JOURNAL OF
ENGINEERING RESEARCH

Refereed and issued twice annually by the
Faculty of Engineering - University of Tripoli

Issue 29 March 2020



SOLUBILITY AND PRECIPITATION OF Nb IN
AN ANNEALED Fe-30Mn STEEL

Hassan Zaid

Materials Science Department, Faculty of Engineering,
Gahryan University, Libya
E-mail: hassanzaid@gmail.com

oadlall

dalladl oaldly Seaiall Jle ssall il o agugll jeaial oajgliad) sk
ety il delia Gl ahlull delia lSHE u alaaly (S g giage N Y 4))al)
Gaadall jolad) Coun (D 138 psmses - bl JSla delin b ball (e gl 128
palsall o Jally grenall Sl e cumnl) G asngll duligd HEE Jen caai

e Ll aall A e agugull Aubisd duhy o alaa¥) 3 Gl a8
Ssan e 1.0 G 0.05 Ga 125 dusie cousiy ) psupill Bilial Caci Cum rinia %30
ALl Ayl daiie e A bl 6 dleioad) cilially AL cililes o) bl
2 (i) i s Aushe dapd 1200 Bl Aapd b Leinlles cu (gl slsedl ) Aoadal
ddee il o Capmlly gl Al o CadSlly L palil) )3l 283 60530 510 55
Qs 5an gy g3l alell g SN gmally Bl 35 5SN) emall Jlawind & (il
Aphall dallaall aes el A0l Jolas 8 A jiall GLSal) pgi apail Sl

Aladl cilalml e Taldiel agusul) Lalgdl Al Zuball Gl o2 b Ll
2l Caela 120 L (IS — gay) ualiall Alisd Julad alin Jlexinly Wlia) & LS Gladla
o558l emie () any ¢l Aushally A gaall dll Alendll ol (g A5)lRaS Canl) 130
raial) 138 (g allall ol @y ) 3gaad Cals 3ile Liga Cartinng¥) Aun A g
Sy ohall il sai o 5l L) g catin V) gl b Apesiidl) el (3 Liad
< pinie %30 e daginall Al SIS Galgdldl (e Gawad (8 Gl pallal)

ABSTRACT

The metallurgical influence of niobium (Nb) on an annealed high manganese (Mn)
steel is still an active issue of discussion between automobile companies and steel
manufacturers. Some controversy exists in the literature concerning the influence of Nb
solubility on microstructure and thereby on mechanical properties.

The influence of Nb-solubility on microstructure of Fe30Mn alloy steel was
investigated experimentally and by computational materials modeling. Nb was added in
0.05, 0.1, 0.2, 0.4, 0.6 and 1% additions and the alloy samples were annealed at 1200°C
for 2, 5, 10, 30 and 60 minutes. The microstructure was investigated using an optical
microscope, TEM and SEM-EDX and precipitates were chemically tested.

Niobium solubility in Fe30Mn austenite was theoretically studied based on
Gladman assumptions and was also examined by Thermo-Calc analysis. The result of this
work is a comparison between the microstructure analysis and theoretical studies, and it
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has been found that Nb was soluble in Fe30Mn austenite phase and has had a solute drag
effect where Nb(C,N) and NbN precipitates were seen and the effect was pinning effect.

KEYWORDS: Nb Solubility; High-Mn Steel; Solute-Drag Effect; Precipitate-Pinning;
Thermo-Calc Analysis.

INTRODUCTION

The addition of alloying elements to establish microstructural control through
thermo-mechanical processing of High Strength Low Alloy (HSLA) steels such as
Twining Induced Plasticity (TWIP) steel, has been the most important endeavors of the
past decade. This addition along with reducing the carbon content have made it possible
to attain the desirable strength/ductility ratio for automobiles and other applications [1].

High manganese steel alloy with 30%Mn has a TWIP effect that occurs at room
temperature but progressively transforms to dislocation glide when deformation
temperature increases. Addition of Nb, Ti, V and/or Mo elements to TWIP steels, can have
a significant influence on the kinetics of austenite recrystallization and grain growth.
However, if these elements are not precipitated, they remain in the austenite matrix
providing a solute drag effect that delay recrystallization and suppresses grain growth.
The degree to which austenite grain growth is inhibited will depend on the size and the
volume fraction of the precipitates as well as the level of solute elements [2, 3]. S.
Koyama et.al [4], have studied theoretically the solubility of Nb in high-Mn steels with
different Mn contents (but up to 10%Mn), and they found that Mn increases the solubility
of NbC and decreases the solubility of NbN but as temperature increases this effect
becomes weaker.

The present research involves the study of the Nb solubility in an annealed high Mn
steel to understand at what Nb level pinning or solute drag effect can occur. This includes
study of solubility products using Thermo-Calc software and empirical equations, as well
as analysis of precipitates, and microstructure study. Conventional casting of Fe30Mn
alloy and different annealing temperatures both employed to produce experimental
materials.

EXPERIMENTAL WORK

The alloy used in this study is Fe30Mn (TWIP) steel. This high-Mn alloy has a
stable austenitic structure and no martensite is expected [5, 6]. The steel alloy used in this
study was a conventional casting Fe30Mn (produced at Deakin University Laboratories).
In conventional casting line, ferrous iron (containing 0.037% carbon/1 kg) and
Ferromanganese (containing 0.003% carbon/1 kg) was added to the molten solution at
approximately 1500°C. Ferro-niobium Fe-Nb (containing 0.08% carbon/1 kg), was added
to the 30Wt% Mn-steel solution at approximately 1500°C and samples were taken to the
metal analyzer (Spector MAXx) and the result is given in Table (1). Due to conventional
casting and challenging to control the carbon content, the studied samples will be divided
in to low Nb group with very low carbon content that can be neglected (<0.008%), and
high Nb group alloys with low carbon content (0.01 to 0.012%).

Samples of 20x15x2.5 mm were taken to a fluid bed furnace (Furnace-FH24H) for
annealing to 1200°C for times of 2, 5, 10, 30 and 60 minutes followed by air cooling.

For all, SEM, TEM and SEM-EDX investigations, the samples were ground using
240, 600 and 1200 grit silicon carbide grinding papers. Next, each sample was polished
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using 9, 3 and 1-micron diamond pastes on a rotary plate. Etching process using saturated
aqueous 7% solution of sodium Meta bi-sulphate was used at room temperature for
approximately 2 minutes to etch the prior austenite grain boundaries and deformation
structure. Some samples were chosen for TEM analysis, they were electro-polished using
a twin jet electro-polisher and a solution of 5 vol.% perchloric acid, 20 vol. % glycerol
and 75 vol.% industrial methanol. The electro-polishing was performed with the solution
at 0°C, the electrical potential being set at 50V for all specimens. Microstructure
observations and microphotography were carried out using (OLYMPUS BX51M) optical
microscope and the annealed Nb-TWIP specimens were examined using thin foil
techniques in TEM (JEOL 2100F).

Table 1: Chemical composition of studied TWIP alloys

Sample Chemical Composition (wt.%)

No. Mn Nb C N
0.0 29.2 0.0001 0.002 0.0026
0.05 29.7 0.044 0.002 0.005
0.1 29.9 0.078 0.004 0.007
0.2 30.02 0.18 0.008 0.01
0.4 30.1 0.46 0.008 0.011
0.6 30.2 0.62 0.013 0.011
1.0 30.4 1.0 0.021 0.012

Imaging was carried out for different samples in different cases of heat treatment
and precipitation particles were observed with different morphologies. Precipitated
particle size measurement was performed on SEM images using Image software. A semi-
qualitative analysis of precipitates was made for most precipitates through the use of
Energy-Dispersive X-ray (EDX) techniques using a SUPRA-55VP (SEM).

RESULTS AND EXPERIMENTAL OBSERVATIONS
Microstructural investigations of the Nb-added Fe30Mn samples show a different

rate of grain growth of the two alloy groups. It is observed that the grain sizes of the lower
Nb alloys are always the largest, while those in alloy 0.6Nb and INb are the finest. It also
shows full recrystallization occurred at short annealing times for the low-Nb (0.05, 0.1,
and 0.2%) alloys. But for high-Nb alloys, high recrystallization fractions were seen in the
1200°C/5 minutes annealed structure and was fully recrystallized when those samples
were held for 30 minutes as shown in Figure (1) (samples from 0.4Nb and 0.6Nb alloys
as an example).

Electron microscopy studies using angle selective backscattering detector (AsB)
under different kv were carried out for a selected number of annealed Nb-added samples
in order to investigate the possible presence of coarse undissolved Nb precipitates in the
annealed 1200°C samples. As shown in Figure (2), coarse precipitated particles were seen
in 0.6Nb samples whereas no particles were able to be seen in low-Nb samples.
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Figure 1: Optical micrographs showing grain growth of annealed Nb-added Fe30Mn
samples a) 0.4 sample at 1200°C/5, b) 0.4 sample at 1200°C/30, c) 0.6 sample at
1200°C/5, and d) 0.6 sample at 1200°C/30 minutes.

Figure 2: SEM-AsB images of annealed 1200°C/30 minutes for; a) no precipitation seen in
samples of 0.4Nb, and b) the presence of coarse precipitates (white particles) in
0.6Nb sample.

TEM analysis identified the presence of coarse and intermediate particles in the
annealed microstructure of the high Nb alloys as shown in Figure (3).
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Figure 3: TEM-thin foil analysis shows a presence of Nb precipitates in a) 1Nb alloy
annealed at 1200°C/10 minutes, b) 0.6Nb alloy annealed at 1200°C/5 minutes.

The same samples which used for AsB analysis were used again for EDX analysis of
precipitated particles using SE2 detector with working distance of 13 mm. In order to
characterize the sub-micron precipitates, low voltage EDX was carried out to have adequate
spatial resolution relative to the size of particles. The resulted EDX spectra of about 40
particles from five images in different areas of each annealed samples showed high peaks of
niobium, carbon and nitrogen of the precipitates in all annealed samples of high Nb alloy as
shown in Figure (4).

Figure 4: Chemical analysis of precipitated particles a) SEM-AsB of annealed 0.6Nb sample,
b) SEM-EDX analysis of the particle shown above.

DISCUSSION
Microstructure

Although, recrystallization behavior is not the aim of this work, fully recrystallized
microstructure was seen in Low-Nb group when all samples held for 5 minutes at 1200°C
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and grains were fully grown as time was increased. However, for the high-Nb group, fully
recrystallized microstructure could not be seen before 10 minutes annealing at 1200°C.
The microstructure behavior has been interpreted as the grain size of Low-Nb group was
larger than what was seen for high-Nb samples.

The microstructure investigations of 0.4Nb alloy annealed at 1200°C for 30 minutes
show a grain growth which is evidenced by the absence of any precipitated particles as
analyzed by SEM-AsB and TEM. However, low rate of grain growth has been observed
in the microstructure of high-Nb alloys. It is possible that the presence of precipitation
particles restrains the grain growth of the high-Nb alloy. The SEM-EDX analysis revealed
that the precipitated particles were rich in Nb, carbon and nitrogen which is highly
suggested to be a Nb(C,N) complex precipitates.

In order to explain the precipitation and solubility behavior of Nb in annealed
Fe30Mn samples at 1200°C/30minutes, theoretical analysis of this case using some
references and Thermo-Calc analysis will be used to interpret the microstructure results.

Solubility Products

Sharma et.al [7], studied the solubility products of NbC and NbN in austenite
assuming that the activity of carbon and niobium are proportional to their concentrations.
They derived theoretical equations for solubility product calculations in the absence of
Mn (Equations 1 and 2) and when Mn is present Equations (3 and 4):

Log [Nb][C] = —2.04 — 0.87(e{Xc + eXPXpp) — (N Xwp + €8 X)) (1)
Log [Nb][N] = —2.55 — 0.87(eN Xy + eN’Xnp) — (eNEXnp + NP Xy) )
log[Nb] [N] = {10g[ND] [N}n=o — (™ + eNfg) [Mn]. 57— (3)
log[Nb] [C] = {10g[Nb] [CBun=o — (8™ + i) [Mnl. 52— 4)

Where X., Xy and Xy, are the atomic % of the C, N and Nb respectively. The
interaction (Wagner interaction) parameters €Y of the C, N and £X? at 12000C are shown
in Table (2).

Table 2: Wagner interaction for C, N and Nb at 1200°C [4, 7].

Parameter Value
g& Carbon-Carbon interaction 6.03
&N Nitrogen-nitrogen interaction 4.27
gy Carbon-nitrogen interaction 3.93
eNb Carbon-niobium interaction -44.98
NP Nitrogen-niobium interaction -44.98
e Niobium-Manganese interaction -44.1
exm Nitrogen- Manganese interaction 8.85
ghin Carbon- Manganese interaction -4.22

The above equations were used to calculate the NbC and NbN solubility in austenite
for all of the studied alloys at 1200°C as seen in Figure (5). The Figure shows that the
NbN has higher stability (less soluble) than NbC, but both have decreased their solubility
as Nb increased.
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Figure 5: Solubility product of NbC and NbN of the studied alloys at 1200°C in absence of
Mn effect.

However, the alloying elements which do not dissolve in austenite such as Mn can
also have a significant effect on NbN and NbC solubility as found by Koyama [4], Figure

(6).
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Figure 6: Effect of Mn on the solubility product of NbN in austenite [4].

Applying Koyama’s study to calculate the NbN solubility in austenite at a given Nb level
by the equation:

Log[Nb][N] = —8500/ 1+ 289 + (g - 0.68) . [Mn] - (g - 0.032) [Mn]?

The solubility results in Figure (7), show that the solubility is slightly increased as
Mn increased.
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Figure 7: Effect of Mn on NbN solubility of the studied alloys at 1200°C as applied by
experimental results of Koyama’s study.

Study of Mn effect by Koyama, did not include the Nb effect. Therefore, Sharma
[7] equations were used to study the effect of Nb on the NbN and NbC solubility and the
results are shown in Figure (8) for 0.05Nb and 1Nb alloys. The Figure shows significant
effect of Nb on decreasing of solubility of NbN in austenite. However, this effect is less
in NbC solubility products for the same alloy.
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Figure 8: Effect of Mn on NbN and NbC solubility in austenite at 1200°C

At 30 wt.% Mn, the results show that the NbC has higher solubility and this is well
matched with references of NbC solubility in austenite reviewed by Sharma [7]. Figure
(9) shows the solubility product as a function of temperature. But, this temperature effect
is smaller with respect to Koyama’s results which could be due to the high Nb content
and the fact that Koyama did not study the Mn effect at different Nb contents.
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Figure 9: solubility product of NbC in austenite at different temperatures as reviewed from
different references by Sharma et.al [5]

Solubility products of the studied alloys show a high NbN stability in austenite at
1200°C comparing with NbC, this is well agreed with results found by Koyama [4]
(Figure 6), although their study was for Mn up to 10 wt.%. However, stability is also
affected by Nb content; the results show that the higher is solubility the lower the Nb
content. Therefore, NbN or complex phase of Nb(C,N) are expected to be found in the
higher Nb alloys. Thermo-Calc software using TCFE8 database, was used to analyze the
Nb(C,N) precipitation for the studied alloys at 1200°C. The results show the effect of Mn
on the solubility of Nb(C,N) as shown in Figure (10) and Figure (11).
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Figure 10: Mole fraction of Nb(C,N) precipitates in the studied alloys annealed at 1200°C
predicted by using TCFE8 database of Thermo-Calc, a) in the presence of
30%Mn, and b) at 1%Mn.

As can be seen from Thermo-Calc analysis that Mn reduces the equilibrium volume
fraction of Nb(C,N) for Nb > 0.4 wt%.
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Figure 11: Thermos-Calc estimation of Nb(C,N) volume fraction as a function of Mn content
in Fe30Mn1Nb alloy at 1200°C.

CONCLUSION

The Solubility of Nb in an annealed-high Mn Fe30Mn steel was experimentally
investigated and theoretically studied and it has been found that a Complete Nb
dissolution is expected in the alloys up to 0.4Nb content and Mn has a moderate effect on
Nb solubility in Fe30Mn TWIP alloy. The result was supported by EDX analysis of
particles which shows coarse Nb-rich chemical composition with presence of carbon and
nitrogen peaks. This will lead to the result that the effect in this case is expected to be a
solute drag effect. But the high percentage of the detected coarse precipitates were
expected to be residual from previous sample processing and are not expected to
significantly retard grain growth. The difference in the carbon content between the two
alloy groups due to the conventional casting might be effect this result therefore, vacuum
casting that can control carbon content and get ultra-low carbon in Nb-Fe30Mn alloys is
recommended.
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