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ABSTRACT

The chemical extraction of niobium and titanium carbonitride precipitates from

microalloyed steels was studied. Steel samples and chemically synthesized

reference nanoparticles were subjected to commonly used extraction protocols,

and conditions were systematically varied. High acid concentrations led to

particle etching with losses above 10%; long extraction times and small etchant

volumes led to the formation of dense SiOx networks that engulfed the extracted

particles. The addition of surfactants was found to reduce agglomeration and

limit etching. We developed an optimized extraction protocol that can extract

and retain particles with diameters below 10 nm with reduced etching and

negligible network formation. The resulting particle dispersions are suit-

able both for efficient electron microscopy of large particle numbers in a single

run and colloidal analysis of large numbers of particles in dispersion.

Introduction

Microalloyed, thermomechanically rolled steels are

widely used for pipeline and offshore construction.

They surpass regular carbon steels in mechanical

properties but retain good weldability. Microalloyed

steels contain small amounts of niobium, titanium,

and/or vanadium that precipitate during the ther-

momechanical controlled rolling process (TMCP) as

carbide, nitride, and/or carbonitride particles. The

precipitates affect the microstructure depending on

their size and precipitation timing; some of them

improve the steel properties. Particles that precipitate

at high temperatures can pin grain boundaries, thus

preventing austenite grain growth at early stages of

the TMCP. There were different sizes reported for

these particles; they range from around 20 nm [1] to

roughly 300 nm [2] depending on the processing

conditions. Particles that precipitate during hot roll-

ing usually have diameters between 10 and 100 nm.

They form in highly deformed grains and retard

recrystallization, leading to a highly deformed

microstructure with a high dislocation density at the

austenite–ferrite transition. The dislocations nucleate

ferrite grains so that a high particle density leads to a

fine ferrite grain structure. Particles that precipitate at

the end of the process during cooling have typical
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diameters below 10 nm and improve the mechanical

strength by precipitation hardening [2–4].

Advanced steel process development requires the

knowledge of the particle size and composition dis-

tributions. For example, an efficient use of the

microalloying elements requires information on the

time-dependent particle size distribution (PSD) that

indicates whether the microalloying elements pre-

cipitate during the expected stage of TMCP and can

thus influence the microstructure as desired. Today,

particles in steel are mostly analyzed using trans-

mission electron microscopy (TEM) of electron

transparent foils or carbon extraction replicas [5–13].

Modern electron microscopy provides enough reso-

lution even for the smallest particles of interest and

provides additional insights in the structure of indi-

vidual particles. Elemental analysis with energy-dis-

persive X-Ray analysis (EDX) or electron energy loss

spectroscopy (EELS) provides the composition of

single particles. However, the steel matrix in electron

transparent foils impedes composition analysis and

affects the measurement with its magnetism. Prepa-

ration of carbon extraction replicas may incur

unwanted particle etching, and the extraction effi-

ciency can be different for different sized particles

[14]. The number of particles that can be observed in

one electron micrograph is typically limited to

100–1000 [11, 15]. Common particle analysis proce-

dures for electron microscopy recommend analyzing

at least 400–500 nanoparticles [16, 17]; reliable sta-

tistical statements on complex PSD routinely require

more than 104 particles [18].

Matrix dissolution extraction is a fundamentally

different approach for the analysis of particles in

steel. Originally conceived before electron micro-

scopy became available, the method is based on the

chemical [19] or electrolytic [20] removal of the

matrix. Chemical etchants such as hydrochloric acid

or halogens oxidize and dissolve the iron such that

the particles remain as a solid residue. The method

has been successfully applied for many steels

[19, 21–23], including microalloyed steels that contain

Nb and Ti-carbonitride nanoparticles [24–27]. It gives

access to particles from a much larger sample volume

than carbon extraction replicas or TEM foils, and the

extracted particles can be investigated by electron

microscopy, X-ray diffraction (XRD), or elementary

analysis methods such as mass spectrometry or

optical emission spectroscopy with inductively cou-

pled plasma (ICP-MS or ICP-OES) [25, 28, 29]. Matrix

dissolution provides much higher particle concen-

trations than in the original steel and removes

cementite and other particles that can be mistaken for

inclusions, but the information on the original parti-

cle configuration is lost. It simplifies X-ray diffraction

analysis with Rietveld refinement [25, 28]. Elemen-

tary analysis provides particle composition and

allows the researcher to calculate the precipitation

efficiency of the microalloying elements [25, 29].

Thus, matrix dissolution in combination with particle

analysis is particularly useful to optimize alloy

composition and the processing parameters of the

TMCP.

Three major problems currently limit the useful-

ness of particle extraction for the analysis of small

particles in steel: SiOx network formation, etching of

the extracted particles, and agglomeration of the

extracted particles. Most existing protocols, including

the ASTM Standard E 194-10 [30], use acids that lead

to SiOx network formation when applied to silicon-

containing steels. Lu et al. [25] reported difficulties in

electron microscopy and an amorphous signal in the

diffractogram when they extracted Nb and Ti-car-

bonitride particles from microalloyed steels.

Unwanted etching of the extracted particles was not

considered because the carbides, nitrides, and car-

bonitrides of microalloy elements were expected to

be chemically stable in diluted inorganic acids at

room temperature [31–35]. However, small particles

often differ from bulk materials in their chemical

behavior. Finally, agglomeration of the particles may

impede the successful characterization of the extrac-

ted particles, for example, in the automated image

analysis of TEM/SEM micrographs.

This study seeks matrix dissolution protocols that

minimize SiOx network formation, particle etching,

and agglomeration. A microalloyed steel (Grade

X100) was selected as representative target material.

It contained Nb, Ti, V, Si, Mn, N, and Cr as alloy

elements that may interact with the extraction

reagents and influence the extraction process. Cop-

per, Ni, and Mo were not alloyed. This steel is known

to form Nb, Ti, and NbTi-carbonitrides with different

sizes and compositions during different phases of the

thermomechanical processing that cause grain

refinement and precipitation hardening. All Nb and

Ti in the steel samples were therefore contained in

particles. Vanadium, by contrast, remained in solid

solution, because Nb and Ti precipitate first and

deplete C and N that are necessary for V carbonitride
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precipitation. Vanadium-containing particles were

therefore not expected to occur. Niobium and Ti in

the etching solution could only be present due to

unwanted etching of the target particles. We used

this situation to study whether the extracted Nb and

Ti carbonitride particles had been etched and whe-

ther elements in solution (such as silicon) somehow

affected extraction.

Samples were dissolved using different and sys-

tematically varied protocols and the results were

quantified. We found no V-containing precipitates

and considerable etching of Nb and Ti-carbonitrides

when using standard protocols. An improved pro-

tocol based on sulfuric acid at a concentration of

0.5 mol L-1, increased centrifugation time, and the

addition of a dispersant led to reduced etching of

11% for Nb and 18% for Ti and improved the yield

for particles with diameters below 10 nm.

Experimental procedures

Materials

A microalloyed thermomechanically rolled pipeline

steel (Grade X100) with the composition given in

Table 1 was used as representative steel sample that

contains both Nb and Ti. Samples of 1 g of steel

chippings were dissolved in different volumes of

hydrochloric acid (HCl) at 6 mol L-1 and sulfuric

acid (H2SO4) at 0.5 mol L-1 and 2 mol L-1, respec-

tively. The etching solutions were freshly prepared

from concentrated HCl (Carl Roth, 37%, p.a., Ger-

many) and concentrated H2SO4 (Sigma-Aldrich,

95–97%, p.a., Germany) by diluting with ultrapure

water. A dispersant (Disperbyk-2012, Byk, Germany)

was added in some of the samples (see ‘‘Extraction

procedure’’ section).

The digestion acid mixture used to dissolve the

extracted particles for elemental analysis was com-

posed of 25 mL concentrated HCl (Sigma Aldrich,

C 37%, puriss p.a., Germany), 8 mL concentrated

nitric acid (Sigma Aldrich, C 65%, puriss. p.a., Ger-

many), and 17 mL ultrapure water.

Niobium and Ti-carbonitride reference particles

were synthesized according to Giordano et al. [36].

TiCl4 or NbCl5 was dissolved in ethanol together

with urea and then subjected to a heat treatment at

approx. 800 �C under N2 atmosphere for several

hours. The particles had diameters according to TEM

(approx. 100 particles measured) between 10 and

50 nm in a partially aggregated state.

Characterization methods

Electron microscopy was performed using a JEM

2100 transmission electron microscope (TEM) (JEOL,

Germany) with an acceleration voltage of 200 kV. For

sample preparation, 2.5 lL of the sample solution

was dried on a copper TEM grid with a carbon film.

Image analysis was performed with DigitalMicro-

graphTM from Gatan, Inc.

Inductively coupled plasma optical emission

spectroscopy (ICP-OES) analysis was performed

using an Ultima 2 spectrometer (Horiba Jobin–Yvon,

Germany). The supernatant was atomized without

any further treatment. To analyze the elementary

composition of the particles, 5 mL of the digestion

acid mixture (see above) was added to the iron-free

particle dispersion (5 mL). The mixture was trans-

ferred to a Teflon microwave container containing

1 mL of hydrofluoric acid (Riedel-de Haën, 50%, p.a.

plus, Germany), exposed to microwave irradiation (0

to 800 W ramp in 60 min, constant 800 W for 90 min)

in a pressure vessel (pmax = 60 bar), filled to 50 mL

with ultrapure water, and analyzed.

All measurements were taken on two aliquots

drawn from the original dissolved sample, and the

average of both measurements is reported here.

Errors were calculated for both aliquots using stan-

dard error propagation based on the standard devi-

ation of 9 ICP-OES measurements and estimated

volume errors from pipetting, and the larger of the

two errors are shown as error bars in all graphs.

Errors due to particle loss in centrifugation were not

considered and explain the difference to 100%

recovery.

Table 1 Elemental

composition of the examined

steel. Cu, Ni, and Mo are not

alloyed

Element C Si Mn N Cr V Nb Ti CEVa

Wt% 0.07 0.35 1.9 0.003 0.2 0.04 0.05 0.02 0.44
aCEV carbon equivalent value
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Extraction procedure

Microalloyed steel

The first matrix dissolution protocol was based on the

ASTM standard E 194-101: 1 g of steel chippings was

added to 20 mL HCl with a concentration of

6 mol L-1 at room temperature. When the sample

had been fully dissolved, the solution was heated to

boil. 30 mL of water was added and heated to boil

again. The protocol was then systematically varied:

1 g of sample was added to 50 mL of each of

6 mol L-1 HCl, 2 mol L-1 H2SO4, 0.5 mol L-1 H2SO4,

and 0.5 mol L-1 H2SO4 and 0.1 vol% Disperbyk-2012.

One additional sample was dissolved with 200 mL of

0.5 mol L-1 H2SO4. All etching solutions were heated

to 70 �C in an oil bath and stirred at 200 rpm until the

sample had been dissolved. We deviated from the

ASTM standard procedure for all but the first pro-

tocol and did not boil the solution or add water.

After dissolution, all samples were sonicated for

1 min in an ultrasonic bath (Elma X-tra 50 H, 160 W,

Germany). To remove the dissolved iron, each par-

ticle suspension was split in two 25 mL aliquots and

centrifuged in an ultracentrifuge (XL-I 70 K, Beck-

man-Coulter, Germany) at 113.000 rcf and 20 �C for

120 min (180 min for the sample with surfactant).

After the first run, the supernatant (20 mL) was

removed for elemental analysis by ICP-OES. Seven

more centrifugation steps were necessary to remove

the dissolved iron to below 5 9 10-3 mmol L-1 and

obtain a suspension of the extracted particles in

water.

Reference particles

Particle etching was also tested using well-defined

reference particles. An amount of 0.23 mg TiCN or

0.55 mg NbCN reference particles was treated in

analogy to ASTM E 194-10 and placed in a glass

beaker with 20 mL HCl at 6 mol L-1. Samples of

0.5 mL were taken after 1 h, 2 h, 4 h, 8 h, and 24 h,

placed in a centrifugal filter (10 kDa, Pall), and cen-

trifuged (Centrifuge 5418, Eppendorf, Germany) at

16.873 rcf for 10 min. The particle-free liquid was

then analyzed for dissolved elements using ICP-OES.

After 24 h, the particle dispersion was heated to boil

as per ASTM protocol, 30 mL of water was added,

and the mixture was again heated to boil. A final

sample was taken and treated as above.

The same amounts of reference particles were also

subjected to the modified dissolution protocols. Par-

ticles were added to the acid mixture in question and

sonicated for 1 min. The dispersions were placed in

an oil bath and heated under reflux while stirring at

200 rpm. Samples of 0.5 mL were taken after 1 h, 2 h,

4 h, 8 h, and 24 h, centrifuged, and analyzed as

above.

Results

Particle etching

Microalloyed steel

The times required to dissolve the steel samples

varied strongly depending on the chosen protocol.

The ASTM protocol dissolved 1 g in 3 days in 20 mL

at room temperature. Increasing the temperature to

70 �C, increasing the liquid volume to 50 mL, and

increasing acid concentration decreased the time: a

sample was dissolved after 100 min in 6 mol L-1

HCl, after 180 min in 2 mol L-1 H2SO4, and after

460 min in 0.5 mol L-1 H2SO4. A further increase in

etchant volume at constant acid solution concentra-

tion did not reduce the time required.

We found dissolved Ti and Nb in the supernatants

for all protocols, with amounts that depended

strongly on the protocol. Figure 1a shows the amount

of Ti in the supernatant after the first centrifugation

as a fraction of the total amount of alloyed Ti. The

extraction yield was calculated as the fraction of Ti in

the extraction residue of the total amount of alloyed

Ti after the final 8th centrifugation run. Note that the

dissolved elements could originate either from

unwanted etching of the extracted particles or could

be released from solid solution in the steel matrix (see

‘‘Particle etching’’ section).

The supernatant contained approximately 9% of

the total Ti for samples dissolved using the ASTM

protocol at a particle extraction yield of 75%.

Increasing temperature and acid volume did not

much affect the Ti content of the supernatant (6%) or

the extraction yield (75%). However, replacing

6 mol L-1 HCl by H2SO4 increased the dissolved Ti

to 19% for 2 mol L-1 H2SO4 and 18% for the 0.5 mol

L-1 H2SO4, respectively, at extraction yields of
1 The standard uses 5 g of steel that are dissolved in 100 mL
HCl (6 mol L-1) and later filled up with 150 mL water.
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approximately 70% for both. Increasing the acid

volume further increased the amount of dissolved Ti.

The ASTM protocol led to 6% dissolved Nb at an

extraction yield of 66% (Fig. 1b). Increasing the vol-

ume and temperature strongly increased the Nb

amount in solution. Extraction with 6 mol L-1 HCl at

70 �C led to 24% dissolved Nb at an extraction yield

of 33%. Sample dissolution with 2 mol L-1 H2SO4 led

to 35% dissolved Nb and 32% in the residue; the

dissolved amount at 0.5 mol L-1 was only 4%, with

68% in the residue. Increasing the acid volume

markedly increased the Nb concentration in the

supernatant and decreased it in the extraction yield.

In summary, more than 6% of Ti and more than 4%

of Nb were found in the supernatants for all proto-

cols. We believe that a large fraction of this quantity

originated from unwanted particle etching during

extraction, and only a smaller part originates directly

from solid solution. The etching of reference particles

was studied to verify this hypothesis and better

quantify the extent of particle etching.

Reference particles

Reference particles allowed analyzing unwanted

etching of TiCN and NbCN without the iron matrix.

The results clearly indicated particle etching for all

protocols. Figure 2 shows the release of dissolved Ti

and Nb from Ti or Nb-carbonitride reference particles

as the ratio of Ti or Nb found in the supernatant to

the total amount of Ti or Nb in the particles.

The etching of TiCN particles in the ASTM protocol

was steady but particularly severe during the boiling

step after 24 h, where up to 77% of the particles were

dissolved. Modified protocols with dissolution at an

increased temperature of 70 �C led to similar trends:

strong etching in the first hour, then saturation at Ti

levels at or below those found for ASTM. Increasing

the acid volume increased Ti loss.

The etching of NbCN particles strongly depended

on the etching solution. The loss of Nb during the

ASTM protocol was minor before boiling and

reached 16% after its completion. All other etchants

caused greater losses, and some of them were pro-

hibitive: 6 mol L-1 HCl dissolved 76% after a rapid

initial phase and a slow but steady etching; the trend

was similar for 2 mol L-1 H2SO4 at a somewhat lower

loss level that reached 72%. More useful was

0.5 mol L-1 H2SO4 with 18% loss. The volume of

etchant had little effect on the total particle loss.

SiOx network formation

Typical microalloyed steels contain 0.2–0.4 wt% sili-

con to stabilize the ferrite phase and for solution

strengthening. During extraction, silicon partially

dissolves and forms gel-like networks that impede

analysis [24, 37]. The silicon content in the super-

natant as a fraction of the steels’ content depended on

the extraction procedure (Fig. 3).

Sample dissolution following ASTM led to 15%

silicon in the supernatant and 47% in the residue.

Extraction at higher temperatures generally led to

much more silicon in the supernatant and less in the

residue; at 6 mol L-1 HCl 61% were found in the

supernatant and only 2% in the residue. Sulfuric acid

led to similar results for both concentrations and

volumes.

Figure 1 Concentrations of

a titanium and b niobium in

the supernatant (green) after

the first centrifugation run and

extraction yield (blue) of both

elements after the 8th

centrifugation for different

extraction procedures. The

values refer to the total alloy

content of Ti or Nb in the steel.
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Dispersant

A stable colloidal dispersion of the extracted particles

is desirable, but the large ionic strength of the dis-

solved iron and the low pH of the etchants tend to

cause agglomeration. We tested surfactants to pre-

vent destabilization and found that surface-active

additives also reduced SiOx network formation and

reduced etching (Fig. 4).

The SiOx network that formed during the ASTM

protocol engulfed all particles, and particle analysis

was strongly influenced (Fig. 4a). Extraction with

6 mol L-1 HCl (Fig. 4b) and 2 mol L-1 H2SO4

(Fig. 4c) at 70 �C reduced SiOx network formation

such that most large particles remained dispersed,

but particles below approximately 50 nm were trap-

ped in SiOx. Extraction with 0.5 mol L-1 H2SO4 at

70 �C increased SiOx network formation (Fig. 4d).

The optimal situation was reached when using

0.5 mol L-1 H2SO4 and 0.1 vol% of the commercial

surfactant mixture Disperbyk-2012 that is based on a

block copolymer (Fig. 4e, f). No SiOx network is vis-

ible, only the surfactant causes shadows (Fig. 4e) and

coats the particles (Fig. 4f).

Energy-dispersive X-ray (EDX) analysis of the

extracted particles confirmed that the Si content in

the residues decreased for the modified protocols and

the particles extracted exclusively contained Nb and

Ti carbides, nitrides, and carbonitrides. Extraction

according to ASTM standard led to extensive silica

networks (Fig. 4a, g) with embedded particles. The

improved protocols yielded dispersions that mainly

contained Nb and Ti-based particles; other elements

such as V or Cr (that may originate from the TEM

sample holder), Cu (that may originate from the TEM

grid), Al, and Fe (see Fig. 4h, i) were only found in

traces.

Surfactant addition affected particle etching and

extraction yield, too. Supernatants after the first

centrifugation run and residues after 8 centrifugation

cycles were analyzed regarding their Ti, Nb, and

silicon content (Fig. 5a–c). The loss of Ti remained

unchanged upon surfactant addition, while the Nb

content in the supernatant was increased to 25% and

the yield decreased to 37%. The silicon content in the

residue was clearly decreased to only 1%. Increasing

the centrifugation time (Fig. 5d) from 3 to 8 h mar-

ginally decreased the dissolved Nb to 24% but

increased the extraction yield to 53%. Further

increase in the centrifugation time led to a decrease in

Nb in the supernatant to only 11% and to an extrac-

tion yield of 60%. The amounts of Ti in the super-

natant and in the extraction yield were not affected

by a longer centrifugation time.

Adding a dispersant reduced particle etching

(Fig. 6), and its effect was greatest during the initial

stages of extraction.

Figure 2 Time-dependent

dissolution of a titanium and

b niobium reference particles

in different etching solutions.

The values refer to the total

amount of Ti and Nb in the

reference particles.

Figure 3 Silicon content based on the total amount of alloyed

silicon in the supernatant (green) and in the extraction yield (blue)

depending on the extraction procedure.
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Discussion

Particle etching

The results clearly indicate unwanted etching of

particles in all extraction protocols. Even optimized

protocols caused losses of at least 6% of Nb and 9% of

Ti that need to be considered in the interpretation of

the results.

Several reasons allow us to exclude the alternative

explanation that Ti or Nb was dissolved from solid

solution in the steel. First, the steel samples used here

were treated with a temperature ramp during TMCP

that is likely to cause complete or almost complete

precipitation of Ti and Nb as carbonitrides within the

errors of the available thermodynamic data, so that

the amount of Nb and Ti remaining as solid solution

must be small. In addition, it was found that the

amount of dissolved Ti and Nb for the same steel

strongly depended on the acid type and etchant

volume, even though all iron was dissolved in all

cases: HCl led to lower concentrations than H2SO4,

and larger etchant volumes strongly increased the

concentration for both elements. The amount of dis-

solved Nb additionally depended on temperature

and acid concentration that are very unlikely to affect

the removal from solid solution. We are forced to

Figure 4 Transmission electron micrographs of particles

extracted using a the ASTM standard, b 6 mol L-1 hydrochloric

acid, c 2 mol L-1 H2SO4, d 0.5 mol L-1 H2SO4, e and

f 0.5 mol L-1 H2SO4 with 0.1 vol% Disperbyk-2012. g Energy-

dispersive X-ray spectrum recorded at the position of panel a. A

strong Si signal is apparent. h and i EDX spectra of e and f. No Si

is discernible. Note that the C and Cu signals originate from the

TEM grid.
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conclude that the particles were attacked by the

etchants.

Experiments with reference particles support this

interpretation. Higher acid concentration, higher

temperatures, and higher etchant volumes led to

increased particle etching. Interestingly, the experi-

ments indicate that Ti and Nb concentrations in the

supernatant rapidly increased in the first hours of the

experiments and then reached saturation. Note that

the reference particles experience a ‘‘worst case sce-

nario’’ were all the acid only attacks the reference

particles during the entire experiment, while acid is

consumed in iron dissolution in the real extraction,

and the losses from particles in steels are expected

(and found) to be somewhat smaller.

The processes during extraction are complex, and

there are several mechanisms that will require further

studies until their role is fully understood. For

example, the amount of Ti in the supernatant after

6 mol L-1 HCl extraction at 70 �C was surprisingly

low. It was never possible to recover all Ti and Nb

from the combined supernatant and residue, proba-

bly due to particle losses during the centrifugation

process through adsorption on the walls of the cen-

trifuge tubes or the glass beaker used for particle

extraction. The smallest particles in steel have sizes of

only a few nanometers and may well remain in the

supernatant, where they are found by elementary

analysis and indicate more extensive etching than

actually took place. SiOx network formation may

reduce particle dissolution by engulfing the particles,

separating them from the acid, and protecting them

Figure 5 Amounts of

titanium a, silicon b, and

niobium c in the supernatant

(green) and the residue (blue)

after particle extraction with

0.5 mol L-1 H2SO4 and

0.5 mol L-1 H2SO4 with

0.1 vol% Disperbyk-2012.

d Shows the influence of

different centrifugation

duration on the Nb content in

the supernatant and extraction

residue after particle extraction

with 0.5 mol L-1 H2SO4 and

0.1 vol% Disperbyk-2012.

Figure 6 Time-dependent dissolution of NbCN and TiCN

reference particles in 0.5 M H2SO4 and 0.5 M H2SO4 with

0.1 vol% Disperbyk-2012.
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from dissolution. On the other hand, even very small

particles trapped in the SiOx network sediment rather

rapidly (a process that is exploited in commercial

water purification with iron hydroxide networks, for

example [38]), which may remove them from the

supernatant and explain the good extraction yields of

the ASTM protocol despite of its considerable etch-

ing. Finally, one would not expect that the particles

are uniformly etched independent on their size;

smaller particles may be etched faster than large

particles. If very small particles with sizes (\ 10 nm)

are rapidly etched, the measured PSD of the extracted

particles may be shifted toward larger sizes.

SiOx network formation

The particles in Fig. 4 are embedded in a SiOx net-

work that impedes both electron microscopy, where

the contrast is reduced and EDX suffers from a large

silicon background, and colloidal particle analysis,

where network fragments will be analyzed rather

than the actual particles. The extent of network for-

mation was quantified by comparing the amount of

silicon in the supernatant (where it can be easily

removed) and in the residue (where it forms net-

works). The ASTM protocol consistently led to much

more silicon in the residue than in the supernatant,

probably due to the long dissolution time that is

sufficient for dense network formation. Shorter pro-

tocols considerably reduced the amount of silicon in

the residue, thus facilitating later analysis.

The etchant volume and thus the concentration of

silicon during dissolution were second important

parameters to reduce the extent of silicon oxide net-

work formation. We therefore recommend using

moderately concentrated acids (to limit particle

etching) in adequate volumes that suppress SiOx

formation but are not too high to exacerbate particle

loss.

Not all silicon contained in the dissolved steels was

found in the combined supernatant and residue,

probably due to adsorption of SiOx at the walls of

glass containers. Teflon reduced this loss, but it led to

the adsorption and loss of Nb and Ti-carbonitride

particles. We recommend using protocols that

inherently suppress SiOx network formation.

Dispersant

We are not aware of any reported protocols for par-

ticle extraction with surfactants and performed

extensive tests that led to markedly improved

extraction result, with reduced agglomeration and

silicon oxide network formation compared to the

surfactant-free etchants. Experiments with reference

particles indicate some protection of the particles

from etching. The commercial dispersant that was

used is based on block copolymers with groups

designed to bind to the particle surfaces, thus form-

ing a polymer shell that protects individual particles

and stabilizes dispersion. The shell increased the

hydrodynamic diameter, which needs to be consid-

ered for colloidal analysis, but it is readily penetrated

by electrons and aids electron microscopy by spacing

particles.

EDX analysis confirmed again that only Nb and Ti

precipitated as carbides, nitrides, or carbonitrides.

There may be traces of V present, but the Kb-peak of

Ti is close to the Ka-line of V, the Kb-line of V is close

to the Ka-line of Cr, and the overall peak is small. The

TEM sample holder contains Cr, which is commonly

found in traces. Simulations performed using Matcalc

(see supplementary information) suggest that for the

steel at hand, V-containing precipitates should occur

less than 10-6 times the number of NbC precipitates.

The traces of Fe in the residue are probably due to

incomplete removal of the dissolved matrix; Cu is

likely from the TEM grid. Carbon was ubiquitous and

may originate from the particles or the amorphous

carbon coating of the TEM grids. Nitrogen was only

found for large particles. Most small particles appear

to be pure carbides, a result that will be further

investigated using other analysis techniques in

forthcoming publications.

The reduction in silicon oxide network formation is

probably due to the stabilization of the SiOx sol that

does not gel when stabilized by the dispersant. It is

conceivable that the surfactant also slows down

growth and leads to smaller SiOx particles that are

easily removed with the supernatant because of their

small size and low density.

A surprising result is the increased content of Nb in

the supernatant when introducing a surfactant. Part

of this increase is most likely due to very small par-

ticles (with diameters in the single-nanometer range)

that are stabilized by the surfactant, remain in the

supernatant, and do not sediment during
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centrifugation. Such small particles have rarely been

addressed in extraction so far. Prolonging the cen-

trifugation time increased recovery, but the amount

of Nb in the supernatant after particle extraction

without dispersant was still not reached. Dissolved

Nb may enter the silicate network that is partially

formed during extraction without dispersant. This

could lower the amount of Nb found in the

supernatant.

Titanium concentrations in the supernatant were

much less affected by the dispersant. Most particles

containing Ti particles are large ([ 50 nm) and easily

sediment during centrifugation.

Conclusion

The choice of protocol for particle extraction from

microalloyed steel was found to be critical for reliable

measurements. There exists a trade-off between par-

ticle loss by unwanted etching, the rate of steel dis-

solution, and the degree of SiOx network formation.

Higher acid concentrations and higher temperatures

sped up extraction and reduced the formation of SiOx

networks but also increased particle etching. Even the

best protocols caused a considerable loss of the par-

ticles, and it is conclusively shown that it is due to

etching of the particles. This causes a reduction in the

true particle diameter2 on the order of 5% that should

be reported when using such methods. Note that the

uncertainties in size determination with electron

microscopy depend on the image resolution and

cause typical errors3 on the order of 1–2% [17].

We introduced an improved extraction protocol

that is based on 0.5 mol L-1 H2SO4 with 0.1 vol%

Disperbyk-2012 as dispersant and a dissolution tem-

perature of 70 �C. It reduced particle etching to 11%

for Nb and 18% for Ti. A centrifugation time above

20 h (at the given rcf) is recommended to remove

most of the smallest particles from the extraction

suspension.

Addition of a surfactant improved the extraction

results by stabilizing the particles without decreasing

the extraction yield, and we recommend the use of

suitable surface agents in particular when colloidal

analysis of the extracted particles is intended. There

are indications that the surfactants stabilize even very

small particles with diameters below 10 nm, making

them accessible to characterization techniques

beyond electron microscopy.
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