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Color-Changing Sparks from Rare Earth Metal Powders
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Abstract. Commonly, sparks emit light according to the well-known
black (gray) body radiation. Recently, we reported on color-changing
sparks based on erbium powder, which switch their light emission be-
tween black body emission (surface combustion) and element-specific
emission (vapor phase combustion). Herein, we investigated the spark
formation from the adjacent rare-earth elements. The corresponding
boiling points are significantly below (Yb, Sm, Tm) or above (Y, Lu)
the boiling point of Er. While Yb and Sm evaporate too fast to form
longer sparks, Y, Lu and Tm form color-changing sparks with varying

Introduction

Usually, sparks formed by burning metal powders (e.g. Fe),
alloys (e.g. ZrFe) or non-metals (e.g. charcoal) and inorganic
compounds are colored according to the temperature of the hot
burning particle.[1–4] The emitted light is well described by
black/gray body radiation[5] which results in a very limited
color space.[1] To achieve intense element-specific emission
instead of element-independent black body emission, gas
phase combustion of the particle is required. Consequently, the
requirements to achieve element-specific coloring of sparks
are:

(i) Intense emission from the metal or (high temperature
stable) metal oxide.

(ii) Vapor phase combustion of the metal.
Both criteria limit the availability of appropriate elements.

The first aspect can be checked by the flame/emission spectra
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length of the element-specific emission phase. The sparks were investi-
gated by time-resolved emission spectroscopy, long-time exposures,
and NIR/MIR imaging. The same basic pyrotechnic formulation con-
taining one of these metal powders reveals a strongly differing burning
behavior depending on the boiling point of the metal. The burning
characteristics change from a green strobe (Yb) to intense colorful
crackling (Tm) and finally a sparkling fountain with long-flying sparks
(Lu, Y, Er).

of the elements. For the second aspect, Glassman’s criterion
as a critically discussed, yet in most cases correctly applicable
rule predicts gas phase combustion if the boiling point of the
element is lower than the boiling point of its reaction product
(element oxide).[6,7] Additionally to Glassman’s criterion,
Gordon proposed various classes of burning particles with
class A providing strongly visible gas phase combustion. The
boiling point limit for substances in class A has been deter-
mined roughly around 1500 °C.[8]

In accordance with these criteria, broad and intensely col-
ored sparks have been reported for ytterbium, samarium and
tellurium as example.[9,10] As a drawback, these sparks are
very short in length since gas phase combustion rapidly con-
sumes large amounts of the material and the tellurium sparks
hardly reach out of the flame which ignites them.[10]

Recently, we reported on color-changing sparks based on
erbium powder. Erbium fulfills Glassman’s criterion but its
boiling point is substantially above Gordon’s limit. As a conse-
quence, these sparks switch their burning behavior between
surface and gas phase combustion, accompanied by a color
change from yellow to intense green.[10] Fortunately, the
higher boiling point leads to long sparks suitable for spark
generation in fountains.[10]

The burning behavior and radiation trace of isolated metal
sparks has been analyzed in detail by Dreizin.[11] Although the
elements differ strongly in detail, a typical radiation trace e.g.
for aluminum is based on a first stage after ignition, a radiation
jump indicates the second stage and subsequently a third less
bright stage takes places which fades out until all material is
consumed. At the end, particle explosion (branching, e.g. for
zirconium) can take place.

This radiation trace can be brought in agreement with er-
bium sparks (Figure 1) which reveal a first stage based on
black body emission, a short stage of bright element-specific
emission just after the radiation jump and subsequently a long
stage based on black body emission (and finally branching).[10]

It must be noted, that for aluminum the radiation jump has
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been brought in accordance with a temperature drop of the
burning particle. Although it sounds contradictory on a first
look, the burning particle forms aluminum-oxygen phases with
a significantly reduced boiling point in comparison to the pure
metal. The corresponding metal-oxygen phase consequently
provides bright emission from a vapor-phase burning zone in
case of Al. Consequently, even elements with higher boiling
points than erbium may provide element-specifically emitting
stages.

Figure 1. Typical radiation trace of sparks based on different burning
stages given in literature[11] and element-specific colored stage ob-
served for erbium.[10]

Recent work on pyrotechnic compositions includes a broad
range of historically uncommon elements. Jennings-White
gives a survey on potential candidates for pyrotechnic applica-
tions throughout the periodic Table[12] and recent examples in-
clude boron,[13–15] cesium compounds,[16,17] copper iodide[18]

and copper complexes[19] as well as copper-based blue strobe
compositions,[20,21] new formulations based on lithium,[22,23]

and sodium salts,[24] detailed investigations of composition
based on barium[25] and strontium[26] salts as well as cal-
cium[27] and strontium tetrazolates,[28] and indium[29] metal.
Rare earth metals were initially considered to be less useful
until Sturman provided a detailed investigation of the emission
from the atomic and monoxidic species of the rare earth ele-
ments in flames.[30] Furthermore, the application of some rare
earth elements for element-specific colored sparks was sug-
gested. Beginning in 2011, Koch presented the first investi-
gations and pyrotechnic formulations based on Yb, Sm, Tm,
and Eu with PTFE as oxidant.[9,31–33] As mentioned above,
these formulations visibly emit short, but colorful pink or
green sparks.[9]

Based on our observation of color-changing sparks from er-
bium powder ignited as isolated particles in a flame, here we
investigated the coarse metal powders from Lu, Y, Sm, Tm
and Yb concerning their spark formation upon ignition as loose
powder in the flame phase. These rare-earth metals cover the

Table 1. Physical and optical properties of the rare earth metals and oxides discussed here.

Element ρ /g·cm–3 [34] b.p. /°C [34] ΔHc /kJ·mol–1 b.p. stable oxide /°C Electronegativity [34] Visible emission
[34] [34]

Er 9.07 2868 –949.0 3000 [35] / 3920 [34] 1.24 beige//green
Lu 9.84 3402 –939.1 3980 1.00 white//pale green
Y 4.47 3345 –952.7 4300 1.22 light beige//red
Sm 7.52 1794 –911.5 3780 1.17 red [25]
Tm 9.32 1950 –944.4 3945 1.25 gold//green
Yb 6.97 1196 –907.3 4070 [36] / 4300 [35] 1.10 green [25]
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range of boiling points clearly above (Y, Lu) and below (Sm,
Yb, Tm) erbium (Table 1). Three more elements form color-
changing sparks and we present pyrotechnic formulations
thereof, which significantly change their burning behavior de-
pending on the choice of the metal.

Results and Discussion

Elemental powders were obtained from rasping the rare-
earth metals to coarse powder (ca. 100 μm) under inert condi-
tions. The resulting particle size distribution is rather broad
(Table 2), but sufficient to discuss the burning behavior of the
metal powders. The rare earth powders have been passed into
the invisible flame of a methan/air burner through a small tube
and the resulting shower of sparks has been monitored by long
time exposures (visible light, see Figure 2) and near/medium
infrared (NIR/MIR, see Figure 3) imaging. A multimode glass
fiber has been directed closely to the sparks to record time-
resolved emission spectra with an integration time of 1 ms.
Properties of the rare-earth metals are summarized in Table 1.
The length and relative thickness of the sparks given in Table 2
were determined from photographic images.

The reactivity of the rare earth metals is roughly comparable
according to their heat of combustion as well as electronegativ-
ity. All can be classified as highly reactive reaching very high
flame temperatures. The boiling points of the metal oxides are
located above the boiling point of the corresponding element,
i.e. all rare earth metals discussed here fulfill Glassman’s crite-
rion. Consequently, they could provide element-specific emis-
sion from vapor phase combustion. It is remarkable, that the
boiling points of the metal oxides are quite identical around
4000 °C. Consequently, the major difference of the rare earth
metals discussed here is solely the boiling point of the metal.
Beginning at 1200 °C (Yb) up to 3400 °C (Lu), the boiling
point reaches ever closer to the boiling point of the oxide.
According to Gordon’s limit, Yb and Sm are below or at the
edge for gas phase combustion, Tm and Er are above and Lu
and Y far above the limit.

Erbium was investigated as reference first. The color-chang-
ing sparks are readily reproduced (Figure 2a) with Er obtained
from a different supplier. The sparks fly rather long at the con-
ditions applied here (Table 2) and the bright green phase is
visible in the middle of the sparks for a length of roughly 20%
of the spark. The corresponding emission spectra (Figure 4a)
show the expected stages of burning based on black body
emission for the surface combustion (stage 1/3) and element-
specific emission for the vapor phase combustion (stage 2).
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Table 2. Particle sizes and characteristics of sparks obtained by elemental rare-earth powders.

Powder D a) /μm Spark length /cm Rel. thickness Dom. WL e) /nm Sp. purity e) /%

Er 20–195 4.5–8 b) – – –
stage 1: 1 1 584 63
stage 2: 1 3–5 562 28
stage 3: 2.5–6 b) 1–2 584 63

Lu 44–167 4–14.5 b) – – –
stage 1: 1.5–2 1 582 36
stage 2: 0.5 2–4 563 34

(508) f) (8) f)

stage 3: 2–12 b) 2 582 36
Sm 24–99 – – 607 38
Y 27–253 4–8 b) – – –

stage 1: 1–1.5 1 583 60
stage 2: 0.5 c) 3–4 588 c) 50 c)

(602) f) (67) f)

stage 3: 2.5–6 b) 2 – –
Tm 20–119 3.5–6 b) d) – – –

stage 1: 1–1.5 1 589 85
stage 2: 1.5 2 552 30
stage 3: 1–3 b) 1 589 85

Yb 42–247 – – 566 27

a) Approx. grain size measured by optical microscopy. b) Limited by branching. c) Slowly fades out into stage 3. d) Main fraction bursts into
small sparks. e) Dominant wavelength (WL) and spectral (Sp) purity determined by emission spectroscopy and CIE 1931 diagram. f) Calculated
from RGB values of the corona of the spark.

Figure 2. Long-time exposure images of sparks obtained from (a) erbium, (b) lutetium, (c) yttrium, (d) samarium, (e) thulium, and (f) ytterbium
powder upon ignition of the rare earth metal powder in a gas flame.

Due to a more sensitive spectrometer setup and consequently
a reduced integration time of 1 ms, vapor phase combustion
stage 2 could be isolated sharper from the black body emission
and the underlying background is reduced in comparison to
our previous results.[10] The temperature of the spark at the
surface combustion phase has been determined to 2680 K by
Planck curve fit of the emission spectrum (Figure 4a). The
emission spectrum of the vapor phase is in accordance with
the flame spectrum of erbium salt solutions sprayed into an
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acetylene/oxygen flame given in literature.[37] The two intense
and broad signals around 510 and 560 nm can be assigned to
a set of emission bands from ErO located at 507 and 553–
561 nm.[38] The data from the emission spectra were used to
calculate the corresponding point in the CIE 1391 chromaticity
diagram (Figure 5a) and to discuss the resulting dominant
wavelength and spectral purity (Table 2). The color switches
from basically yellow (surface combustion) to a significantly
more green appearance (λdom = 562 nm) with a reduced spec-
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Figure 3. NIR (900–1100 nm) and MIR (insert, 8000–14 000 nm) images of sparks obtained from (a) yttrium and (b) samarium powder.

Figure 4. Emission spectra of sparks obtained (a) erbium, (b) lutetium, (c) yttrium, (d) samarium, (e) thulium, and (f) ytterbium powder upon
ignition in the gas flame. Orange lines refer to surface combustion of stage 1/3 and differently colored lines to vapor phase combustion (stage
2 or the single stage observed for Sm and Yb). Dashed black lines represent fitted Planck curves.

tral purity which is explained by the superposition of black
body emission and emission bands from ErO. Although the
distance of two points in the CIE 1391 diagram is not an exact
measure for the difference of two colors due to the concept
of the diagram, we calculated the distance between the CIE
coordinates of stage 1/3 and stage 2 as a rough estimate for
visual difference of the burning stages. For Er, the difference
is calculated to dcol = 0.12.

Lutetium is the highest boiling element of the rare earth
metals investigated here. Looking at the long time exposure
(Figure 2b) reveals long sparks with a very short and extremely
bright stage 2 for the sparks formed from larger particles. At
the first look, stage 2 might just be seen as a radiation jump.
Looking at the sparks closer indicates vapor phase combustion,
again, due to the increasing thickness of the spark during this
short stage. Stage 2 is shorter in the case of Lu, and roughly
half as long as in the case of Er, which is obviously explained
by the high boiling point. For the same reason, the sparks are
longer with a very long glowing stage 3. Additionally,
branching is not as pronounced for Lu in comparison to Er.
Sparks formation seems to be more sensitive to the particle
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size and only the largest particles (ca. 150 μm) form visibly
differing stages. The spark temperature of stage 1/3 obtained
from the Planck fit of the emission spectrum reveals a high
burning temperature of 3150 K which is in accordance with
the bright appearance. The spectrum of stage 2 unambiguously
confirms gas phase combustion in by two broad signals at 473
and 522 nm (Figure 4b). The emission spectrum of the spark
is in accordance with the flame spectra given in literature of
Lu salt solutions[37] and the two signals can be assigned to
LuO emission bands around 466–470 nm and 517–522 nm.[38]

The emission spectra reveal a very strong underlying back-
ground of black body emission. This can be explained by the
high temperature of the spark and strongly increasing intensity
of the black body radiation with increasing temperature. Con-
sequently, the color change from yellow/white to faint green/
white is only weakly visible, indicated by a distance of the
CIE color coordinates of dcol = 0.06 (Figure 5b). As an inter-
esting aspect, it must be noted that the underlying black body
radiation during the vapor phase combustion stage 2 seems to
correspond to a lower temperature indicated by the decreased
slope of the black body background (Figure 4b). This is in
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accordance with the temperature drop during the radiation
jump of aluminum sparks given by Dreizin and could be seen
as a first indication for possible metal-oxygen phases with a
reduced boiling point.

Yttrium has been described in literature to form white
sparks.[39] The first look on the sparks confirms this observa-
tion. Analyzing the sparks more in detail reveals the same be-
havior as for the lutetium sparks. The larger particles, i.e.
around 150–200 μm, show a clear change from yellow/white
to a bright red upon ignition in the gas flame (Figure 2c). The
bright red stage 2 is as short as in case of lutetium, which is
in accordance with the comparable boiling points. It must be
noted, that a red corona seems to remain around the yttrium
sparks for a while if stage 2 was reached once, which is dif-
fering from Er and Lu sparks. The spark temperature during
the black body emission stages has been derived to 2930 K,
slightly lower than for Lu. The emission spectra of stage 2
show a significant underlying background of black body emis-
sion (Figure 4c). The two broad signals around 605 and
624 nm are in accordance with flame spectroscopy from Y[37]

and are assigned to a series of YO emission bands at 597–
600 nm and 613–617 nm.[38] As in the case of Lu, the intense
underlying black body radiation weakens the visual appearance
of the color change. This is confirmed by the small distance
of the CIE color coordinates of dcol = 0.02 (Figure 5b). The
corona of the Y sparks reveals a significantly more dominant
coloring. Recalculating the RGB values from a spot of the co-
rona in the photographic images to CIE coordinates visualizes
the strong difference in the color of the spark and the corona
(Figure 5b). The dominant wavelength of the corona is thus
derived to 602 nm, which is in agreement with the YO emis-
sion bands. This matches with the expectation, since these CIE
coordinates should correspond to the emission spectra cleared
by the black body background. It has to be noted, that in the
case of Y the color-change to red, which is part of the black

Figure 5. CIE 1931 chromaticity diagram of the sparks discussed here. “surface” refers to surface combustion (stage 1/3) and “gas“ to vapor
phase combustion. The black line represents the color of black body emitters (800–4200 K). CIE coordinates are derived from the emission
spectra given in Figure 4 except for the corona of Lu and Y (calcd. from RGB values). Dotted lines represent the color change from surface to
vapor phase combustion for the same material.
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body radiation, leads to a reduced apparent visibility in con-
trast to the color-change to green in the case of Er and Lu.

Taking the results from the high-boiling rare earth elements
Er, Y and Lu together, in all cases color-changing sparks can
be obtained and a color-change from basically yellow/white to
green or red can be realized. All three elements form long-
flying sparks, which frequently end with attractive branching.
A higher boiling point of the metals shortens the bright and
colored stage 2 and higher boiling metals require larger particle
sizes to form color-changing sparks.

Samarium provides a significantly lower boiling point of
1800 °C. Compositions containing Sm and PTFE as oxidizer
as well as burning Sm metal have been investigated in litera-
ture.[9,33] Images of the burning compositions given by Koch
reveal some broad, short pink sparks to be emitted.[9] Here, we
applied a coarse powder up to a particle size of 100 μm which
bursts into an intense red flash upon contact with the gas flame
(Figure 2d). The resulting “sparks” are deeply colored red
which readily confirms gas phase combustion. The sparks are
too short to be analyzed in terms of a spark length, most of
the particles burned too fast and led to a nearly spherical flash
on the photographic images at the conditions applied here.
Some of the larger particles formed isolated sparks with a
length of approx. 0.5 cm. The emission spectra revealed only
a single burning stage with strong element-specific emission.
The very broad signal around 650 nm is in agreement with the
flame spectrum of Sm salts.[37] It is assigned to the intense
series of bands emitted from SmO at 582–657 nm (Fig-
ure 4d).[38] Looking at the emission spectra of the sparks more
closely reveals a weak emission band building up in the blue
region. We were not able to obtain a sharper spectrum from
the isolated sparks in the blue region to unambiguously ident-
ify the corresponding wavelength here, still it is likely to as-
sign the very weak blue emission to line emission from atomic
samarium.[30,38] The intense color of the bright samarium
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flashes strongly differing from the black body trace is reflected
by the coordinates in the CIE diagram (Figure 5a). To compare
the sparks from Sm solely based on vapor phase combustion
to the sparks described before, IR spectroscopic images were
taken (Figure 3, see Supporting Information for IR images of
all other sparks discussed here). The yttrium sparks discussed
above show an intense radiation trace on the NIR images (Fig-
ure 3a) which is in accordance with strong NIR emission from
black body emission. The NIR images do not reveal a darken-
ing during the vapor phase combustion in stage 2, which is
in agreement with the strong underlying black body emission
observed in the emission spectra. In contrast, the Sm flashes
are hardly detectable on the NIR images (Figure 3b). Conse-
quently we can conclude that only very weak black body emis-
sion is emitted, which matches with the expectation of pure
vapor phase combustion. The results are confirmed in the MIR
region, too (inserts in Figure 3) although the limited resolution
of the MIR detector prohibits a detailed discussion. It must be
noted, that rare earth oxides can provide strong emission in the
IR region, which has been used for IR flare compositions
based on Ytterbium.[40] In the case discussed here, the emis-
sion of the isolated particles is mainly based on the burning
metal vapor phase (MO) and not its stable reaction product
(M2O3) which is heated up from the burning composition. The
foggy cloud visible in the MIR images on top of the gas flame
(Figure 3b) could be caused from hot Sm2O3 formed during
the combustion.

The boiling point of ytterbium is even lower in comparison
to samarium. Consequently, the observations for Yb match
with the results described for Sm and the coarse metal powder
leads to bright green flashes upon contact with the flame (Fig-
ure 2f). Again, it is not possible to identify the length of iso-
lated “sparks” under the conditions applied here. The emission
spectra reveal only the element-specific emission of the vapor
phase combustion (Figure 4f). Interestingly, the emission spec-
tra of the isolated sparks show some significant differences to
the spectra given by Koch for larger amounts of burning Yb
metal[32] and differ from the flame spectra of Yb salt solu-
tions.[37] Here, the spectra reveal only the characteristic set of
two broad signals, which is quite similar in the case of Er, Lu
and Yb. The two signals are assigned to emission bands of
YbO at 474–484 nm and 544 nm.[38] Possibly, at 530 nm some
contribution from an intense YbOH band at 533 can be
seen.[38] This is in contrast to the spectra from Koch, which
represent a large set of signals from atomic Yb emission. The
isolated sparks of Sm and Yb show mainly the emission from
SmO and YbO, respectively without significant contributions
of atomic emission. The difference can be explained by the
large amount of rare earth metal powder if burned in bulk,
from which continuously metal vapor evaporates and saturates
the flame phase. The emission spectra of Yb show a significant
contamination with Li, indicated by the strong line at 670 nm.
The Li atomic line in Yb spectra has been reported in litera-
ture,[32] too, and can be explained from residual Li which is a
usual reductant (as elemental Li or Li-Mg alloy) in the prepara-
tion of the rare earth elements.[41] Usually, significant residues
of the reductant can be found in the metals.[42] Looking at the
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photographic images given above, the typical red flame color-
ing from Li can be observed for Er, too. In the cases of ele-
ments forming longer sparks, the glass fiber was directed at
the shower of sparks which is isolated from the gas flame and
the Li emission is not detected. The CIE coordinates of the Yb
flashes are in agreement with vapor phase combustion strongly
differing from the black body trace (Figure 5a) and the NIR
images again reveal the absence of significant IR emission (see
Supporting Information).

Taking together the results from the low boiling elements
Yb and Sm, the metal powders form more bright flashes than
longer sparks upon contact with the flame. In both cases, vapor
phase combustion with emission spectra based solely on the
metal monoxide band emission is observed. The short spark
formation can be compared to tellurium, which rapidly vapor-
izes,[10] too, but is not reactive enough to burn so violently.

Thulium finally provides a boiling point higher than Sm and
Yb, yet lower than Er. Upon contact with the flame, intense
and loud crackling during the combustion of the pure metal
powder is observed. This is in agreement with crackling for-
mulations of the rare earth elements with PTFE given by
Koch.[9] A close-up view on the sparks (Figure 2e) reveals that
the thulium particles burst into small pieces of which each
forms a spark of a significant length. This is in agreement with
the higher boiling point of Tm, which prohibits immediate va-
porization. Although the sparks are smaller, since the particle
burst into pieces, they reveal a very pronounced color change.
The sparks consist of 3 stages of rather comparable length, i.e.
the element-specifically colored stage 2 is roughly visible on
25 % of the total spark length (Table 2). The photographic
images reveal a color change from gold to deep green. This is
confirmed by the emission spectra (Figure 4e). The golden
stage 1/3 is related to a spark temperature of comparably cold
1950 K, in agreement with the lower boiling point of Tm. The
green stage 2 reveals a rather pure vapor phase spectrum with
only weak underlying black body radiation. The two intense
signals at 495 and 545 nm in the vapor phase spectrum are
assigned to the set of monoxide emission bands of TmO at
481–494 nm and 533–556 nm.[38] Again, the spark spectra are
solely based on the monoxide emission bands without contri-
bution from atomic lines. Plotting the coordinates from the
emission spectra into the CIE diagram visualizes the strong
color change observed for Tm sparks (Figure 5a). The distance
of the CIE color coordinates is calculated to dcol = 0.22. This
is the largest color change for all sparks discussed here and
can be explained by the low spark temperature leading to a
more red stage 1/3 and low residual black body radiation dur-
ing stage 2. The NIR image of Tm sparks (see Figure S4 of
the supplementary material) represents the significant contri-
bution of black body radiation in contrast to Sm and Yb. Over-
all, Tm is an interesting candidate for color changing sparks
although its crackling burning behavior prohibits long-flying
sparks.

The rare-earth metal powders were used to prepare fountains
based on ammonium perchlorate (AP) and plasticized nitrocel-
lulose (NC) as smokeless propellant.[10] The composition of
the formulation has been kept constant at a ratio of 69 % (NC),
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19% (AP) and 12% (rare earth metal powder). The mixture
was loosely filled in paper tubes with 1 cm inner diameter and
revealed a burn rate of 1.5–1.8 mm·s–1 in all cases. High reso-
lution slow-motion (960 fps) videos of all experiments with
this composition are given in the Supporting Information. The
erbium-based composition ejects bright, branching sparks with
a pronounced color change (Figure 6a) which is captured in
the slow motion videos, too. The bright green stage 2 is visible
as a brilliant flash in the trace of the spark. The formulation
with Lu and Y ejects bright, long flying and branching sparks,
too (Figure 6b, c). The color-change of the sparks is not repre-
sented in these sparkling fountains. In case of Lu, stage 2 is
probably too short and visually too close to the extremely
bright black body radiation of the hot sparks in stage 1/3. In
the case of Y, the red stage is again too short, but the slow
fading out of stage 2 discussed above visualized by a reddish
corona around some larger Y sparks from coarser particles can
be seen in the sparkling fountain (Figure 6c). In the case of the
Sm based fountain, the metal powder burns too fast to be
ejected as sparks. The flame color of the fountain is clearly
red, but only single sparks occasionally reach out of the flame

Figure 6. Photographic images (exposure time 30 ms) of smokeless ammonium perchlorate/nitrocellulose based fountains with (a) erbium,
(b) lutetium, (c) yttrium, (d) samarium, (e) thulium, and (f) ytterbium powder.
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(Figure 6d). The fountain can be compared to the tellurium
based formulation which rarely ejects isolated blue sparks.[10]

The Yb based composition reveals a differing burning behav-
ior, which is explained by the fast burning metal powder. In-
stead of ejecting sparks, the mixture repeatedly flashes in
bright green (Figure 6f). The Yb powder is completely con-
sumed before it reaches out of the tube, but provides sufficient
light production to generate bright flashes. This can be seen as
an interesting option for a strobe formulation, which is based
on a different mechanism than usual strobe compositions.[2,3]

Here, simply the fast burning particles lead to the visual ap-
pearance of repeated flashes. Finally, the thulium-based com-
position reveals intense crackling. The particles reach out of
the tube and subsequently burst into pieces, which is ac-
companied by the crackling sound. The resulting fine sparks
are emitted spherical around the bursting particle and a dense
cloud of sparks is observed. Fortunately, the sparks still show
the intense color-change as visualized in Figure 6e. Although
this composition is not suited as an indoor fountain any longer,
it may attract some interest as a very simple crackling compo-
sition.
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Taking together the results of the AP/NC formulations, the
rare earth metals provide very interesting burning characteris-
tics. The simple choice of the metal allows distinguishing be-
tween strobe-like burning Yb, crackling Tm, or long-flying
sparks based on Lu, Y and Er in exactly the same composition.
In the view of color-changing sparks, erbium remains the best,
if not only suitable choice.

Applying rare-earth metal powders to make an electric spar-
kler, well-known as popular indoor fireworks, is not straight-
forward. Usually, the electric sparklers are based on barium
nitrate as oxidant and iron powder as sparkling fuel. The insta-
bility of the rare-earth metals towards water is one of the prob-
lems, since commonly dextrin/water (or gum arabic) is used
as binder. Here, we transferred a standard electric sparkler for-
mulation given by Lancaster[43] to non-protic conditions with
NC as binder. NC was dissolved in butanone as moderately
fast evaporating solvent. NC as binder is known to reduce the
burn rate in comparison to inert binders,[44] which is explained
by cooling of the reaction zone by enhanced gas production.
Due to the high reactivity of the rare earth metals in compari-
son to iron, cooling from NC might be seen as advantageous
in this case. Additionally, we replaced barium nitrate by stron-
tium nitrate. Although strontium nitrate is rarely used, the re-
duced exothermicity of Sr(NO3)2 compositions in comparison
to similar Ba(NO3)2 compositions was applied to compensate
for the high energy release from the rare earth metals.[45] The
slightly hygroscopic nature of Sr(NO3)2 was not a problem in
this case, since the rare earth containing sparklers were kept
under a dry atmosphere. Since the non-aqueous conditions pro-
hibit any dissolution of the nitrate, which usually improves the
mixing process, Sr(NO3)2 was ball-milled to fine powder be-
fore use. Fine aluminum flakes were used as basic fuel accord-
ing to the standard formulation and with the typical particle
size of 40 μm, which prohibits visible spark formation from
aluminum powder.[46] The slurry obtained from this formula-
tion was found to be well-suited to coat iron rods (insert of
Figure 7a). After drying, mechanically stable sparklers were
obtained. The sparklers turned out to be hard to ignite. After
heating the tip of the sparklers with a gas flame, the reaction
proceeded very fast and the whole sparkler burned within a
fraction of a second. Obviously, the hot burning rare earth met-
als led to a very fast burn rate of the sparkler formulation.
Still, we were able to capture some photographic images (Fig-
ure 7). In agreement with the results of the smokeless foun-
tains, the Sm based sparkler did not eject colored sparks, but
an intense red flash is observed. The Y based sparkler burst
into a dense cloud of long-flying sparks. The reaction was too
fast to capture isolated sparks, but the overall appearance is
comparable to the fountain discussed above. As reference, the
same formulation was prepared with iron powder and led to a
sluggishly burning sparkler slowly ejecting iron sparks. Over-
all, we conclude the sparkling formulations based on the rare
earth metal powders to be far too reactive.

Conclusions
Rare earth metals powders provide a unique burning behav-

ior with intensely colored flames. All rare earth metals investi-
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Figure 7. Photographic images of burning sparklers based on (a) sa-
marium (insert: coated steel rod) and (b) yttrium powder.

gated here fulfill Glassman’s criterion, although the boiling
point of the highest boiling metals reaches quite close to the
boiling point of the corresponding oxide. Consequently, we
were able to detect colorful gas phase combustion for all
sparks obtained from these metals on photographic images and
the corresponding element-specific emission bands from the
metal monoxides in the emission spectra. Since the boiling
point of the metal oxides are rather close to each other, and
the reactivity of the metals can be seen as quite identical, too,
the main difference of the rare earth samples discussed here is
the boiling point of the metal. In nice agreement with Gordon’s
limit we can classify the metals in roughly 3 groups. Yb and
Sm, with a boiling point below or close to Gordon’s limit,
provide solely colorful vapor phase combustion. Lu and Y,
with boiling points above 3000 °C, reveal mainly surface com-
bustion which is based solely on black body emission and only
a very short vapor phase combustion stage. Er and Tm, with a
boiling point just between these two extrema, provide long
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surface combustion and vapor phase combustion stages ac-
companied by a pronounced color change.

All sparks from the latter two groups reveal a general burn-
ing behavior based on a surface combustion stage 1 directly
after ignition, a radiation jump to stage 2, which is charac-
terized by vapor phase combustion and element-specific emis-
sion, respectively, and subsequently decreasing radiation inten-
sity towards the second surface combustion phase finalized by
branching.

Interestingly, all emission spectra of the isolated sparks are
solely based on the metal monoxide emission bands and we
did not detect significant emission from hot rare earth oxides
(as stable reaction product) or from atomic emission lines. This
is in contrast to the emission observed from burning larger
amounts of the materials as bulk powder.

The rare earth metal powders were investigated concerning
their applicability as sparkling fuel in NC/AP based fountains.
Again, the boiling point of the metal dominates the resulting
visual appearance and the same pyrotechnic composition re-
veals completely different effects depending on the metal. We
found Yb and Sm to burn too fast to form longer sparks, as
they hardly reach out of the tube although the particle size of
the metal powders was coarse (above 100 μm). Instead, Yb
with the lowest boiling point burns fast enough to form bright
flashes and the composition appears as a green strobe. The Tm
particles, with an increased boiling point, reach out of the tube
and burst into smaller particles with an intense crackling
sound. The resulting cloud of sparks represents an intense
golden/green color change. Er, with a higher boiling point
again, forms long-flying sparks with a bright green vapor
phase combustion stage. Y and Lu, with the highest boiling
points, lead to long-flying, brilliant white sparks finalized by
branching while a colored vapor phase is virtually not visible.

Upcoming work will focus on alloys and intermetallic com-
pounds instead of the pure elements.

Experimental Section

Caution! The rare earth metal powders investigated here are highly
reactive and freshly prepared powders can be pyrophoric. Formulations
given are meant for research purpose only and may be unstable. Mix-
tures containing ammonium perchlorate and nitrocellulose are potential
explosives and should be handled with care. Rare earth metal contain-
ing formulations emit bright (UV) light and appropriate eye protection
is required.

Ytterbium (99.95%), yttrium (99.95%), lutetium (99.95%), erbium
(99.9%), thulium (99.95%), and samarium (99.9%) were obtained as
block from Onyxmet and have been rasped to powder with a stainless-
steel rasp under inert conditions. The resulting powder was carefully
checked for the absence of steel particles and the absence of iron on the
rare earth particles by energy dispersive X-ray spectroscopy (EDX).
Strontium nitrate (Alfa Aesar) was ball-milled with a Retsch MM400
swing-mill and 3 steel balls (12.6 mm) for 2 min at 30 Hz in portions
of 6 g (approx. 5 μm particle size). Stabilized and plasticized nitrocel-
lulose (pyroflash Spezialeffekte) with an overall nitrogen content of
9.6% was grinded to powder in a mortar with pestle. Ammonium per-
chlorate (Fluka), calcium carbonate (Sigma), aluminum flakes (40 mi-
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cron, Merck), charcoal powder (50 micron, Fisher) and butanone
(Sigma) were used as received.

Particle sizes of the rare earth metal powders were estimated by optical
microscopy (Carl Zeiss Axioskop 20 equipped with Olympus DP10
digital camera). Long-time exposures (shutter speed 1 s) were taken
with a digital camera (Nikon D40) referenced to the D65 white point.
Due to strongly differing brightness of the sparks, varying aperture
settings were used. Images were adjusted in overall brightness. No
color corrections or tone adjustments were applied. An IR cut filter at
950 nm was used to visualize the NIR region from 900–1100 nm. MIR
images (8000–14 000 nm) were taken with a Testo T885 IR camera.
Emission spectrometric measurements were recorded with an AvaS-
pec-2048-USB2 spectrometer (Avantes) equipped with a 600 μm
multimode glass fiber (Avantes FCB-UV/IR600-2-ME). The combina-
tion of spectrometer and fiber was calibrated with an incandescent
tungsten lamp at 2715 K. All spectra were recorded with an integration
time of 1 ms and spectra were recorded every 8 ms. Planck curve fits
were prepared with OriginPro 2015. Chromaticity diagrams according
to the CIE 1931 standard (Commission internationale de l’éclairage)
were prepared with GoCIE v2[47] with CIE standard illuminant D65
as white reference point. All powders were passed into the centre of the
invisible gas flame of a Teclu burner operated with methane through
an aluminum tube from a distance of 20 cm.

Smokeless Fountain: A paper tube (5 cm length, 1 cm inner diameter,
2.5 mm wall thickness) was plugged with bentonite, which was
strongly compactified by a plunger up to 2 cm from the top. Plastified
nitrocellulose grinded to fine powder powder (1.10 g), ammonium per-
chlorate powder (0.30 g) and rare-earth metal powder (0.20 g) were
mixed by repeated shifting on a paper sheet. The resulting mixture was
inserted into the upper compartment of the paper tube until it was flush
with the ending of the tube. The burn time is 11–13 s.

Electric Sparkler: Fine powder of strontium nitrate (1.66 g), alumi-
num powder (0.27 g) calcium carbonate (0.03 g), charcoal (0.02 g) and
the rare-earth metal powder (1.00 g) were mixed by repeated shifting
on a paper sheet. The mixture was filled in small tubes and soaked
with a solution of nitrocellulose in 2-butanone (1.65 mL, c = 20%).
The slurry was stirred several minutes and subsequently steel rods
(10 cm length, 1 mm diameter) were coated by repeated dipping into
the mixture up to a total thickness of approx. 3 mm on a length of
2 cm. The rods were dried in a water-free atmosphere.

Supporting Information (see footnote on the first page of this article):
Additional NIR/MIR images as well as microscopic images of all
metal powders (pdf). High-resolution slow motion video compilation
of the smokeless fountains containing all rare earth metal powders
discussed here (mp4).
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