Journal of Thermal Analysis and Calorimetry (2018) 134:463-474
https://doi.org/10.1007/s10973-018-7274-z

@CrossMark
Thermal analysis, microstructure and impurity phases evolution
in Fe14Cr ferritic steel powders ball-milled in air and under an argon
atmosphere

Valentina Mihalache' ® - lonel Mercioniu® - Gheorghe Aldica’ - luliana Pasuk’

Received: 12 December 2017 / Accepted: 4 April 2018 /Published online: 17 April 2018
© Akadémiai Kiad6, Budapest, Hungary 2018

Abstract

Refined structure of the ferritic phase induced by mechanical milling (under reducing atmosphere) and its thermal stability
are required in various applications of nanostructured ferritic alloys. The impurification with nitrogen and oxygen uptaken
from the air is very probable during ball-milling, especially at the long-time high-energy milling conditions. As a rule,
these interstitial impurities in as-milled powders are in quantities under the sensibility limit of conventional measurement
techniques, such as XRD and SEM/EDS. To evidence the tendency for microstructure modification by impurities intro-
duced during milling, the Fe—14Cr—3W-0.4Ti—0.25Y,05 (Fel4Cr) ferritic steel powders (re)loaded in air and milled up to
170 h with interruption of the milling process, and heated up to 1373 K were investigated by thermal analysis in correlation
with X-ray diffraction and scanning electron microscopy. XRD failed to detect the impurities in powders milled up to 38 h
in air although a consistent mass loss related to the degassing of N, was registered in thermogravimetric, TG, curves.
(Fe,Cr)4N, fec-y, (Fe,Cr),O5 impurity phases in powders milled over 38 h in air and (Fe,Cr),0, formed upon heating were
readily detected by XRD. The analysis of these results allowed to better understand the impurification process and to
generalise it for any as-milled Fe—Cr-based alloy powder processed in any milling conditions irrespective of the milling
atmosphere, duration and thus, of amounts of contaminants. The quality of three powders milled for 170 h in three different
conditions was compared: in air, under an argon atmosphere with interruptions of the milling process and under an argon
atmosphere without interruption of the milling process. The contamination of powder milled for 170 h under an argon
atmosphere without interruption of the milling process is insignificant (corresponding to less than 0.5 mass% mass loss in
TG) as compared to powders obtained in the other two milling conditions. New approaches for minimising the contam-
ination from air are suggested.

Keywords Fel4Cr ferritic steel - Mechanical alloying in air - Mechanical alloying in Ar - Impurification with N and O -
Microstructure - Thermal analysis

Introduction

The microstructure, phases and thermal stability are
important conditions for the broad range of applications of
ferritic stainless steels. This also relates to the oxide dis-
persion strengthened ferritic steels (ODSFS) which are
very promising for applications in fusion and fission power
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reactors [1]. Particularly, reduced activation Fe—Cr—W-Ti—
Y,0; ODSFSs are under intense development as materials
with superior high-temperature mechanical properties rel-
evant for breeding blanket structures of the DEMO (De-
monstration Fusion Power Reactor) [1, 2]. Refined
structure induced by mechanical milling [3] is required in
this and other applications. During milling, the process of
the impurification of powders with residual nitrogen and
oxygen pre-existent on the container walls/balls and/or
uptaken from the air (when the mill operates under atmo-
spheric conditions) is nearly inherent [3, 4]. Moreover, the
initial powders themselves contain impurities especially on
the powder particle surface [5-7], particularly in the form
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of oxide passivation layer [5, 6]. During milling in the
presence of the impurities, they can be easily absorbed and/
or pinned at the created defects. Particularly, they can enter
interstitially [8—10] or even can generate secondary impu-
rity phases especially at long-time high-energy milling
conditions [11]. The impurities are able to influence the
microstructure of steels even when they are in quantities
under the detection limit of conventional measurement
techniques, such as XRD and SEM/EDS. The as-milled
metal alloy powder, an extremely complex metastable sys-
tem, is far from being well understood. As about the
influence of contamination during milling (in fact uncon-
trolled factor) on the microstructure properties of Fe—Cr-
based alloys, very few investigations were carried out
[11-13].

In our previous work [11], the process of the contami-
nation from the air during milling with interruption of the
milling process of Fe-14Cr-3W-0.4Ti-0.25Y,0; ferritic
steel powders (re)loaded under an Ar atmosphere was
investigated. The traces of reflections corresponding to a
new phase with an fcc-CrN structure appeared in XRD of
the as-milled powders for long-time milling, 113-170 h.
However, for shorter milling time no impurity phases were
observed by XRD and EDX. Instead, the methodology of
the thermal analysis was successfully applied for the reg-
istration of the impurity phases generated by contamination
of these powders. In particular, upon DTA heating an
exothermic feature at 898-926 K was associated with the
precipitation or coarsening of nitrides and an endothermic
feature at 1198-1523 K accompanied by a mass loss was
ascribed to the decomposition of nitrides with degassing of
N,. In addition, we demonstrated that the contamination
level depends on the degree of alloying at the moment of
the interruption of the milling process. Within this work,
the evolution of the microstructure of the Fe—14Cr-3W-
0.4Ti-0.25Y,0; ferritic phase and of the impurity phases
upon milling (by (re)loading) in air and upon the heating of
the as-milled powders was investigated. For shorter milling
time, below 38 h, were XRD fails to detect the impurity
phases the mass loss and, exothermic and endothermic
features registered in TG/DTA evidence the presence of
contaminants from the air. This result together with the
large amounts of impurity phases in powders milled over
55h in air readily detected by XRD, facilitated the
understanding and the interpretation of the impurification
process irrespective of the milling conditions. The quality
of powder milled for 170 h in air and, of powders milled
for 170 h under an Ar atmosphere with and without the
interruption of milling process was compared. Finely, a
new approach for minimising the contamination from the
air was suggested. The results of this work can be gener-
alised to any Fe—Cr-based ball-milled ferrite powder.
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Experimental

The details of sample preparation are given in [11]. Briefly,
elemental powders of iron, chromium, tungsten, titanium,
and nano-yttrium oxide were weighted in the ratios of Fe/
Cr/W/Ti/Y,05-82.35:14:0.4:0.25 in mass% and thor-
oughly mixed. The mixture of elemental powders was
mechanically alloyed in a Retch planetary ball mill, the
ratio of the mass of the balls to the powder (BPR) was 10:1
and the milling speed was 500 to 550 rpm.

The description of the milling conditions of the powders
milled in air is given in Table 1. The batch C powders
C0.17, CO0.5, C1, C2, C3, C4, C6, C12, C24, C38, C55,
C72, C113 and C170 were obtained by loading the mixture
of initial elemental powder, CO, into the vial in air and
milling for total durations of 0.17, 0.5, 1, 2, 3, 4, 6, 12, 24,
38, 55, 72, 113 and 170 h, respectively. At each interrup-
tion of the milling process (Table 1), the vial was opened
in air, a quantity of approximately 250 mg of the powder
was taken out for further characterisations after that the vial
was resealed in air. The powders of batch A (A0.17, A0.5,
Al, A2, A3, A4, A6, A12, A24, A38, A55, A70, A113 and
A170) were obtained similarly to the powders of batch C
but with operation under the Ar atmosphere as detailed in
the Ref. [11]. In particular, the powder A170 was obtained
(as described in [11] and in Table 1) by loading the mixture
of initial elemental powders into the vial under an argon
atmosphere and milling for a total duration of 170 h with
13 interruptions the milling process: the vial was opened
and resealed under an argon atmosphere. The batch B
powders B6, B12, B38, B70 [11] and B170 were obtained
by loading the mixture of initial elemental powders into the
vial under an argon atmosphere and milling them for 6, 12,
38, 70 and 170 h, respectively, without interrupting the
milling process.

In order to investigate the phase evolution upon heating,
the as-milled powders were heat treated in a quartz tube
furnace for up to 5 min at different temperatures
(593-1423 K) in an atmosphere of 95% Ar and 5% H,
which was then quenched to room temperature. The heat-
ing rate was 10 K min~"'.

Thermal analysis was performed using a modular
simultaneous thermal analyser SETARAM Setsys Evolu-
tion 18 apparatus coupled with a quadrupole mass spec-
trometer, MS, (Pfeiffer Vacuum). About 150 mg (weighted
with a precision of + 1072 mg) of as-milled powders was
loaded into an open cylindrical alumina crucible. The
experiments were conducted in Ar of 5N (99.999%) purity
at a flow rate of 16 mL min. The temperature scan was
performed between 298 and 1373 K/1623 K at a heating
and cooling rate of 10 K min~" (without isothermal hold-
ing) with a temperature precision of better than 0.01 K.
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Table 1 The description of the milling conditions of powders of batch C (C0-C170), A170 powder and B170 powder

Powder Processing mode Total milling time/h Number of interruptions
co? Elemental powders of Fe, Cr, W and Ti mixed with Y,03 0 0
C0.17 CO loaded in air—milled for 10 min 0.17 0
C0.5 CO0.17 reloaded in air—milled for 20 min 0.5 1
Cl CO0.5 reloaded in air—milled for 0.5 h 1 2
Cc2 C1 reloaded in air—milled for 1 h 2 3
C3 C2 reloaded in air—milled for 1 h 3 4
Cc4 C3 reloaded in air—milled for 1 h 4 5
C6 C4 reloaded in air—milled for 2 h 6 6
Cl12 C6 reloaded in air—milled for 6 h 12 7
C24 C12 reloaded in air and milled for 12 h 24 8
C38 C24 reloaded in air and milled for 14 h 38 9
C55 C38 reloaded in air and milled for 17 h 55 10
C70 C55 reloaded in air and milled for 15 h 70 11
Cl113 C70 reloaded in air and milled for 43 h 113 12
C170 C113 reloaded in air and milled for 57 h 170 13
Al170 Milled in Ar atmosphere with interruptions [11] 170 13
B170 Milled in Ar atmosphere without interruptions 170 0

%C0 and AOQ in [11] is the same mixture of initial elemental powders

From the DTA heating curve, the peak of the Curie tem-
perature and transition temperature was also
determined.

Qualitative and quantitative phase analysis and the
microstrain and crystallite size (coherence length) estima-
tion were performed on a Bruker D8 Advance diffrac-
tometer in Bragg—Brentano geometry using a copper target
X-ray tub. The XRD data were processed by Rietveld
whole powder pattern fitting for the as-milled and heat-
treated powders using the Bruker-TOPAS software and the
fundamental parameter approach (FPA). The combined
effect of size and microstrain upon the line profile was
taken into account only for the majority phase (Fe—Cr),
which showed well-defined diffraction line profiles. The
microstrain was neglected for the minor phases (e.g.
nitrides and oxides), leading to the possible underestima-
tion of sizes.

oaA—y

Results and discussions

The X-ray diffraction patterns for batch C powders milled
in air after different milling times, ¢, are shown in Fig. la,
b. Up to 24 h milling, they reveal an exclusive phase of
bcc-a structure, and no secondary impurity phases were
detected. The Cr diffraction lines disappeared, whereas the
intensity of W reflections diminished drastically at 12 h of
milling, indicating that the alloying elements had diffused
into the Fe matrix. At 38 h of milling, a trace of oxides

with (Fe,Cr),0; structure appears, and its quantity increa-
ses with increasing milling time. The lattice parameters
were determined from the bcc-Fe—Cr diffraction peaks
positions, which, as shown in Fig. 1, broaden and shift to
lower angles with the advancing in milling process. The
enlarged view of the diffraction peak at 20 =~ 44.65
(Fig. 1b) shows that the broadening is caused in particular
by formation of a phase of fcc-y structure detected at 55 h
and increasing with increasing milling time up to 170 h.
The evolution of the powders’ grain size and microstrain as
a function of the milling time is shown in Fig. 2a, b,
respectively. The lattice constant versus milling time is
shown in Fig. 2c. As expected, mechanical alloying
resulted in the increase in the lattice parameter and of the
microstrain, and decrease in the crystallite size. The SEM
micrographs of the as-milled powders are shown in Fig. 3.
Figure 4 shows the TG/DTA curves for batch C powders
milled in air for different durations. The dependence of TG
mass (nitrogen) loss on the milling time is shown in Fig. 5.
The X-ray diffraction patterns for the C170 powder of
batch C after heating at different temperatures are shown in
Fig. 6. In Table 2, there are listed the microstructure
parameters of the ferritic phase and of the secondary phases
at different milling times for the C170 product strongly
contaminated with nitrogen and oxygen. Figure 7 shows
the evolution of the quantity of the impurity phases in C170
powder (milled for 170 h in air with interruptions) with
increasing heating temperature. The XRD and TG/DTA
curves for A170 and B170 powders milled in an argon
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Fig. 1 XRD patterns describing the evolution of structure and phases
composition with increasing milling time up to 170 h of powders
milled in air with interruption. The most intense Bragg 110 peak of
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atmosphere without and with interruption of milling pro-
cess are shown in Figs. 8 and 9, respectively, together with
C170 powder milled in air. Figure 9b also presents the
mass spectra for m/z 28 of A170 and B170 (dashed line).

Microstructure modification by milling in air
with the increasing of milling time

By milling up to 6 h in air the rapid increase in lattice
constant, [ (from 2.8662 A for CO to 2.8725 A for C6), and

@ Springer

microstrain, <g>>!? (from 0.023% for CO to 0.278% for
C6), and, rapid decrease in crystallite size, d (from 103 nm
for CO to 16.5 nm for C6), is observed (Fig. 2). Such
modification of microstructure parameters, attributed to the
creation and accumulation of dislocations, stacking faults,
high-angle GBs, interfaces and other defects and, to the
mixing between the alloying elements [12, 13], was
induced by severe plastic deformation and high fracturing
rate of powder particles at this stage of milling. Random
distribution of stress fields created by these defects resulted
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Fig. 3 SEM images describing the evolution of powder morphology with increasing milling time: a CO (mixture of elemental powders), b C0.5,
¢ C3,d C6, e C72 and f C113 powders milled in air with interruption for the total duration of 0, 0.5, 3, 6, 72 and 113 h, respectively

Fig. 4 a DTA and b TG curves (a) (b) —,—
measured on Fe-14Cr-3W— [ ]
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in microstresses and thus, in increase in microstrain. The
decrease in grain size is primarily associated with the
increase in density of grain boundaries (GBs). The increase
in the degree of Fe-Cr alloying correlates with the
observed strong lattice constant increase for the powders
milled to 6 h. The described microstructure modification is
in agreement with the observed modification of the powder

T/K

morphology as shown in Fig. 3. Similarly to the milling in
an Ar atmosphere described in details in [11], in the first
1 h of milling in air the particles fracture and flatten due to
the process of severe plastic deformation at the initial stage
of milling (Fig. 3b). Upon increasing the milling time to
6 h (Fig. 3c), the aspect ratio of the particles decreases.
However, the presence of a large number of the particles
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Fig. 6 XRD patterns of C170 powder (milled in air with interruption
for the total duration of 170 h) as-milled and furnace heated to 320,
485, 675, 750, 950, 1040 and 1150 °C in Ar 5% H, atmosphere. The
most intense Bragg 110 peak of bcc-Fe—Cr was normalised to unity
for all of the samples

with very small size (under 1 um) suggests a still high
fracture rate at this stage of milling in air.

Between 6 and 55 h of milling, the microstructure
parameters change more slowly (Fig. 2). The observed
relative saturation in the grain size decreases, and the sat-
uration in the increase in microstrain and lattice constant
can be explained by the fact that the density of defects (e.g.
dislocations, GBs [14]) approached saturation [15]. The
saturation is associated with achieving a balance between
the rate of welding and the rate of fracturing the powder
particles [11]. Nonetheless, a still increasing microstrain
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(from 0.278% for C6 to 0.435% for C55) and lattice con-
stant (from 2.8724 A for C6 to 2.8738 A for C55) and
decreasing grain size (from 16.5 nm for C6 to 6.9 nm for
C55) when milling between 6 and 55 h can be explained by
the additional defects generated by nitrogen and oxygen
uptaken from the air during milling and thus by the pres-
ence of solute nitrogen/oxygen in the ferritic phase. Traces
of contaminants, the reflections of (Cr, Fe),O; oxide
structure, appeared in XRD at 38 h milling (Fig. 1). Even
though the contamination of the powders milled up to 38 h
was not detected by XRD (Fig. 1), the contamination was
evident from thermal analysis (Fig. 4). The increase in the
quantity of TG mass loss with increasing milling time
caused by nitrogen degassing is very evident from Fig. 4b.

As shown in Fig. 2, specific to the powders milled over
55 his a high rate of microstrain increase (from 0.435% for
C55 to 1.25% for C170) and lattice constant increase (from
2.8738 A for C55 t0 2.9246 A for C170). The grain size of
the powders milled over 55 h was further reduced and
attained very fine size, 4.5 nm, for C170. Such refinement
denotes a highly disordered, up to the limit of amorphous,
structure which can explain the excessively high values of
the microstrain, 1.25%, for C113 and C170. The pro-
nounced modification of the microstructure parameters of
the ferritic phase when milling for long time in air
(Figs. 1b, 2) is due mainly to the supersaturation of the
ferritic phase with nitrogen entered interstitially into the
lattice. An explanation for the structure refinement (the
ultrafine grain size) of the ferrite is that interstitial impu-
rities trapped by GBs and dislocations [10] during milling
pinned them, impeding dynamic recrystallisation and dis-
location mobility. Similar refinement effects were reported
on Fe [8, 9] and Fe-based powders milled together with
iron nitrides [4] and/or under a nitrogen atmosphere [16].
The substantial modification of microstructure parameters
of the ferritic phase when milling above 55 h is supported
by drastic modification of the phase composition of the
steel as clearly shown in Fig. 1a. Phases of fcc-y structure
and Fe,N structure have precipitated at the milling stage in
C55, C72 and C113 and, C170, respectively (Fig. 1). The
contamination and supersaturation with nitrogen was esti-
mated from the TG curves (as described in more details in
next section) to be about 3.8 mass% for C170 (Fig. 5), well
above the equilibrium solubility limit of nitrogen in iron at
room temperature (~ 0.1 mass% [17]). The high affinity
of Cr alloying element to the nitrogen improved its solu-
bility within the steel matrix promoting as well the pre-
cipitation of the excess nitrogen atoms as (Fe,Cr);N and
fcc-y phase. The oo— ) transformation was favoured during
high-energy milling in the presence of nitrogen because
[4, 16]: nitrogen is a strong austenite stabiliser element
(nitrogen atoms create less distortion in austenite than in
ferrite); the process of refinement by nitrogen favours
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Table 2 The microstructure (grain size, microstrain, lattice constant) of bcc-Fe—Cr and of impurity phases (fcc-y), (Fe,Cr)4N, (Cr, Fe),05, and (Fe,Cr),0,4 in C170 powder (milled in air) after

annealing at different temperatures as estimated from the results of XRD shown in Fig. 6

(Fe,Cr)4N

fcc—FcCr204

rh—(CI‘,FC)z 03

fee-y

bce-Fe-Cr

T/K

Crystallite
size/nm

Lattice

Crystallite
size/nm

Lattice

Crystallite
size/nm

Lattice constant
(c-axis)/A

Lattice constant
(a-axis)/A

Crystallite
size/nm

Crystallite  Lattice

size/nm

< &>

Lattice

constant/A

constant/A

constant/A

constant/A

3.13)
3.9(9)
8.5(2)

18(1)

21.0(6)

3.82(1)
3.779Q2)
3.789(5)
3.793(7)
3.792(3)

87.5(3)

13.66(8)
13.70(2)
13.67(1)
13.64(2)
13.66(1)
13.61(9)

4.974(3)
4.953(5)
4.966(4)
4.956(4)
4.957(3)
4.956(2)

4.102)
3.009)

3.698(1)
3.618(2)
3.610(2)

4.1(9)
3.9(5)
8.8(4)

1.25(7)

0.42(4)
0.073(7)
0.055(5)
0.062(2)
0.052(8)
0.075(2)
0.060(1)

2.9246(4)
2.8930(1)
2.8725(3)
2.8695(7)
2.8692(8)
2.8696(5)
2.8698(6)
2.8694(1)

RT

4.7(7)

8.39(1)
8.369(8)
8.376(4)
8.352(8)
8.371(2)

9.0(7)

593
758

11(5)
19(2)
18(1)
34(7)
40(4)

51(3)

12(1)
17(2)
14(1)

30(3)

6(1)

84(1)

948

78(3)
136(2)
173(1)

1023
1223
1313
1423

8.371(5)
8.373(4)

196(1)

The digit in parentheses is the error of the last digit of the experimental value

transition to austenite because the grained fcc structure has
smaller interfacial energy compared to bcc ferritic struc-
ture. Thus, the pronounced decrease in the volume fraction
of bcee-o phase during milling in air (70.6 mass% for C170)
is caused by the precipitation/segregation of a large amount
of secondary phases—(Fe,Cr)4;N (6.3 mass% for C170),
fee-y (10.9 mass% for C170) and (Fe,Cr),O5 (12.3 mass%
for C170) (Fig. 1, Table 2). It is worth to mention that no
decrease in lattice constant was observed, as it was
expected after the extraction of Cr form the ferrite lattice
by precipitation/segregation of these secondary phases. On
the contrary, the pronounced increase in lattice constant of
bce-o for the powders milled for 55-170 h (Fig. 2¢) is
consistent with the (metastable) ferritic phase supersatu-
rated with nitrogen eventually coexisting with the above-
mentioned secondary phases.

It is worth noting that in contrast to powders milled over
6 h under an Ar atmosphere with interruption of milling
process [11] showing the increase in the powder particle
size, the particle size does not increase by milling in air
over 6 h (Fig. 3). This can be explained by the fact that the
fracturing rate remains permanently high because the par-
ticles harden due to the progressive contamination with
large amounts of nitrogen (Figs. 1, 5) [and oxygen (Fig. 1)]
as the milling time increases [15]. In addition, the con-
taminants from the air act as a process control agent during
milling. The crystallite size of batch C powders milled in
air for long time with interruptions (e.g. 16.5 nm at the
steady state and 4.1 nm after 170 h milling.) is smaller as
compared to batch A powders milled under an Ar atmo-
sphere with interruptions (e.g. 18.1 nm at the steady state,
15.0 nm after 170 h milling).

Thermal analysis—Heat treatment

As seen from DTA curves for batch C powders milled in
air (Fig. 4a) besides the endothermic peak 2 at
1025-1045 K corresponding to magnetic transition (Curie
temperature, 7.) and endothermic peak 3 at 1184-1223 K
corresponding to o.—7 transition another endothermic peak
1" at 897-915 K was registered for the powders milled over
38 h (38170 h). This endothermic feature is accompanied
by a mass loss in TG in ~ 873-1093 K temperature range.
Another step of mass loss in TG is observed above 1093 K
for 3-72 h milled products, which accompanies an
endothermic feature 4 observed for 12-55 h milled pow-
ders. Further discussions of the results of thermal analysis
in this and in the next subsection will be made in corre-
lation with the results of furnace heating of most contam-
inated powder C170 obtained by milling in air for 170 h—
the high amount of the impurity phases readily detected by
XRD in this as-milled and heated product facilitates the
understanding of the impurification process in other
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Fig. 8 XRD patterns of A170 milled under an Ar atmosphere with
interruption, B170 milled under an Ar atmosphere without interrup-
tion and C170 milled in air with interruption. The most intense Bragg
110 peak of bcc-Fe—Cr was normalised to unity for all of the samples

samples irrespective of milling atmosphere, duration and
thus, of the amount of contaminants.

If we follow the TG curve of C170 powder (Fig. 4b) in
correlation with the evolution of the quantity of impurity
phases during furnace heating (estimated from XRD patterns
and illustrated in Fig. 7), then it becomes clear that the
observed TG mass losses when heating up to ~ 1373 K
were caused by N, degassing when the secondary phases
containing nitrogen ((Fe,Cr)4N, fcc-y) decomposed. As
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shown in Fig. 5, the evolution of the quantity of TG mass
(nitrogen, N) loss with increasing milling time of the batch
C powders occurred in two regimes, similarly to the modi-
fication of microstructure parameters (Figs. 2, 4): (1) high
rate regime (0.042 mass% h™~')—up to 2.42 mass% total
mass loss for powders milled up to 55 h and low rate regime
(0.013 mass% h™'—2.42-3.9 mass% mass loss for pow-
ders milled over 55 h.

At the early stage of heating up to 500 °C, the powders
underwent recovery, recrystallisation, and initiation of
grain growth processes [14, 15, 18]. The decrease in
microstrain and lattice parameter (Table 2) when heating in
this region is attributable to the decreased number of
defects (e.g. dislocations). At about 773 K, the microstain
and lattice parameter relaxed completely and they does not
change anymore with farther increasing temperature. The
pronounced grain growth occurs above 773 K [from
88nm at 758 K to 1963 nm at 1423 K for C170
(Table 2)]. The processes of the decomposition, dissolution
or reduction of the metastable secondary phases formed
during milling ((Fe,Cr)4N, fcc-y and (Fe,Cr),03) as well as
the nucleation, precipitation or reoxidation [11, 19] of new
secondary phases, e.g. (Fe,Cr),0,4, (Figs. 6, 7, Table 2)
accompany the processes of recovery and recrystallisation
of ferritic phase and ferrite grain growth. fcc-y decomposed
during relaxation when heating up to about 958 K. The
metastable (Fe,Cr)4;N formed during milling initially sta-
bilised up to about 773 K heating after that it decomposed
rapidly up to about 958 K (Figs. 6, 7). This comportment
of the secondary phases correlates with the above-men-
tioned endothermic feature 1’ in DTA, and the associated
maximum in energy consumption for C170 is registered at
915 K (or in the 853-973 K temperature range for C55-
C170). The decomposition of fcc-y and (Fe,Cr)4N is
accompanied by the nitrogen degassing associated with the
above-mentioned pronounced step in the TG curves below
1093 K for C55-C170 (Fig. 4b). These features are fol-
lowed by an exothermic peak 1” registered at 953-998 K
for C55—-C170 which might be ascribed to the enhancement
of Fe—Cr solid solution by Cr and Fe realised after the
decomposition of above-mentioned secondary phases.

As for (Fe,Cr),03 its quantity decreases considerably by
heating above 1023 K. The known high affinity of Cr to
oxygen can drive the oxidation process even when treated
under an inert and reducing atmosphere [5-7]. In this
context, the reduction of (Fe,Cr),03; segregated during
milling denotes its high instability in the given conditions
of treatment and phases compositions. Upon heating, the
unstable (Fe,Cr),05 is reduced [20-23] under inert atmo-
sphere to the more stable (Fe,Cr),0,. (Fe,Cr),0,4 appears at
593 K, its quantity increases significantly above 1223 K in
good agreement with the reduction of (Fe,Cr),O3;. Upon
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Fig. 9 a DTA and b TG curves
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heating over 1223 K, the (Fe,Cr),0; is reduced completely
to (Fe,Cr),0,.

The contamination under different milling
conditions

As mentioned hereinbefore, the mass loss in TG occurs in
two temperature regions, up to 1093 K in the ferrite phase
field and above 1093 K in the austenite phase field
(Fig. 4b). The TG mass loss below 1093 K was registered
for 38—170 h products milled in air (batch C) and relates to
nitrogen degassing after the decomposition of
metastable fcc-y and (Fe,Cr),N phases formed during
milling. These impurity phases are well visible in XRD for
55-170 h milled powders (Fig. 1). The TG mass loss above
1093 K was registered for 3—72 h milled powders in air
(batch C). Similarly to less contaminated batch A powders
(milled under and Ar atmosphere with the interruption of
milling process, described in Ref. [11]) TG mass loss
above 1093 K relates to N, degassing after the decompo-
sition of residual phases containing nitrogen which are
stable in the ferrite phase field, namely the phases that have
precipitated in small quantities during milling or have
precipitated/stabilised upon heating (this will be more clear
from the discussed hereinafter).

The discussed in the previous paragraph can be gener-
alised to all powders of batches A, B and C as shown
hereinafter. Figures 8 and 9 present the results of XRD and
TG/DTA, respectively, for three representative powders
milled for 170 h in three different conditions—in air
(C170), under an argon atmosphere with interruption of the
milling process (A170) and under an argon atmosphere
without interruption of the milling process (B170). The
powders of batches A, B and C can be divided into three

‘ 1‘000‘
T/K

P
1200 600 800

categories represented by A170, B170 and C170. Any
Fel4Cr as-milled powders can be assigned to one of these
three categories depending on TG/DTA behaviour as well
as on amounts of impurity phases and their behaviour
during heating. C170-category comprises the highly con-
taminated powders C72-C170. A170-category comprises
moderately contaminated powders A70-A170 [11] and
C38-C55. B170-category comprises weakly contaminated
powders A0.5-A55 [11], B6-B70 [11], B170 and CO0.5-
C24. As already discussed, the mass loss of powders of
C170-category occurs in the ferritic phase field below
820 °C due to nitrogen degassing after the decomposition
of metastable impurity phases formed during milling. For
weakly contaminated products of B170-category and for
moderately contaminated products of A170-category a
mass loss is registered above 1093 K in austenite field
region following an endothermic feature 4 in DTA curve
(Figs. 4, 9). As already mentioned, in the products of
A170-category the impurity phases containing nitrogen
precipitated in small quantities at the milling stage: fcc-y
and (Fe,Cr)4)N for C38-C55 (Fig. 1) and fcc-CrN for
A113-A170 [11]. In the products of B170-category, the
impurity phases containing nitrogen precipitated/coarsened
at the earlier stage of heating, at about 923 K; this process
(described in more details in [11]) is consistent with an
exothermic feature 1 of energy consumption in DTA reg-
istered at the same temperature (Fig. 9a). In both A170-
and B170-categories, the precipitated phases containing
nitrogen are stable in the ferrite phase field and decom-
posed by degassing of N, in the austenite field region. The
as-milled samples of B170-category show a single bcc-a
phase in XRD (Fig. 1, see also [11]). C3-C24 show a
single bcc-o phase even thought they were milled in air in a
high rate regime of contamination with nitrogen, d(N)/
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dr = 0.042 mass% h~! (Fig. 5). Indeed, upon heating the
TG mass loss related to N, degassing for up to 38 h milled
powders of batch C was up to 1.9 mass% (Fig. 5). There-
fore, XRD failed to detect the impurity phases containing
up to 1.9 mass% nitrogen in powders milled in air up to
38 h. The lack of reflections for contaminants in XRD for
6—24 h milled powders of batch C can be supposed due to
the fact that the process of short-time milling with rela-
tively high quantities of nitrogen and oxygen [and thus in a
high fracture rate regime (Fig. 3)] maintains these elements
adsorbed on the particle surface, in the interstitial sites or at
most in the compounds in the incipient stage of precipita-
tion (e.g. nucleation of nitrides [11], the local formation of
nanophases with fcc [4] and/or bct [8, 9] structure) that
were difficult to detect by XRD (Fig. 1).

The nitrogen degassing (in the studied here temperature
range, up to 1373 K) is supported by MS analysis per-
formed on A170 and C170 products as shown in Fig. 9b. A
pronounced signal caused by mass 28 (N,) was observed
for both samples. The m/z 28 peak was registered at
~ 928 K for C170 and at ~ 1293 K for A170, thus, in the
regions were the substantial TG mass losses occur
(Fig. 9b). Besides m/z 28, a signal caused by mass 44
(CO,) was registered (not shown) for both samples. The
intensity of m/z 44 (CO,) peak, however, is more than one
order of magnitude lower than m/z 28 (N,) peak. Moreover,
the m/z 44 (CO,) peak was registered above the (studied
here) temperature 1373 K where the (Fe,Cr),O5 to
(Fe,Cr);04 reduction complete (Fig. 7, see also Fig. 9 in
ref [11]); most probably CO, is a product of carbothermal
reaction accompanying the oxide reduction [23, 24].
(During long-term milling the powders might be contami-
nated with tiny amount of carbon from the container walls/
balls). As for the least contaminated samples of batch B
milled in Ar without the interruption of milling process, the
incorporation of up to 0.5 mass% nitrogen is supported as
well by LECO measurements [an amount of
0.496 + 0.0013 mass% nitrogen was detected in the
powder milled for 100 h in good agreement with the total
TG mass loss of B170 at temperatures below 1373 K
(Fig. 9b)].

It is evident from Figs. 8 and 9 that the product C170
milled in air with interruption of milling process is the most
contaminated, whereas the product B170 milled under an
Ar atmosphere without interruption of milling process is
the least contaminated one. The only proof of the presence
of some contaminants in B170 is an insignificant TG mass
loss, 0.45 mass%, at about 1313 K (Fig. 9b). The con-
tamination of the batch C powders milled in air was of
course expected. However, the contamination of batch A
powders has occurred even if they were (re)loaded under
an argon atmosphere. The reasons of—and the process
of—contamination of batch A powders milled under an Ar
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atmosphere with interruptions were described in ref [11].
(Briefly from [11]. Since the mill is operated under ambient
conditions contamination with nitrogen and oxygen is
caused by leak formation and the leakage of air through the
seals into the container during milling. A way to minimise
the contamination from the air would be to create and
maintain a vacuum inside the container during milling. As
concluded in [11] this happens if more oxygen and nitrogen
is consumed [3] from the milling container at the initial
stage of milling. The rate of the oxygen and nitrogen
consumption, particularly when the air begins to leak into
vial, and thus, the rate of vacuum creation depends on the
rate of the reaction of the powder with nitrogen and oxy-
gen. The rate of the reaction of the powder with nitrogen
and oxygen depends on the fracture rate of the powder
particles determined as well by alloying degree. The high
fracture rate implies the high ratio of the total high-reactive
surface area to the volume of the particles. If the rate of the
absorption of nitrogen and oxygen is higher as compared to
the rate of the entering of air into the vial then the pressure
in the vial decreases with a higher rate. The created vac-
uum keeps the vials (air) tight. If the milling process is
interrupted after the steady state of Fe—Cr alloying was
reached then after resealing and restarting the milling, the
fracture rate, and thus the rate of nitrogen and oxygen
adsorption, is not as high as that in the initial stage of
milling. So, the rate of the reduction of the pressure in the
vial is low and does not result in the vacuum creation. This
allows the outside atmosphere to continuously leak into the
vial during milling and contaminate the powders with
nitrogen and oxygen). In addition to the above-described
process of vacuum creation at the earlier stage of milling
[11] another approach for the conservation of the vacuum
and/or of the initial Ar pressure for very long duration of
milling can be considered as follows. At the early stage of
milling, when plastic deformation and rate of fracture are
high (Fig. 3b), the ultrathin and/or ultrafine particles with
still low hardness can fill the leaks (caused by the magni-
tude of the pressure difference across the seal or by the
imperfection of integrity of the vial seal [3 and references
therein]). This does not allow the outside atmosphere to
leak into the vial during milling and keeps the initial Ar
pressure or the vacuum created at the earlier stage of
milling. This can explain the insignificant contamination of
powder B170 loaded in an Ar atmosphere in spite of very
long duration of milling in a mill operating under atmo-
spheric conditions. At the moment of interruption of mil-
ling and opening the container, the seal of ultrafine
particles is destroyed; after reloading and restarting the
milling it cannot be recovered especially if the steady state
of Fe—Cr alloying was already reached and the rate of
fracture is not as high as that in the initial stage of milling.
The high alloying degree and the low rate of fracture
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associated with the low number of ultrathin/ultrafine par-
ticles and with the increased particle hardness makes the
powder particles unable to fill the leaks and thus to create
vacuum or to keep the initial Ar pressure.

Summary and conclusions

Fe—-14Cr-3W-0.4Ti-0.25Y,05 (Fel4Cr) ferritic steel
powders loaded in air, milled up to 170 h with interruptions
of the milling process and heated up to 1373 K were
investigated by thermal analysis in correlation with X-ray
diffraction and scanning electron microscopy. The large
amounts of impurity phases in the powders milled over
55 h in air, readily detected by XRD, made it possible to
understand and to interpret the impurification process and
to generalise it for any as-milled powders obtained in any
milling conditions irrespective of the milling atmosphere,
duration and thus, of amounts of contaminants. The main
results of this study are summarised as follows.

1. In the first 6 h of milling in air, the rapid increase in
microstrain and lattice constant and, decrease in
crystallite size was attributed to the creation and
accumulation of defects and to the mixing between the
alloying elements.

2. By milling between 6 and 55 h, the microstructure
modification (with slower rate) was ascribed to the
additional defects generated by nitrogen and oxygen
uptake from the air during milling.

3. By milling in air over 55 h, the lattice parameter and
the microstrain increase significantly, whereas an
ultrafine crystallite size was reached, 4.1 nm, for
170 h milling. The modification of microstructure
parameters was ascribed to the supersaturation of the
ferrite phase with nitrogen.

4. (Fe,Cr)4N, fcc-y, (Fe,Cr),O3; impurity phases were
readily detected by XRD in powders milled over 38 h
in air.

5. Two regions of mass loss in TG were observed upon
heating (depending on milling parameters or milling
atmosphere). The TG mass loss below 1093 K in the
ferrite phase field was caused by nitrogen degassing
after the decomposition of metastable phases formed
during milling. The TG mass loss above 1093 K in the
austenite phase field was caused by decomposition of
residual phases containing nitrogen which are stable in
the ferrite phase field, namely the phases that have
precipitated in small quantities during milling or have
precipitated/stabilised upon heating.

6. At 55 h of milling, the rate of nitrogen uptake from the
air changes from fast (d(N)/d¢t = 0.042 mass% hfl) to
slow (d(V)/dt = 0.0132 mass% hfl) regime.

7. A high rate regime of contamination with nitrogen (up

to 1.9 mass%) was registered by TG measurements in
powders milled up to 38 h although the XRD did not
detect the impurity phases containing nitrogen.

8. The contamination of powder milled for 170 h under
an argon atmosphere without interruption of the
milling process was insignificant (corresponding to
less than 0.5 mass% mass loss in TG) as compared to
the powders milled in air and under an Ar atmosphere
with interruption of milling process.

9. The milling without the interruption of the milling

process is an approach for the conservation of the
vacuum (created at the earlier stage of milling) and/or
of the initial Ar pressure in the containers for very long
milling times. The ultrathin/ultrafine particles capable
to fill the container leaks were hypothesised to be the
impediment against contamination from air.
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