Colloidal analysis of particles extracted
from microalloyed steel
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We extracted carbonitride nanoparticles from thermomechanically rolled steels and studied the influence of different etchants on the
extracted particles. Elementary analysis, transmission electron microscopy, and light scattering were used to analyze particle dissolu-
tion, particle size and particle shape depending on acid type and concentration. Both niobium and titanium carbonitride particles were
attacked by the etchants. While the niobium carbonitride particles were sensitive to acid type and concentration, titanium carbonitride
particles were similarly attacked by all etchants. A silicate network formed during etching that embedded the target particles and
impeded the analysis of them. We found that the silicon concentration in the etchant strongly affects silicate formation while acid type
and concentration had only minor influences.
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INTRODUCTION

Microalloyed thermo-mechanically rolled steels are widely used
in the oil and gas industry, e.g. for pipeline construction. The
steels are alloyed with small amounts of titanium, niobium,
vanadium and/or molybdenum in the parts per million (ppm)
regime. They precipitate at different stages of the hot rolling
process as small particles by forming carbides, nitrides and/or
carbonitrides [1], [2]. The size of the particles varies from a few
to several hundred nanometers, depending on the time of forma-
tion during the hot rolling process. The particles’ effects in and on
the formed microstructure depend on their size. Large particles
(300 nm diameter) that precipitate at high temperature lead to
pinning of grain boundaries, preventing grain growth at elevated
temperatures. Smaller particles in the diameter range of 50 nm
retard the recrystallization process, causing a highly deformed
microstructure during the austenite — ferrite transition. The high
density of dislocations leads to a fine ferrite grain structure. Very
small particles with only a few nanometers that precipitate in the
final cooling step improve the mechanical strength by dispersion
hardening.

The thermal profile is an important lever to manipulate the
microstructure and the precipitates formed. The amount of the
different micro alloying elements is highly significant, too. Their
solubilities strongly depend on their chemical reactions during
processing and are very sensitive to temperature [1]. Metal ni-
trides are less soluble than the metal carbides, and their par-
ticles are larger in size. Titanium nitride is the first compound
that precipitates upon decreasing temperature; particles can
reach micron diameters already in the liquid phase. The next
precipitates that form are niobium nitride, niobium carbide, and
titanium carbide. These particles partially form in the austenite

phase and cause grain refinement. Vanadium and molybdenum
carbides have the highest solubilities. They precipitate in the final
step of the thermomechanical process and form very fine parti-
cles that contribute mainly to precipitation hardening. The pre-
cipitate sizes and their effect on the microstructure can be tuned
via process parameters.

The controlled precipitation of Ti, Nb, V, and Mo carbonitride is of
great interest because they strongly affect the mechanical prop-
erties of the steel. The metals are expensive and should not be
used in unnecessary excess. Thus it is important to characterize
the precipitation state to know how it is related to the rolling
process. Most investigations on metal carbonitride particles in
steel were conducted using electron microscopy [3]-[7]. Inves-
tigations were either made on electron transparent TEM-foils
[3]-[5] or on carbon replicas [5]-{7]. Both methods only observe
a small sample area and thus, only a small number of parti-
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cles. Statistically relevant statements require a time-consuming
analysis of many micrographs. It is cumbersome or impossible to
reconstruct a meaningful particle size distribution (PSD) of the
precipitated particles trough electron microscopy.

An alternative method to characterize particles is to selectively
dissolve the metal matrix, extract the inclusions and precipitates
that are not dissolved by the etchant, and analyze this “residue”
[8]-[11]. Dissolving an adequate amount of steel yields statisti-
cal meaningful data on the PSD. This method has already been
applied to characterize non-metallic inclusions such as Ca0, SiO,,
AIN, and larger metal carbide and nitride particles. Burke et al.
separated the particles from the dissolved matrix using filters
with pore sizes of approximately 1 um that do not retain smaller
particles well [9].

Lu et al. extracted smaller metal carbide and nitride particles
from microalloyed steels by dissolution of the steel matrix in hy-
drochloric acid and subsequent separation of the extracted resi-
dues by ultracentrifugation [12]-[14]. They report the success-
ful extraction of particles with sizes of a few nanometers (from
XRD). During the extraction procedure, a silica network formed

that embedded the target particles and impeded particle analy-
sis. Lu et al. did not study possible dissolution of the particles.

In this contribution, we report on the unwanted formation of sil-
ica networks and dissolution of the target particles as a function
of the etchant. Nanoparticles with their large surface-to-volume
ratio are strongly affected by such attack. We investigated which
etchants are suitable to extract niobium and titanium carboni-
tride particles from microalloyed steels.

EXPERIMENTAL

Materials

A microalloyed thermomechanically rolled pipeline steel (Grade
X100) was used in this study. The composition is given in Ta-
ble 1. The samples were dissolved in hydrochloric or sulfuric
acid. The concentrations of the hydrochloric acid solutions were
2 mol/L or 6 mol/L, the concentrations of the sulfuric acid solu-
tions were 1mol/L or 3mol/L, respectively. The etching solutions
were freshly prepared from concentrated hydrochloride acid (Carl
Roth, 37%, p.a.) and concentrated sulfuric acid (Sigma Aldrich,
95-97%, p.a.) by diluting with Millipore water.

Tab. 1 - Elemental Composition of the examined steel

Element Nb
wt% 0.049

Si CEV*

0.018 0.35 0.44

* CEV = Carbon Equivalent Value

Extraction Procedure

Fig. 1 shows the extraction procedure. 1g of steel sample was
dissolved in 50 mL of the respective etching solution. The etching
solution was heated to 70°C in an oil bath and stirred at 200 rpm
with a magnetic stirrer. After dissolution, 50 mL of water were
added and the mixture was placed in an ultrasonic bath (Elma
X-tra 50 H, 160W) for 15min. For ultracentrifugation, the disper-
sion was split into 25 mL aliquots that were filled into a 34 mL
centrifuge tube. The samples were centrifuged with a Beckman-

Coulter XL-1 70K ultracentrifuge at 25000 rpm (113.000 g) and
20°C for 90 minutes. After the first run, the supernatant (15mL)
was removed for elemental analysis with inductively coupled
plasma optical emission spectroscopy (ICP-OES). Fifteen further
centrifugation steps with the same settings from the first run
were necessary to remove the dissolved iron from the solution.
After the last centrifugation, the residue dispersion was placed
into an ultrasonic bath and a sample for ICP-OES was taken.

Sample Centrifugation Removal of Refill with water and
Dissolution Supernatant removal of supernatant
(15X)
ICP-OES ICP-OES
[ —]
[ N - N
Partetss

Fig. 1 - Extraction Procedure: First, a steel sample was dissolved in an etching solution. After dissolution, the suspension was
centrifuged and the supernatant analyzed with ICP-OES. The remaining particle suspension was refilled with Millipore water and
centrifuged again. This step was repeated 15 times to remove all iron salts. After the final centrifugation, the remaining particle

suspension was analyzed with ICP-OES and other techniques.
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Characterization

Electron microscopy was performed using a JEOL 2100 transmis-
sion electron microscope (TEM) with an acceleration voltage of
200kV. Energy dispersive X-Ray (EDX) measurements were con-
ducted with a Noran System 7 X-ray Microanalysis System from
Thermo Scientific. For sample preparation, 2.5 L of the sample
solution were dried on a copper TEM grid with a carbon film.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) analysis was performed using an Ultima 2 spectrometer
from Horiba Jobin Yvon. The supernatant was measured without
any further treatment. The residue was first sonicated in an ul-
trasonic bath to homogenize the suspension. 1mL of the sample
was digested in a microwave oven in an acid solution containing
37% HCl, 65% HNO,, and 50% HF.

Dynamic Light scattering (DLS) measurements were conducted

on a Malvern Zetazsizer Nano ZSP. Analysis of the size was done
using the cumulant fit.

RESULTS AND DISCUSSION

Dissolution times decreased with increasing acid concentra-
tion for both acids. A steel sample was dissolved after 65 min
in 6 mol/L hydrochloric acid (HCI), after 80 min in 3 mol/L sulfu-
ric acid, after 180 min in 1 mol/L sulfuric acid (H,50,) and after
720min in 2mol/L hydrochloric acid.

Fig. 2 shows transmission electron micrographs of the residues
extracted with the four different etching solutions. Most of the
visible particles are in a size range of 50 — 200 nm. EDX spectra
show niobium and titanium carbonitride nanoparticles for all
etchants. Silicate networks formed for all acids.

25000 : : : L
Nb

Counts {
200004 N

150004

10000 +

———

Ti

Intensity

5000 + Al

Cu Si LK Fe

Ca

0 . Cl“. .l L]\
0 2 4 6

Energy —

Fig. 2 - a) TEM micrograph of particles extracted with 2 mol/L hydrochloric acid. b) EDX spectrum of a), indicating the presence
of niobium and titanium particles. Particles extracted with ) 1 mol/L sulfuric acid, d) 6 mol/L hydrochloric acid, and e) 3 mol/L
sulfuric acid. The micrographs show niobium and titanium carbonitride nanoparticles connected via silicate bridges.

The hydrodynamic radii measured with dynamic light scattering
(DLS, cumulant fit) show average particle sizes of 155nm and
a particle dispersity index (PDI = (standard deviation / mean
radius)?), of 0.142 for 2 mol/L HCl, 155nm (PDI = 0.126) for
Tmol/LH,50,, 185nm (PDI = 0.186) for 6mol/L HCl, and 320nm

(PDI'= 0.238) for 3mol/L H,SO,. Note that the scattering signal
contribution increases with the particle radius as R®, so that small
particles often remain undetected in the presence of larger ob-
jects. Particles with sizes in the size range of 100 — 200nm were
also observed in the TEM micrographs. The particle suspensions
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are almost free of larger agglomerates leading to the assumption
that the particles are mainly free in the suspension and not con-
nected via the silicate bridges observed in the TEM micrograph.

The absence of very small particles may be due to dissolution
during the extraction process. The content of the titanium and
niobium in the supernatant and residue were determined via ICP-
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OES to assess possible losses through unwanted etching (Fig. 3).
For thermodynamic reasons, neither niobium nor titanium should
remain dissolved in steel, but should fully precipitate as niobium
or titanium carbonitride. Hence all niobium and titanium found in
the supernatant should arise from particle dissolution.
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Fig. 3 - a) Niobium content of the first supernatant (dark grey) and the residue (light grey) after particle extraction. b) Titanium
content of the first supernatant (dark grey) and the residue (light grey).

Elemental analysis of the supernatant after etching in 2 mol/L
HCl by ICP-OES showed only a small amount of niobium of 4%
of the alloyed content that was etched during dissolution. Titani-
um in the supernatant amounted to 13% of the alloyed content.
The content of niobium and titanium in the residue was 74%
for each element. With increasing acid concentration (6 mol/L
HCl), the niobium content in the supernatant increases strongly
and the amount of extracted niobium carbonitride particles in
the residue decreased. The attack of titanium carbonitride par-
ticles was not strongly influenced by the acid concentration; the
amount of dissolved titanium in the supernatant even decreased
slightly with increasing acid concentration. However, the amount
of titanium obtained in the residue decreases unexpectedly. One
possible explanation could be further particle dissolution during
the centrifuging procedure. Sulfuric acid strongly increased disso-
lution of niobium carbonitride particles, while the dissolution of
titanium carbonitride particles remained constant. As for HCl, the
dissolution of niobium carbonitride particles in H,50, increased
with increasing acid concentration, while the dissolution of tita-
nium carbonitride particles remained constant.

Silicate formation during particle extraction is another important
challenge. Lu et al. showed in [13] that silicate formation takes
place during extraction. The silicate embeds the targeted parti-

cles and impedes the analysis of the nanoparticles. We measured
the silicon content in the first supernatant and the content in the
residue to find the effect of different solvents on silicate forma-
tion (Fig. 4a). The silicon content of the supernatant decreased
slightly with increasing acid concentration and was higher for
H,SO, than for HCl. The silicon content of the residue was at
almost constant 10% for all 4 samples. The TEM micrographs
in Fig. 2 corroborate the results from ICP-OES, showing compa-
rable silicate networks for all etching solutions. In previous ex-
periments, we dissolved steel samples using the ASTM E194-10
Standard procedure ("Standard Test Method for Acid-Insoluble
Content of Copper and Iron Powders”) and found strong silicate
formation in the TEM (Fig. 4b shows the TEM micrograph of the
residue). Particle size measurements with DLS indicated large ag-
gregates. The mass of the steel sample per volume of etching
solution is much higher in the ASTM standard (80 g steel sample
per liter etching solution) than in our series of experiments (20 g
steel sample per liter etching solution). It seems that the ratio of
steel sample per acid volume and hence the concentration of the
silicon in the etchant is an important factor for silicate formation.
The higher the silicon concentration in the etchant, the stronger
is the silicate formation.
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Fig. 4 - a) Silicon content in the supernatant (dark grey) and the residue (light grey). b) Silicate network in TEM after
particle extraction with an etchant according to the ASTM E194 Standard. The silicate cloud embeds the target particles,
impeding particle analysis.

Comparison of four etching media

All four etching solutions attacked particles and removed at least
4% from niobium and at least 13% from titanium carbonitride
particles. This implies a reduction of > 2% in diameter for nio-
bium carbonitride particles and > 5% for titanium carbonitride
particles when extracting particles with 2 mol/L HCI. Particle ex-
traction with 6 mol/L HCl and with 1 mol/L or 3mol/L H,SO, led
to much stronger particle dissolution. The worst case, extraction
with 3mol/L H,SO, removed 12% of the diameter from niobium
carbonitride particles and 5% from titanium carbonitride parti-
cles. Particles in the size range of a few nanometers may be af-
fected more strongly and possible dissolve completely. The PSD
therefore carries uncertainties for the smallest particles.
Niobium carbonitride particles are best analyzed with a 2 mol/L
HCl solution because they are strongly sensitive to acid type and
concentration. Titanium carbonitride was attacked by all tested
etchants (~ 13% mass loss). Hydrochloric acid at 2 mol/L HCI
is thus most suitable for the combined analysis of different par-
ticles, too, but it is slow: dissolution took 12 times longer than
with 6 mol/L HCl acid and 9 times longer than with 3 mol/L sul-
furic acid.

The residue contained silicon at approximately 10% of the alloy
content for all four etching solutions. The silicon forms silicate
precipitates and silicate network as seen in the TEM micrographs.
We found that particles size measurements with DLS were pos-
sible in diluted solution, however, and that the particle sizes co-
incide well with the particle sizes from TEM. The silicate networks
probably form during TEM micrograph preparation, or they are
not dense enough to impede bulk particle analysis.

CONCLUSION

Particle dissolution cannot be neglected during the extraction of
particles from steel and must be considered during particle size
analysis. All four etching solutions attacked the particles. Disso-
lution of niobium carbonitride particles strongly changed with
acid type and concentration, where sulfuric acid led to increased
losses. Titanium carbnonitride was lost in all etchants. The most
favorable but time-consuming etchant for particle extraction was
a 2mol/L HCl solution. This etchant led to a particle mass loss of
4% for niobium carbonitride particles and 13% for titanium car-
bonitride particles. True nanoparticles with diameters far below
100nm may be entirely lost during etching; studies are underway
to quantify the degree of loss for such analytes.
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