
In contrast, the TEM observations of the samples an-

composition of the precipitates nealed for 38 and 280 h at 60D clearly indicated the
Nanometric probe analyses were conducted on the pre-

L X ) ingresence of numerous precipitates present inside the
cipitates present on the replicas, in order to determing In f h . b
their chemical composition. From an experimentalgrams' n fact, the precipitates are not apparent but

. . ﬁhey can be detected, as they give rise to a contrast
point of view, the analyses were performed on severa] .2 f in field d th This kind of

recipitates present on the replicas: around 40 precipl‘?‘rISIng rom a strain field around them. This kind o
P ) contrast was studied by Ashby and Brown [9] and is

tates were analysed in each state inyestigated, i_n. OrdeYearIy visible in Fig. 1a and b. It generally indicates
to obtain average values on the chemical composition of o ; — : o
S : a distorsion of the matrix around a coherent precipi-
the precipitates. From the obtained spectra, the meaj) : o .

. . .~ tate having a small misfit. In the case of Fig. 1a, the
atomic ratios of the elements were calculated takmqi

into account an absorption correction.
For the analysis of the obtained EDX spectra, it wa

nes of no contrast associated with each precipitate are
SDerpendicular to the diffracting vectgr which is in a

necessary to identify the peaks due to the precipitategllq direction of the ferrite. In Fig. 1a, the contrast

and those due to their environment or to artefactslinke(gr?und egch '?rﬁc'.p'tatf IS thgsdessgnb'uala/ due to the
to the method of preparation of the replicas. eformation of the iron lattice induced by the presence

On all the spectra, carbon and copper peaks werOf coherent precipitates. However, it has to be noted

) . that in the case of Fig. 1b where the zone axis is close
always detected. They were attributed respectively t?o a (100 s direction. the lines of no contrast are not

the_ carbon of t_he replicas and to the copper grids of erpendicular to the diffracting vector and are parallel
which the replicas are put. As a consequence, thesge he(100 directi fthei i This indi
two elements could not be quantified 0 the(100) directions of the iron matrix. This indicates

’ that the contrast observed in Fig. 1b is mainly due to the

Furthermore, the presence of silicon and oxygen fth . E h b X
eaks was observed very frequently. These peaks we gometry of the precipitates. From these observations,
P ) IUis possible to conclude that the nitrides formed dur-

attributed to a contamination of _the repllcafs_durmg theIng the annealing at 60C are platelets growing on the
carbon deposition by evaporation. The silicon could

come from the diffusion pump oil used and the OXy_{lOO} habit planes of the ferrite. Three different spa-

gen is probably due to the oxidation of the silicon. Thet'al orientations are thus expected for these platelets in

. ) - the iron matrix. When viewed with their habit plane
absence of silicon and oxygen in the precipitates was

confirmed by comparing spectra performed on the preparallel to the electron beam, these platelets appear as

g ) . “lines oriented along th€l00) directions of the ferrite.
cipitates ar_ld_ on the background located in the V'C'n'tyDepending on the imaging conditions, one or two pop-
of the precipitates.

Lastly, some EDX spectra revealed the presenc glatlons of precipitates oriented at%@om each other

of iron peaks probably due to an insufficient replicaCan be observed.
washing.
It is also important to note that the height and width 3.7.2. Carbon extraction replicas
of the carbon peak, which is located in the vicinity of The CTEM observations carried out on the precipitates
the nitrogen peak, did not allow the nitrogen content ofpresent on the replicas showed that iaftén at 600C,
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Figure 1 TEM micrographs of the investigated steel annealed for 280 hrs &06élowing: (a) the deformation contrast induced by the precipitates
and (b) a contrast due mainly to the geometry of the nitrides. In each micrograph, the diffracting vector is paralléDtalaection of the ferrite.

In Fig. 1a, this vector is perpendicular to the lines of no contrast associated with each precipitate, while in Fig. 1b, it is not perpendicutesto the li
of no contrast which are aligned along #i®0 directions of iron.

Figure 2 TEM micrograph of a TiN precipitate.

the only precipitates which are detected (in addition tcand 280 h at 60T, it was noted that these particles are
the precipitates of cementite) are angular particles, thenuch more numerous and have increased in size.
size of which is of the order of 50 nm and the geometry Fig. 3 shows different CTEM micrographs of these
of which is typical of that of the titanium nitride (Fig. 2). particles extracted from the sample annealed for 280 h
This was confirmed by the EDX microanalysis of theseat 600 C. Owing to the fact that the precipitates have
precipitates. In fact, these precipitates are very stabldifferent orientations on the replicas, these micrographs
and did not form during the annealing at 6Qtbutata  reveal different morphologies (in particular, squares or
higher temperature during the processing of the steel.rectangles which are more or less elongated). When
After 6 h at 600C, the CTEM observations showed viewed with their large face perpendicular to the elec-
the presence of a few small particles, having a size lestson beam (as in the case of Fig. 3b), the platelet-like
than 10 nm and without a particular shape. After 38morphology of the particles is clearly visible. As a
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Figure 3 TEM micrographs showing the different morphologies of the precipitates present on the replicas of the sample annealed for 280 hrs
at600C.

TABLE | Chemical composition of the nitrides formed after different
L (nm) isothermal annealings performed at 660 The nitrogen content of the
precipitates was not taken into account

50
L Atomic percentage
40 - Annealing time Type of
at 600C precipitate Al Cr Mn
30 * Lmin
mL 6 h (ALCr,Mn)N 37+8 44+ 8 19+ 6
20 it (ALCNN 4448 56+ 8
-l K’/ = 38 h (ALCr,Mn)N  77£8  17+8 6+3
Time (h) (ALLCr)N 84+6 16+ 6
0 T T 280 h (ALCr,Mn)N 76t 4 16+4 8+2
10° 10! 102 103 (AILCHN 79+4 21+4

Figure 4 Evolution of the mean length and of the minimum and maxi-

mum length of the precipitates with the annealing time af600 Table | gives the aluminium. chromium and man-

) ) ganese content of the studied precipitates in atomic per-
conclusion, all these observations tend to support th%entage for different annealing times at 60Qwhile
hypothesis that the precipitates formed during the angjg. 6 represents the evolution of the mean [AIJ/[CT],
nealing grow in the iron matrix in the form of platelets. A/ Mn], [AIJ/([Cr] + [Mn]) and [Cr]/[Mn] atomic ra-

The evolution of the size (infact, the mean, maximumijos of the precipitates of (Al,Cr,Mn)N type with the
and minimum length) of the precipitates with the an-annealing time.
nealing time is represented in Fig. 4. It appears clearly For this last type of precipitate, it appears that: (i)
that the size of the precipitates increases regularly withne [Cr]/[Mn] atomic ratio does not evolve between the

increasing the annealing time. three states of annealing considered (6, 38 and 280 h),
(i) the [Al)/[Cr], [Al/[Mn] and [AI)/([Cr] + [Mn])
3.2. EDX analyses: chemical composition atomic ratios increase betwe®& h and 38 h, (iii) the
of the precipitates proportions in Al, Cr, Mn are quite similar for the states

The EDX analyses performed showed that the preannealed for 38 h and 280 h at 6@0 As a conclu-
cipitates formed during the annealing at 600are  sion, even afte6 h at 600C, the precipitates formed
not aluminium nitrides but rather complex compoundshave reached their equilibrium [Cr])/[Mn] atomic ratio.
containing, in addition to aluminium and nitrogen, Then, these precipitates enrich in aluminium (from 6 h
chromium (precipitates of (Al,Cr)N type) or manganeseto 38 h), until they reach their equilibrium composition.
(precipitates of (Al,Mn)N type) or both chromium and  As far as the precipitates of (Al,Cr)N type are con-
manganese (precipitates of (Al,Cr,Mn)N type). It hascerned, they have the same type of behaviour. Initially
to be noted that this last type of precipitates was foundich in chromium, these precipitates have their alu-
to be largely predominant, while the precipitates ofminium content which increases betwegh and 38 h
(Al,Mn)N type were not observed very frequently and of annealing at 60CC. Then, no chemical evolution of
will not be taken into account hereafter. their composition is detected between 38 h and 280 h.
Fig. 5b to d show examples of EDX spectra obtained
on the different types of precipitates mentioned above3.3. Identification of the crystallographic
An evolution of the relative height of the peaks with the structure of the nitrides
annealing time was observed, indicating an evolutiorin order to identify the structure of the nitrides formed
of the chemical composition of the precipitates. in the steel annealed for 280 h at 60 diffraction
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Figure 5 (a) EDS spectrum showing the overlapping of the carbon and nitrogen peaks, (b), (c) and (d) Examples of EDS spectra obtained on the
different types of precipitates observed.

Atomic ratios shownin Fig. 8a and observed with its habit plane paral-
100 lel to the electron beam. Fig. 8b and c show respectively
e [AlK[Cr] the corresponding Fourier filtered image (obtained from
o [AI/[Mn] the HRTEM micrograph of a detail of the precipitate)
—a [AN/(Cr]+[Mn]) and the numerical diffractogram of the precipitate. This
o [Crl[Mn] diffractogram can unambiguously be interpreted as be-
— ing due to a f.c.c. lattice viewed along(410 zone
axis.
1 Using this result, the SAED pattern of Fig. 7 could
be indexed on the basis of a f.c.c. lattice. This pattern
indicates that the large face of the platelets is parallel
Time () to a {100} plane of the f.c.c. lattice. Furthermore, as

T T the TEM observations of the nitrides presentin the iron
10° 10' 10° 10> matrix (Section 3.1.1.) or on the carbon replicas (Sec-
tion 3.1.2) led us to the conclusion that these nitrides
are platelets growing on thd.0G} habit planes of the
ferrite, this supports that the studied precipitates and
the parent iron matrix are oriented such that:
patterns of individual precipitates present on the corre-
sponding replicas were obtained. The diffraction pat- (001),//(001)e
terns were obtained either directly by selected-area
electron diffraction or by fast-Fourier transforms of 3.4. Determination of the orientation
HRTEM images. relationship of the nitrides with the iron

Fig. 7 shows a platelet of (Al,Cr,Mn)N type viewed matrix and of their lattice parameter
with its large face perpendicular to the electron beamn order to completely determine the orientation re-
and the corresponding SAED pattern. This patternjationship of the nitrides with the iron matrix, a
which presents a 4mm symmetry, can be interpretedurther HRTEM investigation was performed on ni-
as being due a cubic lattice observed along a zone axisides present on a thin foil of the steel treated for 280 h
of (100 type. at 600C. Fig. 9a shows the numerical diffractogram of

This interpretation was confirmed by the analysis ofa nitride having its habit plane parallel to the electron
diffraction pattern of the nitride of (Al,Cr,Mn) type, beam, this one being aligned alongl®0 g direction

10

0.1

Figure 6 Evolution of the [Al)/[Cr], [Al}/[Mn], [Al}/([Cr] + [Mn]) and
[Cr}/[Mn] atomic ratios with the annealing time at 6GD.
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Figure 8 Precipitate of (Al,Cr,Mn) type viewed with its large face parallel to the electron beam: (a) general view of the precipitate, (b) Fourier-filtered
image of the precipitate and (c) associated numerical diffractogram.

of the ferrite. In addition to the spots due to the ferrite,the (001) planes of the ferrite are parallel to the (001)
spots due to the nitride are clearly visible. The schemglanes of the precipitate.

of Fig. 9b is the representation of the numerical diffrac- From all these information, one can conclude that the
togram of Fig. 9a and shows that it is the superpositiorcrystallographic relations between the studied nitrides
of the diffraction pattern of the ferrite viewed along a and the iron matrix are as follows:

(100 direction and that of the studied nitride observed

along a{110 direction of a f.c.c. lattice (as in Fig. 8). [110],//[010]ce and (001)//(001).
Furthermore, the relative position of the spots due to the

ferrite and of those due to the nitride clearly provide ev-This orientation relationship is commonly called Bain
idence (as was already suggested in Section 3.3.) thatientation relationship [10] and was already reported
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Figure 9 (a) Numerical diffractogram of a nitride of (Al,Cr)N type viewed with its habit plane parallel to the electrom beam (b) Scheme giving the
crystallographic relations between the studied nitrides and the iron metrixride O ferrite.

by other authors [11] for the cubic (rock salt) AIN in it is observed [11] that they have a platelet-like mor-
ferrite. phology and are oriented with respect to the iron matrix
Furthermore, the diffractrogram of Fig. 9a allowed according to a Bain orientation relationship.

us to calculate the lattice parameter of the studied ni-
trides, after calibration of the distances measured on thi 2
diffractogram using the (002) spot of the ferrite. The pa- "~ observations
rameter of the f.c.c. lattice of the nitrides was assesserl'ihe resent investigations showed that the precipitates
using their (002) reflection. In these conditions, the Iat'formzd during the e?nnealin of the studied Zteelpwere
tice parametea of the nitrides was found to be of the different fromgaluminium ni?rides (with the AIN sto-
order of 04124 0.005 nm.

This result was also confirmed by a study of the!Ch'()metry) and were complex compounds contain-

Debye-Scherrer rings obtained from the diffraction of "9 IN addition to nitrogen and aluminium, chromium

several precipitates. After indexation of these rings, asgnd/or manganese. It was established that these precip-

. : itates have a f.c.c. lattice and grow in the iron matrix in
suming a f.c.c. lattice, the same valuesoivas found. - .
It hz?s to be noted that this parameter is very Sim_theform ofplatelets hav_lng{aOO}Fe_habltplane. The_y
ilar to that of the cubic (rock salt) structure of AIN are one_nted in _the fe_rrlte according to the following
(a~0.410-0.417 nm) [12] and to that of the cubic orientation relationship:

(rock salt) structure of CrNa(=0.414 nm) [13]. (001),//(001) and [110}//[010]re

Interpretation of the present

It seems now interesting to discuss the mechanisms
of formation of the precipitates of (Al,Cr)N and
(Al,Cr,Mn)N type found in this steel.

From the above considerations, one can suggest that
the initial precipitates formed in the early stages of the
annealing at 600 are probably of CrN or (Cr,Mn)N
%ype. Several reasons tend to support this hypothesis:

4. Discussion
4.1. General considerations on the

formation of nitrides in steels
The formation of nitrides, such as VN, TiN and CrN,
in steels was clearly established by different author
[14—-20]. These nitrides form in the ferrite without dif-
ficulty. They all have a rock salt (NaCl type) cubic (i) the formation of semi-coherent platelets of CrN
structure and grow in the ferrite according to a Baintype and having a cubic structure was already observed
orientation relationship. in steels treated at temperatures close t0°G60[19,

In contrast, according to different authors [8, 21-23],20]. These platelets were found to grow in the iron
the nucleation of aluminium nitride in steel is expectedmatrix according to the scheme given in Fig. 10. The
to be rather difficult, unless precipitation is enhanced by(001) planes are the coherency planes. The CrN cube
mechanical treatments (such as cold-rolling). Furtherdevelops on the four diagonals of the (001) planes of
more, the aluminium nitride appears to have two differ-iron. The coherency can be kept, since these diagonals
entstructures in ferrous metals: (i) a hexagonal wurtzitédhave a length equal to 0.404 nm, which is very close to
crystal structure witlh = 0.311 nmanad =0.4978 nm, the lattice parameter of CrNy,n = 0.414 nm).
as was shown for example by Wilsenal.[21] and (ii) (ii) the curves of Fig. 6 reveal that the initial precip-

a cubic structure of NaCl type witliranging between itates are essentially chromium-rich. Then, they grad-
0.4045 nm and 0.417 nm depending on the authors [12jally enrich in aluminium, until they reach their equi-
24-26]. In the case where cubic AIN precipitates form,librium composition.
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2.86 A 2. The precipitates formed are of (Al,Cr,Mn)N and
(Al,Cr)N type. They have a cubic structure with a lattice

—
Tron matrix parametea = 0.412+ 0.005 nm, a plate-shaped mor-
\ Precipitate phology and a Bain orientation relationship with the
“— iron matrix. Their equilibrium composition (in atomic

percentage) is reached after 38 h at ®DGand is

the following: 76% Al, 16% Cr and 8% Mn for the

(AL,Cr,Mn)N precipitates and 79% Al and 21% Cr for

the (AL, Cr)N precipitates. These percentages do not

take into account the proportion of nitrogen, which was
4.04 A not quantified.

3. From the experimental results obtained, a mecha-
nism of formation of these nitrides was suggested. The
initial precipitates formed in the early stages of anneal-
ing are probably of CrN or (Cr,Mn)N type. Indeed, the

formation of cubic CrN platelets in steels is known to be
(iii) the formation of AIN patrticles, in the early stages easy, while that of AIN is more difficult. During a pro-
ofthe annealing, is expected to be difficultin the investi-longed annealing, these initial precipitates serve as nu-
gated steel, asitis characterised by a sub- stoichiometrgleation sites for the final precipitates and enrich in alu-
in aluminium. minium and nitrogen, to give finally cubic (Al,Cr)N and
(Al,Cr,Mn)N patrticles. As a consequence, it is possible

After the formation of CrN or (Cr,MmN precipi- to precipitate all the nitrogen present in solid solution in
tates, one can expect that these precipitates serve Lprecip genp

nucleation sites for the final precipitates and enrich in € investigated steel, in spite of its sub-stoichiometry

= ; . ) in aluminium.
aluminium and nitrogen, to give cubic (Al,Cr)N and . .
(ALCr,Mm)N particles. 4. Other types of steels (aluminum-killed steels,

Lastly, from the present results, it is possible to oy Steels with different Al/Cr atomic ratios..) will be

plain why the nitrogen present in the studied steefnvestigated i.n further studies, in order_to establish
: : . if the preceding results can be generalised to other

can completely disappear from the solid solution, al-s Sstems

thoughithas a sub-stoichiometric [Al}/[N] atomic ratio. y ’

Considering the chemical composition of the investi-
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