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Abstract Fast flow glow discharge mass spectrometry with a
Grimm-type ion source providing a high sputter rate was used
for the determination of major nonmetallic impurities in mag-
nesium. The analytical signal was found to be strongly influ-
enced by the electrical discharge parameters. For calibration
by standard addition, synthetic standard samples were pro-
duced in two different ways—namely, by pressing and by
sintering doped metal powders. The observed sensitivity of
the calibration curves was shown to depend on the particle
size of the powder. For the magnesium powders, the mass
fractions of oxygen, nitrogen, boron, and silicon were deter-
mined to be about 0.01 kg⋅kg-1 (relative standard deviation
approximately 10–20 %), 2,700 mg⋅kg-1, 150 mg⋅kg-1, and
300 mg⋅kg-1, respectively.

Keywords Glow dischargemass spectrometry .Magnesium
matrix . Nonmetallic impurities . Fast flow source . Electrical
parameters . Calibration samples

Introduction

Magnesium is widely used in industrial lightweight construc-
tion alloys [1]. However, the presence of nonmetallic inclu-
sions, e.g., in the form of oxides or silicides, has a significant

influence on the machinability and surface quality of magne-
sium and its alloys [2]. Owing to the high oxidation potential
of magnesium as compared with aluminum [3] as well as the
poor protection properties of the natural surface oxide layer,
even bulk refined magnesium can contain oxygen contents of
up to several hundred milligrams per kilogram [4]. Silicon as
another major nonmetallic impurity in magnesium results
from the use of ferrosilicon in the production process. The
control of such nonmetallic impurities bymeans of an efficient
analytical method is of critical importance for the production
of magnesium materials with the desired quality or properties.
Moreover, such a method is also attractive for other applica-
tions, such as the determination of the total purity, which is
needed to establish primary calibration standards for element
determination. However, the determination of nonmetallic
impurities in magnesium and its alloys is still a challenge for
modern analytical chemistry.

The methods currently used for the determination of oxy-
gen in magnesium [5] can be divided into two groups. The
first group consists of methods that determine oxygen directly,
regardless of its chemical form. Examples for this group are
activation analysis with fast neutrons or with charged particles
[6], inert gas fusion with infrared absorption [4], and glow
discharge (GD) spectrometry [7]. The second group of
methods determine oxygen indirectly via the content of the
MgO. Examples for this type are quantitative metallography
[8] and optical measurements [9]. However, all these methods
have certain limitations. The application of activation analysis
with fast neutrons or with charged particles is limited by the
availability of an activation device such as a nuclear reactor or
a charged particle accelerator. Measuring oxygen in magne-
sium by inert gas fusion with infrared absorption is experi-
mentally difficult, because the reduction of MgO by carbon
requires a temperature as high as 2,700 °C, which significantly
exceeds the boiling point of magnesium (1,090 °C). Intensive
sample evaporation results in gettering of the released CO.
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Therefore, matrix separation by distillation is required [4] to
avoid an underestimation of the oxygen content. Methods
based on optical examination of the sample surface or metal-
lographic analysis of the MgO phase after dissolution and
filtration are limited by relatively high detection limits and
low accuracy.

GD optical emission spectrometry (OES) and GD mass
spectrometry (MS) are powerful methods not only for the
determination of both metallic and nonmetallic bulk impuri-
ties in magnesium and its alloys [10, 11], but also for semi-
quantitative depth profiling as applied for the oxygen content
in magnesium alloys [12].

However, the detection capabilities provided by com-
mercial GD-OES instruments without specific optimiza-
tion for high sensitivity in the vacuum UV region are not
sufficient for the determination of oxygen in purified
magnesium (V. Hoffmann, personal communication).
With GD-MS the situation is different: instruments with
a conventional low-pressure source provide significantly
higher sensitivities and are able to determine oxygen in
magnesium at a level of several tens of milligrams per
kilogram [7]. The application of a cryo-cooled GD cell
reduces the background of carbon, oxygen, and nitrogen
considerably and, hence, improves the detection limits by
two to three orders of magnitude, making possible the
determination of these elements in a gallium arsenide matrix
at the sub-milligram per⋅kilogram level [13]. However, the
matrix-specific relative sensitivity factors (RSFs) for the non-
metals reported for this case differ by several orders of mag-
nitude (up to 4), which makes the use of standard RSFs
(SRSFs) inadequate for quantification purposes.

Moreover, the application of a conventional GD source
with low sputter rates is very time-consuming—a typical
analysis takes 1–2 h. Reducing the costs by shortening the
time needed for analysis was one of the main reasons for
developing a “fast flow” GD source (Grimm type) with a
higher pressure inside the discharge cell [14, 15]. However,
the physics of a fast flow GD and, as a consequence, the
formation of the analytical response can be more complex
compared with the case for a conventional source [16]. For
instance, the transport efficiency of the sputtered matter and
also mass discrimination effects depend heavily on the local
gas flow dynamics inside the GD source [17]. The latter is
very difficult to observe experimentally, since placement of
sensor elements inside a GD system inherently disturbs the
local gas flow. Moreover, additional discharges may occur
outside the usual discharge region owing to an increased
pressure at the interface [16]. In fact, especially for the fast
flow GD source, all parameters (gas flow rate, current, and
voltage) cannot be varied independently because of their
strong correlation. The concept described above has also been
exploited in commercially based systems discussed in [14, 15]
to form a pulsed radio-frequency GD time-of-flight MS

systemwith a modified GrimmGD source and with sputtering
rates comparable to those shown by GD-OES instruments.

The aim of this study was to examine the potential of GD-
MS with a “fast flow” ion source for the determination of
nonmetallic impurities (primarily oxygen) in magnesium. In
addition to investigating the influence of the electrical dis-
charge parameters for the magnesium matrix, we also inves-
tigated the applicability of pressed as well as sintered doped
magnesium powders for calibration.

Experimental

Materials

Two magnesium powders of different granularity and purity
(100–200 and 325 meshwith certified metallic purities of 99.6
and 99.8 %, respectively) as well as compact material (cylin-
drical rod, diameter 33 mm, 99.8 % metallic purity) were
purchased from Alfa Aesar (Ward Hill, MA, USA; product
numbers 36194, 10233, and 10231, respectively). Magnesium
oxide powder was purchased from Merck (Darmstadt,
Germany; product number 5866). Silicon nitride and boron
nitride certified reference materials (ERM-ED101 and ERM-
ED103, respectively) were available at BAM [18, 19].

Sample preparation

Magnesium oxide was used as a dopant for both pressed and
sintered samples, and Si3N4 and a mixture of BN with Si3N4

and finally MgO powder were used as dopants for pressed
samples only. Weighed amounts of the magnesium powder
and dopant were quantitatively transferred into a polypropyl-
ene vessel (10 mL, together with a polypropylene ball) and put
into a Spex 8000 Mixer/Mill (Spex Industries, Metuchen, NJ,
USA) and then thoroughly homogenized for 10 min.

The homogenized powders were then pressed into a
filling ring, forming a conducting pellet with a diameter
of 11 mm (Fig. 1c). The setup used for pressing of the
pellets from homogenized powder mixtures as well as
the pressing procedures were described previously in
detail by Matschat et al. [20]. The sintering of magne-
sium powders to compact material (Fig. 1a, b) was con-
ducted in an argon atmosphere at 400 °C and 477 MPa. A
fine magnesium powder (325 mesh) was used for the
fabrication of sintered samples, whereas pressed samples
were prepared in two sets of different granularity using
100–200- and 325-mesh magnesium powders for each
dopant type.

Each set of calibration standards (Table 1) included three
samples with different dopant content and a blank sample.
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Glow discharge mass spectrometry

The measurements were performed using an ELEMENT GD
(Thermo Fisher Scientific, Bremen, Germany) double focus-
ing sector field GD mass spectrometer equipped with a
Grimm-type fast flow GD cell. The diameter of the sputtering
area was 8 mm. Sample mounting and other details of the
measurement were described in detail previously [20].
Presputtering was performed before each measurement until
the analyte-to-magnesium signal intensity ratio (ion beam
ratio, IBR) became stable. Measurements were performed at
medium resolution (m/Δm≈4,000).

A Statron 4222 external power supply (Statron,
Finsterwalde, Germany) was used to provide the GD voltage
for measurements in galvanostatic mode. An inductance coil
(inductance L=15 H) was daisy-chained between the GD
power supply and the cathode to prevent self-amplification
of voltage oscillations as well as to reduce signal spikes.

Glow discharge optical emission spectrometry

To check the gas impermeability of the samples via the ab-
sence of molecular bands from air, a CCD-based instrument
(GDA 650 from Spectruma Analytik, Hof, Germany) cover-
ing a wavelength range from 120 to 550 nm was used. Be-
cause of the higher sensitivity for homogeneity measurements,
a photomultiplier-tube-based instrument (GDA 750 from
Spectruma Analytik) with the following wavelengths was
used: 121.6 nm (H), 130.2 nm (O), 149.3 nm (N), 156.1 nm
(C), 208.9 nm (B), 219.2 nm (Cu), 327.4 nm (Cu), 288.1 nm
(Si), and 415.9 nm (Ar). Owing to the sample geometry of the
pressed powders, a crater diameter of 4 mmwas chosen for all
measurements. With a voltage of 380 V and a current of
18 mA, a gas flow rate of 190 cm3⋅s-1 was obtained. Addi-
tional tests with a crater diameter of 8 mm and fourfold current
confirmed that the electrical parameters of GD-OES and GD-
MS are comparable.

Results and discussion

Sample properties

The pressed pellets obtained were mechanically stable and
provided sufficient electrical conductivity for direct current
GD measurements. The gas impermeability and homogeneity
of the different samples were confirmed by additional GD-
OES measurements. GD-OES allows the detection of molec-
ular species (air components) penetrating through a porous
sample into the GD cavity. The overlay of typical spectra
obtained on compact and pressed powder samples as shown
in Fig. 2 showed no evidence of the presence of molecular
bands, especially in the spectral region from 330 to 335 nm,
indicating the gastightness of the pressed and sintered sam-
ples. Additionally, one of the most sensitive atomic lines of
nitrogen, at 174.27 nm, was not observed in the monitored
spectra.

Typical transient signals from the matrix and analyte ob-
tained with GD-MS and GD-OES are compared in Fig. 3 for
different samples and analytes. GD-OES provides better sig-
nal stability as needed for homogeneity measurements as can
be seen in the comparison of Fig. 3 panels a–c with panel d.
For the measurements displayed in Fig. 3 panel d, Si3N4 was
chosen instead of MgO because of the low sensitivity for

Fig. 1 Typical samples used in the study: sintered compact samples (a, b);
pressed pellet in a steel ring (c)

Table 1 Composition of prepared samples

325 mesh with O as MgO and pressed

w(O) (%) 0.0 3.0 5.6 9.9

100–200 mesh with O as MgO and pressed

w(O) (%) 0.0 3.0 5.6 9.9

325 mesh with O as MgO and sintered

w(O) (%) 0.0 3.0 5.6 9.9

325 mesh with Si3N4 and BN and pressed

w(N) (%) 0.000 0.173 0.325 0.618

w(B) (%) 0.000 0.098 0.200 0.400

w(Si) (%) 0.000 0.068 0.097 0.149

325 mesh with Si3N4 and BN and pressed

w(N) (%) 0.000 0.139 0.310 0.600
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oxygen with the available experimental setup. With GD-OES,
the analytical signals from both the matrix and the doping
elements became stable a short time after initiation of the
sputtering process, and the signal intensity remained constant
during the whole measurement sequence (Fig. 3, panel d).
From these observations it can be concluded that an accept-
able degree of homogeneity was obtained. The same signal
profiles from the matrix and doping elements (N, B) were also
observed by GD-OES and GD-MS for pressed magnesium
powder doped with BN or a mixture of BN, Si3N4, and MgO.

In Fig. 3 panels a–c it can be seen that the transient signals
observed by fast flow GD-MS for both the matrix and the
analyte exhibit complex profiles at the beginning of the
sputtering process, followed by an exponential decay. How-
ever, the signal ratio (IBR) reaches a steady state and remains
stable after 1–3min of sputtering. The reason for these profiles
might be the rather large inner area of the GD source and the
interface (i.e., about 265 cm2), which comes in contact with
humid air each time a new sample is loaded.

GD-MS: effect of electrical parameters on the analytical signal

Initial measurements on magnesium highly doped with MgO
indicated that, in this specific case, the use of the built-in
power supply feeding the GD source is limited. In the galva-
nostatic mode (I=constant), even small additions of MgO led
to instabilities of the signal with time and also to the frequent
occurrence of spikes, especially in the low-intensity signals.
This effect was also reproduced with another instrument of
this type. Pressed magnesium samples doped with Si3N4 or a
mixture of BN, Si3N4, and MgO and also pure compact
magnesium exhibited stabler behavior. However, signal spikes
and complex profiles from the transient signals were observed
in this case as well. The reason for the spikes was found in a

strong oscillation of the electrical parameters. In the case of
oxide containing magnesium, the built-in power supply de-
signed to level variations of the electrical discharge parame-
ters was unable to operate at constant discharge current.

The underlying reason for the oscillations of the electrical
parameters might be spark generation at the elevated argon
pressure in the fast flow source, especially during the dis-
charge ignition (transient discharge regime). The high current
in the sparks (several amperes within nanosecond periods)
causes electromagnetic disturbances in the ion-counting
electronics.

An additional daisy-chained inductance coil (L=15 H) was
installed to smoothen the electrical oscillations, leading to a
satisfactory signal stability in the galvanostatic mode as well
as in the potentiostatic mode (U=constant). However, the
analysis of highly MgO doped samples was still not possible
in the galvanostatic mode.
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The current–voltage correlation and the effect of the GD
voltage on the analytical signals (16O, 24Mg, and IBR) were
investigated for three different magnesium samples—namely,
compact bulk material, pressed undoped magnesium powder
(325 mesh), and sintered Mg/MgO powder with the highest
oxygen mass fraction (approximately 10 %)—using the built-
in power supply and the inductance coil in the potentiostatic
mode. The results obtained are shown in Fig. 4. The compact
material and sintered powder show similar current–voltage
profiles despite the fact that the oxygen content of the sintered
powder was very high. For the sintered sample, an interesting
behavior was observed. As soon as the sputtering started, we
noticed a constant, voltage-independent IBR, although the
signal intensities of magnesium and oxygen drop remarkably,
which is in contradiction to the increasing current. To fully
explain this signal drop at higher voltage, additional investi-
gations are necessary. For samples with a higher oxygen
content (pressed pellet, sintered compact), the dependence of
the signal intensity of oxygen on the GD voltage has a clear
inflection point corresponding to the onset of the sputtering

process, whereas for compact material this dependence is
almost linear, without any noticeable peculiarities.

GD-MS: calibration data

Since no reference data on the nonmetallic contents (except for
silicon) were available either for the compact material or for the
powders, a standard addition approach was applied to obtain
calibration data. The measurement conditions are summarized
in Table 2. The IBRs of 16O+, 15N+, 11B+, and 29Si+ to 24Mg+

were used as the analytical responses. For potentiostatic mea-
surements, the built-in power supply was used, and for galva-
nostatic measurements, an external power supply was used to
overcome the limitations of the built-in device. By this means it
was possible to measure all calibration samples in both modes.
However, the discharge ignition required careful adjustment of
both the voltage and the current. In principle, all measurements
should be made under the same optimized conditions. Wher-
ever possible we worked with the built-in hardware. As long as
the signals are stable and there are no sparkovers, the final
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Fig. 4 Dependence of the discharge current and the signal intensity for
magnesium and oxygen and the corresponding ion beam ratio (IBR) on the
applied voltage for three differentmagnesium samples: bulkmaterial; pressed
powder (granularity 325 mesh); sintered magnesium and MgO mixture

(oxygen mass fraction approximately 10 %; 2 g MgO and 6 g magnesium
powder, 325 mesh). The measurements were performed using the built-in
power supply with an inductance coil at an argon flow rate of 320 mL⋅min-1.
Values were recorded after a stabilization time of at least 3 min
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conditions of the electrical parameters (U, I, and gas flow rate)
are very similar in the potentiostatic and galvanostatic modes,
although the means to achieve this can be difficult because of
the different feedback characteristics. The results of the calibra-
tion experiments for oxygen are shown in Fig. 5. The calibra-
tions for other nonmetallic dopants are provided in Fig 7.

No satisfactory calibration data could be obtained for the
samples with high oxygen content if the GD source was
operated in the potentiostatic mode (Fig. 5a). In the galvano-
static mode, calibration was possible within a relative spread
of 10–30 %. The detection limit for an analytical procedure is
directly determined by the uncertainty of the sensitivity and
the uncertainty of the blank. The detection limits calculated
according to [21] are within the range of thousands of micro-
grams per gram. Considering the remarkable linearity obtain-
ed, we can recommend the sintered powder standards for
future applications for oxygen determination. In case of the
pressed powder samples, the sensitivity (i.e., the slope of the
calibration curve) depends on the granularity of the magne-
sium powder used, which may impose additional constraints
on the use of pressed samples for calibration purposes. The
measured oxygen contents in the undoped pressed and
undoped sintered magnesium powder samples are within the
low-percent region (Table 3) and depend on the granularity of

the specific powders. The higher value for oxygen found for
the magnesium powder used for fabricating the sintered sam-
ples may be explained by longer exposure to air.

During the sputtering of the samples with a high oxygen
content, the extensive formation of oxygen-containing molec-
ular species (O2

+, MgO+, ArO+) was observed. However, only
the IBR for O2

+ correlates with the oxygen content for both
sets of pressed powder samples and sintered samples (Fig. 6).
The formation rate (expressed as IBR) for all the oxygen-
containing polyatomic species shows a strong variation, espe-
cially in the case of the highest doped sample. The improve-
ment of the calibration quality by accounting for oxygen
losses due to the formation of polyatomic ions is, therefore,
very difficult.

Calibration curves for the analytes boron, nitrogen, and
silicon as obtained for magnesium powder (325 mesh) doped
with a mixture of MgO, BN, and /Si3N4 are shown in Fig. 7.
Good linearity of the calibration curves was obtained for
boron and silicon, whereas the calibration quality for nitrogen
was remarkably lower. In addition, the extrapolated value for
the nitrogen content (2,700 mg⋅kg-1) of the powder seems to
be overestimated. The observed silicon content of the powder
(300 mg⋅kg-1) is in good agreement with the certified values
for bulk material provided by the manufacturer. As certified
values for the magnesium powder are not available, no further
conclusions can be drawn with respect to this material.

Table 2 Experimental conditions

Spectrometer ELEMENT GD (Thermo
Fischer Scientific)

Resolution 4,000 (medium)

Discharge voltage (V) 250–350 (300 for potentiostatic mode)

Discharge current (mA) 10–70 (70 for galvanostatic mode)

Argon flow rate (mL⋅min-1) 320

Sampling time (ms) 20

Peltier cooling (°C) 4
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Fig. 5 Oxygen calibration data
(IBR vsmass fraction) obtained by
standard addition using an external
power supply (with an inductance
coil) in galvanostatic mode
(70 mA, 320 mL⋅min-1 argon flow
rate). The data obtained in the
potentiostatic mode (300 V,
320 mL⋅min-1 argon flow) are
shown only for sintered samples.
However, pressed powder samples
show a similar behavior

Table 3 Determined oxygen content in magnesium powders used for
fabrication of pressed and sintered samples

Magnesium powder Determined oxygen mass fraction (%)

100–200 mesh 0.9±0.2

325 mesh 1.1±0.2

325 mesh used for sintering 1.7±0.3
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For samples fabricated from the finer magnesium powder
(100–200mesh) with the same dopant, the values were similar
for boron and silicon. However, the calibration for nitrogen
failed in this case for no clear reason.

For estimation of the matrix-specific RSFs for magnesium,
pressed samples were used because the sintered samples did
not include nonmetallic elements, other than oxygen. For
elements such as boron and silicon, we expect only a small
influence of the sample type on the RSF, as observed earlier
for metallic impurities [21]. The magnesium-matrix-specific
RSFs determined for boron, nitrogen, oxygen, and silicon
obtained for the pressed powders are listed in Table 4. Al-
though the values are not of the highest accuracy, comparison
with the corresponding RSFs calculated from the SRSFs as
provided by the instrument manufacturer shows huge differ-
ences, which demonstrates the necessity for matrix-adapted
calibration even for semiquantitative determinations of non-
metallic impurities in magnesium. Notably, the SRSFs for

oxygen and nitrogen are not known. However, more investi-
gations are needed to determine the matrix-specific RSFs for
nonmetallic impurities in magnesium with small uncertainty,
which includes a full understanding of the behavior of samples
with different morphology (pressed powders, sintered pow-
ders, and compact material).

GD-MS: estimation of instrumental detection limits
for oxygen

A first estimate of the detection limit related to the instrument
can be made. The data obtained in the potentiostatic mode and
in the galvanostatic mode can be combined, because the GD
parameters used for the determination of the sensitivity and
the background signal were very similar.

On the basis of the 3s criterion, with s being the
standard deviation of the 16O+ signal obtained for a mag-
nesium sample under measurement conditions (350-V
potentiostatic mode) where the discharge is operating
but with no sputtering of the magnesium sample (i.e., no
magnesium signal visible), the instrumental detection lim-
it for oxygen in magnesium can be estimated according to
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(IBR vs. mass fraction) for
nitrogen, boron, and silicon
obtained for a series of pressed
magnesium powder samples
(granularity of magnesium
powder 325 mesh) doped with a
mixture of MgO, BN, and Si3N4.
The experimental conditions were
the same as for the oxygen
measurements
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Fig. 6 IBRs for oxygen-containing polyatomic species measured during
the analysis of MgO-doped pressed magnesium powder samples (granu-
larity 100–200 mesh). Similar results were obtained for samples prepared
from fine magnesium powder (granularity 350 mesh)

Table 4 Relative sensitivity factors (RSFs) of investigated nonmetals in
magnesium. The values in the middle column were calculated from the
calibration data for pressed powder samples (325-meshmagnesiumpowder).
The values in the right column were calculated using the standard RSF
(SRSF) data (i.e., RSFs for iron matrix) as provided by the instrument
manufacturer (Thermo Fischer Scientific) according to RSFSt(X, Mg) =
RSF(X, Fe)/RSF(Mg, Fe)

Analyte X RSF(X, Mg) RSFSt(X, Mg) based on SRSFs

B 21.4 4.3

N 131.3 –

O 24.0 –

Si 1.2 2.0
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[22] to be approximately 500 μg⋅g-1. Although this value
is an estimate of the order of magnitude, it provides an
impression of the analytical performance of the fast flow
GD source for the determination of oxygen in a complex
matrix such as magnesium. This detection limit estimate
significantly exceeds the measured values for oxygen in
compact magnesium as obtained by a conventional GD
source reported by Kikuta et al. [7], where detection limits
were not reported. However, it should be noted that the
time needed for the actual analysis by a conventional GD
source is approximately five to ten times greater than for
the fast flow GD source.

Conclusions

A method for the determination of oxygen, nitrogen, boron,
and silicon in a magnesium matrix by GD-MS with a “fast
flow” ion source has been successfully tested. However, ow-
ing to lack of reference data, a complete evaluation was not
possible. Calibration data were obtained by using an external
robust GD power supply with the ability to operate in the
galvanostatic mode even under conditions where the built-in
power supply failed. The use of an inductance coil in the
cathode chain significantly increased the stability of the elec-
trical discharge parameters, and consequently, the analytical
signals obtained with both the internal and the external
GD power supplies. The oxygen contents determined by
standard addition for pressed magnesium powders are
within the low-percent region, which is important when
these powders are used for the preparation of calibration
standards. Grain-size-dependent RSFs indicate that cali-
bration for the analysis of powder samples with unknown
granularity is more complex. Sintered samples showed
better signal stability and linearity than pressed samples
for the calibration of oxygen. Therefore, sintered samples
appear to be more suitable for quantification purposes. A
rough estimate of the instrument-related detection limit
for oxygen significantly exceeds the reported oxygen
contents as determined by means of GD-MS using a
conventional low-pressure GD source.

The analysis of magnesium materials is very challenging.
Even with the limitations described, the procedure applied
allows a very fast simultaneous determination of nonmetallic
impurities in magnesium matrices.
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