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Abstract

The evolution in carbon particle size and carbon bonds was observed with increasing flame temperature
for a fixed growth time (7, ~ 13 ms) and equivalence ratio (& =2.5) in set of sooting premixed stagnation
flames. For carbon formed in each flame, detailed particle size distribution functions (PSDF) and Raman
spectra (excitation energy of 2.33eV) were measured as the maximum flame temperature increased from
1911 K < T} nar < 2263 K. The PSDF steadily decreased in size and narrowed in width as the flame temper-
ature increased, a trend which reversibility in precursors is expected to cause for carbon particles formed
at elevated temperatures. Several features of the Raman spectra were used to analyze carbon bonds on the
flame-formed carbon with increasing flame temperature. Typical features of Raman spectra corresponding
to soot were observed for carbon products formed with 77,,.x = 1911 K. The widths of the overall G (sp? in
ideal graphite) and D (sp? defects) Raman bands narrowed significantly in spectra from elevated temperature
flame carbon. The intensity of the amorphous band (D3) relative the G band decreased. For carbon prod-
ucts of the lower temperature flames, a relatively wide band in the vicinity of 1600 cm~! encompassing the
G band was observed. As the flame temperature increased, two separate peaks were observed in this region;
the G band and a separate band in the vicinity of 1620 cm~!. The characteristic distance between defects was
estimated to grow from 1 nm to 2 nm for carbon products formed at T ,,.x = 1911 K and 2260 K, respectively.
The corresponding surface area observed at these conditions was on the order of 600 nm? and 200 nm? per
particle, respectively, which indicates the relative area of ordered structures on the particle increases.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The structure of soot and flame-formed car-
bon contains amorphous and graphitic compo-
nents with wide variations depending on many
of factors [1-4]. The structure details depend on
properties of the growth environment such as fuel
structure [2], growth time/particle age [5-9], tem-
perature [10] and gas-phase composition [6,11-14].
This leads to a wide range of known structures
for carbon particulate products emanating from
flames and combustion-powered devices (see e.g
[15]). The variety in structures introduces envi-
ronmental [16] and health ramifications [17] for
combustion-based emissions. In addition, the di-
versity in flame-produced carbon has enabled se-
lective production of functional carbon nanoma-
terials [18-21].

As first demonstrated fully in Sadezky et al.
[22], the Raman spectra of soot and related carbon
materials can be used to elucidate fine structural
details. Analysis of Raman spectra has greatly
contributed to the refinement of soot parameters
such as the absorption cross-section (see e.g. [23]),
optical bandgap (see e.g [24]) and graphitic crystal-
lite size (see e.g [25]). Investigations of soot formed
in engines exist [15,22] but more systematic obser-
vations in terms of fundamental formation and
growth factors have been carried out in laboratory
flames. The Raman spectra of flame-formed car-
bon has been analyzed in laminar premixed flames
[7,8,13,26,27], co-flow diffusion flames [9,25,28,29],
inverted diffusion flames [23] and inverse flames
[24]. In the current work, the evolution in nascent
flame-formed carbon nanoparticle structure will
be investigated by systematically observing the
effect of flame temperature in a set of pseudo
one-dimensional premixed flames. Specifically, the
evolution of Raman spectra for carbon products
formed in separate flames under similar growth
times will be examined in premixed flat flames
having temperatures spanning 1900-2260 K.

The unique stabilization mechanism of pre-
mixed flat flames (also known as stretch-stabilized
flames and stagnation flames) does not rely on
heat loss to the burner and this enables relatively
high flame temperatures to be accessed [30]. The
high temperatures are expected to allow for ob-
servation of carbon nanoparticles having C/H
ratios greater than commonly reported for flame
soot. Dehydrogenation from the particle surface
is expected at higher temperatures based on the
thermodynamic prediction that hydrogen gas evo-
lution drives the process due to entropy increase
[4]. Starting from the extensive work of Dobbins
and co-workers [5,10,31], the kinetics of soot
particle carbonization have also been developed to
describe the evolution from precursor particles to
particles having decreased hydrocarbon-to-carbon
ratio [32-36]. Details of the Raman spectra will be
assessed in the current study to describe the nature

of carbon bonds for particles formed in flames
with elevated flame temperatures.

The evolution of particle size distribution
function (PSDF) will also be measured by mobility
sizing to give further details on the nascent carbon
nanoparticle structure. Extensive studies on the
evolution of nascent soot PSDF exist in terms of
flame temperature [37-39], fuel structure [40-46],
sooting level/equivalence ratio [39,47,48] and age
[7,49] but systematic measurements of PSDFs
from relatively high-temperature (77, > 2100 K)
flames have only been recently been achieved with
the introduction of probed premixed flat flames
[50]. In addition, embedding a probe at the stagna-
tion surface enables probe sampling and sample de-
position with boundary conditions more precisely
defined than other probe and deposition geome-
tries [51-53]. The combination of Raman spec-
troscopy and mobility sizing has been carried out in
several works [8,13.18,23] but a unique focus of the
current work is the flame temperature effect at rela-
tively high temperature (1900 K < T, < 2260 K)
for flame-formed carbon nanoparticles in the
nucleation and early growth stages.

2. Experimental

The experiments center around the stationary
premixed planar flame in stagnation flow [30] which
is stabilized by flow-stretch rather than heat loss.
In these flames, temperatures can approach or ex-
ceed the adiabatic flame temperature depending on
the Lewis number [30]. In the current work, the
flow stagnation is induced by a solid aluminum
plate with a sampling probe orifice embedded flush
to the stagnation surface. The experimental setup,
summarized in Fig. 1, includes an aerodynami-
cally shaped nozzle (nozzle diameter is 1.43 cm),
a stagnation surface/sampling probe assembly and
a Scanning Mobility Particle Sizer (SMPS) setup.
The nozzle, sampling assembly and sampling pro-
cedures have been discussed previously [50-52].
The SMPS setup, however, has changed signifi-
cantly. The TSI 1 nm Scanning Mobility Particle
Sizer is used here (TSI 3838E77). This system is
composed of a dual voltage classifier (TSI 308,202),
a Kr-85 bi-polar diffusion charger (Neutralizer TSI
3077A), 1 nm differential mobility analyzer (DMA)
(TSI 3086), a diethylene glycol-based (DEG) con-
densation particle counter (CPC) (so-called Na-
noenhancer, TSI 3777) and a butanol-based CPC
(TSI 3772). TSI Aerosol Instrument Manager Soft-
ware (version 10.2) is used to collect and export the
PSDFs.

The DEG-based CPC is meant to allow for
counting of particles with mobility diameters as
small as 1.4nm. Mobility sizing of soot in the
DMA can classify particles approaching 1 nm but
counting particles in this size range has required
faraday cup electrometers [54,55] or, more recently,
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Fig. 1.

Experimental setup consisting of an aerodynamically shaped nozzle (a), a stagnation surface/sampling probe as-

sembly (b) an SMPS in the “alternative” configuration defined by the vendor (c), and the setup for collecting flame formed

carbon deposits for off-line analysis (d).

Table 1

Flame parameters? and lognormal distribution parameters measured for the large particle-size mode'.
CH» 0,0 ArP T max” t,,(L)d Velocity®, v, Separation N, x 1(_)’10 o4 2f (Do)

(K) (ms) (cm/s) distance, L (cm) (cm™)! (nm)

0.131 0.158 0.711 1911 14 46.5 14 - - -
0.145 0.173  0.682 1987 13 53.1 1.4 4.9 2.0 13.0
0.150 0.180  0.670 2030 13 51.2 1.4 - - -
0.160 0.192 0.648 2083 13 479 1.4 8.9 1.6 8.5
0.175 0.210 0.615 2164 14 101.1 2.5 9.0 1.4 6.8
0.183 0.220 0.597 2221 13 96.6 2.5 8.5 1.4 7.2
0.196 0.236  0.569 2255 6 106.8 2.5 7.0 1.3 6.1
0.196 0.236  0.569 2260 13 88.0 1.4 5.3 1.3 7.6
0.196 0.236  0.569 2263 16 84.8 3.6 4.6 1.4 8.4

4 All unburned mixtures have the equivalence ratio equal to 2.5.

b Mole fractions.

¢ Computed using OPPDIF and USC Mech II with Tp,er = 343 K and 7,05, =410 K.

d Computed based on the time to reach the position of Tfmax to the position of the stagnation surface.
¢ Unburned gas velocity at 298 K and 1 atm. Sheath N, velocity for each flame is v,.

f The 2 subscript denotes the lognormal distribution parameters of the larger growth mode.

DEG-based CPCs [49]. As Fig. 1 shows, the SMPS
is in the “alternative” configuration suggested by
TSI to minimize diffusion losses before the CPCs.
The flow into the neutralizer is 5 SLPM and 2.5
SLPM flows into the DMA, the balance of which
bypasses to exhaust. The sheath flow through the
DMA (25 SLPM) is controlled in the electrostatic
classifier housing and this gives a 10:1 sheath to
aerosol flow. The DMA polarity is set to positive
in the current work. The mobility diameter is cor-
rected here for free molecular regime effects [56].
The series of flames, all premixed ethylene—
oxygen—argon flames, are designed to isolate the
temperature effect on evolution of carbon struc-
ture and particle size. The flame flow parameters
and corresponding PDSF parameters measured for
each flame are summarized in Table 1. The flame

structure was predicted by OPPDIF calculations
[57,58] using USC Mech II [59] with multicom-
ponent transport, thermal diffusion and radiation
of CO, and H,0 considered. As discussed previ-
ously, reasonable agreement between the OPPDIF
prediction and measured flame position can be
achieved if plug flow exists at the burner bound-
ary and the nozzle-to-separation distance ratio is
below unity [50]. The maximum flame tempera-
ture, Tyuqy, is largely dependent upon the flame
diluent (argon) in stagnation flat flames and the
flame diluent mole fraction was adjusted to give
1911 K < Ty <2263 K all at & =2.5.

The flame standoff distance (considered here
to be the position of maximum flame tempera-
ture to position of the stagnation surface) is de-
termined by the kinematic balance between the
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local flame speed and the normal flow velocity im-
mediately upstream of the flame surface [30]. For
a given flame temperature, the flame standoff dis-
tance was manipulated by a combination of cold
flow velocity and nozzle-to-stagnation surface sep-
aration distance, L, manipulation. In the current
work, these combinations were designed to achieve
similar growth times (~13 ms) for the seven flame
temperature conditions studied. The growth time,
t,, listed in Table 1 is considered to be the time
to traverse through the flame standoff distance at
the convective and thermophoretic velocity pre-
dicted by OPPDIF [50]. A set of experiments with
varying growth time was also carried out for the
highest temperature flame. As will be discussed be-
low, the PSDF was fitted to a lognormal distri-
bution for the larger growth mode (subscript 2 in
Table 1). In addition, the PSDF were not measured
for Ty, = 1911 and 2030 K because the PSDF is
expected to resemble the measurements taken at
nearby temperature conditions.

The maximum flame temperature was mea-
sured for the hottest temperature flame by analyz-
ing images taken by a commercial DSLR camera
(NIKON D3400) with the infrared filter removed.
Three separate images were recorded with different
bandpass filters (450 nm, 650 nm and 900 nm, An-
dover FS20) placed in front of the camera lens. A
two-color carbon pyrometry technique [57] was ap-
plied assuming that each filtered image corresponds
to “color” specific intensity of blackbody radiation
emanating from the flame carbon. Further details
on the temperature measurement are in the supple-
mentary material. The OPPDIF prediction for the
hottest flame at ¢, =13 ms is T}, = 2260 K. The
result of the pyrometry measurement at this condi-
tion was T = 2250+ 55K where this reported
value is the midpoint of a 110K range of predic-
tions resulting from 15 combinations of filter inten-
sity ratios and camera shutter speeds.

Raman spectroscopy was carried out off-line for
carbon deposits collected from each flame stud-
ied. The sampling probe/stagnation probe assembly
was removed and replaced with a separate stagna-
tion surface, shown in Fig. 1, designed to serve as a
stage for deposition substrates over the flame. The
stage is a 2 mm thick aluminum, water-cooled stag-
nation surface that was designed with a 3 cm diam-
eter window to mount 1 mm thick aluminum plates
(3cm x 3cm) over the area of the flat flame. The
window was tapered such that deposition plates
were effectively flush giving a nozzle-to-stagnation
separation distance identical to the corresponding
probe sampling experiments. Aluminum was cho-
sen over quartz as the deposition surface material
because high thermal conductivity is required to
maintain the 400 K temperature at the deposition
surface. The heat flux emanating from the hottest
flames induces excessive temperatures at the depo-
sition surface which causes a significant loss in de-
position efficiency if cooling heat transfer is not

fast enough. An ice bath in a thin-walled SS ves-
sel placed over the aluminum deposition surface
was necessary to enable deposition of flame par-
ticles with a steady boundary condition. The tem-
perature of the deposition surface was monitored
by a thin wire (0.125 micron) type K thermocouple
placed on the non-deposition side of the aluminum
plate and under the ice bath. The deposition tem-
perature was maintained at 430 4 20 K for all flame
conditions. A Thermo DXR2 Raman Microscope
with a 532 nm excitation source was used to mea-
sure Raman spectra with Raman shifts spanning
300-3000 cm~'. The laser was focused under a 50x
objective at I mW power and care was taken to pre-
vent modifications to the carbon structure by laser
excitation. A temporary fluorescence background
was observed (which is evidence that adsorbed gas-
phase PAH is not present in the samples) but spec-
tra were only analyzed after the background inten-
sity reached a steady level.

3. Results and discussion

The premixed flat flames studied herein have a
pseudo one-dimensional flame structure [58] that
can be manipulated to systematically observe
carbon-formation in terms of growth time and tem-
perature. The current series of flames are designed
to isolate the effect of flame temperature for a
fixed growth time (7, ~13 ms) and equivalence ra-
tio (& =2.5). As Table 1 shows, this was achieved
for each flame by a suitable combination of ar-
gon flame diluent concentration, total flow veloc-
ity and nozzle-to-stagnation separation distance.
The evolution of mobility diameter PSDF from
1987 K < T max < 2260 K with a fixed growth time
with ¢, ~13ms is shown in Fig. 2. The qualita-
tive features of the current PSDFs are similar to
those previously reported in lightly sooting pre-
mixed flames approaching 2000 K flame temper-
atures [37,39,44.,45]. Namely, the size of particles
decreases as the temperature increases for a given
equivalence ratio.

Analysis of the quantitative features of so-
called nucleation mode of particles below 2nm
is limited by experimental uncertainties. Specifi-
cally, systematic work by Carbone and co-workers
[54,55] has shown that the typical bi-polar diffu-
sion chargers can deviate from the assumed charge
distribution (in terms of number and+/- sym-
metry) depending on the time duration of diffu-
sion charging, particle size, particle composition
and amount of pre-ionized particles. Another lim-
itation of the current nucleation mode measure-
ment is the unknown penetration of small particles
through the SMPS in the “alternative” configura-
tion. Even though the penetration is not known,
this configuration is recommended by TSI because
the particle loss due to diffusion in the conven-
tional configuration is excessively higher. Solutions
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Fig. 2. Measured PSDFs for flame-formed carbon with
growth time and equivalence ratio fixed at z, ~ 13 ms and
® =2.5. Symbols are 3 separate experimental runs and
the dotted line is a fit to the log-normal distribution for
the growth mode of the PDSF. The particle growth time
was varied in the case of Ty mqy = 2260 K (bottom row).

to the aforementioned challenges are beyond the
scope of the present study. Measured PSDFs are
presented here with observed nucleation modes suf-
fering from uncertainty but not artificially altered
by the diffusion correction option in the AIM soft-
ware. The penetration of nucleation size particles is

less than 5% even without the additional equivalent
length introduced by the DEG-CPC pathway.

The larger-size growth mode is the focus of the
current analysis and fits to a log-normal distribu-
tion are shown in Fig. 2 with parameters tabulated
in Table 1. The evolution begins at T}, = 1987K
with a growth mode centered at (D,,,) = 13.0 nm.
As expected, the median particle size decreases
as the temperature is increased under compara-
ble conditions. A corresponding narrowing of the
distributions is also observed. For the first time,
PSDFs were measured from premixed flames hav-
ing temperatures exceeding 2200 K. The relatively
high ® =2.5 was chosen because the PSDF was ex-
pected to decrease substantially due to reversibility
in soot precursor growth [4,33,50] at elevated tem-
peratures. The PDSFs in flames exceeding 2200 K
in temperature show somewhat of a split between
the nucleation and growth modes over time. This
split is exemplified in measured PSDFs shown in
Fig. 4 with T}, =2260 K for a series of 7, =6, 12
and 16 ms. These measured PSDF show a nucle-
ation mode at the earliest growth stage that stays
relatively static as the growth mode increases to
larger sizes over time.

Raman spectra were measured for each flame
to observe the evolution in carbon structure with
flame temperature. The well-defined boundary con-
dition of sampling at a stagnation surface that has
served as a useful compliment to soot modeling
studies (see e.g., [35,44,60-63] is extended in the
current work for deposition of nanoparticle films.
Raman spectra measured off-line correspond to
the same condition that the PSDF were measured
and any discrepancy in the material properties, i.e.
PSDF and sp® bonding, between aerosol and de-
posited samples is expected to be insignificant. The
temperature throughout the thin deposited car-
bon layer is expected to be uniformly low which
would indicate that temperature induced modifi-
cations over time are minimal. The evolution in
first-order (1000-1780 cm™') Raman spectra of as-
deposited carbon with respect to flame temperature
for a fixed particle growth time and equivalence ra-
tio ( ¢, ~13ms and ® =2.5) is shown in Fig. 3.
The measured spectra before baseline correction in-
cluding the secondary bands (100-3500 cm~! ) are
in the supplemental material. Spectrum intensities
were normalized to the highest intensity value mea-
sured in the spectrum and a polynomial was used in
Matlab to correct the luminescent background. De-
tails on the baseline correction and insensitivity to
the polynomial order is included in the supplemen-
tal material. Striking trends and fine details about
the evolution in carbon bonds can be elucidated
for the 1911 K < 7§, < 2263 K series presented in
Fig. 3. The expected first-order G and D bands re-
lating to sp” carbon networks are observed in prod-
ucts of each flame but major differences in details
in these bands are observed. A 5-band curve-fitting
technique was applied in Matlab following the
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Fig. 3. Measured Raman spectra for flame-formed car-
bon with growth time and equivalence ratio fixed at 7, ~
13ms and ® =2.5. The bold black line is the measured
spectra and the grey line is the curve fit composed of 5 dif-
ferent bands. The deconvoluted bands curve fits are also
shown.

methods and band designations of Sadezky et al.
[15,22]. Following the methods of Tuinstra and
Koenig [64] and others since, the details of the G
and D bands of the Raman spectrum will be as-
sessed [64-66]. The D2 band has been proposed
to originate from surface graphene defects [66], the
D3 band has been attributed to amorphous carbon,
and the D4 band has been attributed to polyenes
and/or ionic impurities [22]. All of the above-
mentioned bands were fitted with Lorentzian
shapes except for the D3 band (Gaussian).

Typical features of Raman spectra correspond-
ing to soot were observed for carbon products
formed with TF,.. =1911K. The widths of the
overall G and D bands narrowed significantly in
spectra corresponding to flame carbon formed at
elevated temperature. For carbon products of the
lower temperature flames, a relatively wide band in
the vicinity of 1600 cm~! encompassing the G band
was observed in the Raman spectra. As the flame
temperature increased, two separate peaks were ob-
served in this region; the G band and a separate
band in the vicinity of 1620 cm~!. Recent theoret-
ical predictions of Raman spectra for carbon ma-
terials having relatively small graphite-like regions
rule out the proposed double resonance origin of
the D2 band [69]. However, discussion of the D2
band origin is beyond the scope of this work and
band in the vicinity of 1620 cm~! will be denoted
as D2 for illustrative purposes.

The intensity ratio of the D1 peak relative to
G gives insight into the evolution of carbon struc-
ture for particles formed at increasing flame tem-
perature. The amorphous band (D3) intensity rela-
tive the G band decreases for particles formed at
elevated flame temperature. Both of these trends
have been shown to indicate increasing structural
order which implies that the particles formed un-
der increasing flame temperatures have a relatively
ordered structure [22,67,68]. A dramatic evolution
of the D2 band intensity relative the G band oc-
curs. For Raman spectra corresponding to carbon
formed at lower temperature, the D2 intensity is
greater than the G band intensity. For particles
formed at higher temperatures, then the relative in-
tensity flips such that the G band intensity is higher
than the D2 band. Similar prominent D2 features
were discussed in reference to graphite lattice or-
der in flame-formed nano-disks [18] but the rela-
tive intensity and sharpness of the D2 are unique
to the current work. A series Raman spectra corre-
sponding to flame-formed carbon samples formed
in flames with 7}, =2260K and t,=6, 13 and
16 ms is shown in Fig. 4. The prominent and rel-
atively isolated D2 peaks are also observed for ear-
lier and later times at 7, = 2260 K.

The ratio of D and G band intensities are reg-
ularly used to quantify structural parameters such
as the in-plane crystallite size, the characteristic
distance between defects and graphitic crystallite
aspect ratios. The intensity of the G band, /g, is
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Fig. 4. Measured Raman spectra for flame-formed car-
bon with T 4y = 2260 K and & =2.5.

known to be proportional to the sample area and
the intensity of the D1 band, Ip, is known to scale
with edge of defects in the lattice [68]. Due to the
expected amorphous structure for products of low
temperature flames, the intensity of the two bands
will be correlated to the characteristic distance be-
tween defects, L, in the high defect density regime
[68]:

L =54 x 10-2EL4I£

e
where L, is in nanometers and the Raman exci-
tation energy, E; is inputted in eV (2.33¢eV cur-
rently). Intensity ratios with respect to the G band
are shown in Fig. 5. The ratio Ip; / I and Ip, /
I consider the deconvoluted peak intensities of
D1, D2 and G. Ip,/Ip, is also shown. The predic-
tion of the distance between defects based on the
above equation is also included in Fig. 5. The dis-
tance between defects, L;, increases from 1.6 nm
for carbon formed with 77,,,c =1911K to 2.3nm
for carbon formed with 77, =2260K. The de-
fect distance at 77, = 1911 K is slightly higher
than the in-plane graphite crystallite size reported
for soot and related carbon materials. The sharpest
change in intensity ratios is observed between car-
bon products formed in flames having 77 ., = 2030
and 2083 K and a flip in the intensity ratio between
D2 and G is observed here as well. The system-
atic transition from ordered graphene layers to car-
bon with a high defect density has been previously
described [68] in terms of bands and intensity ra-
tios of the Raman spectra. The narrowing of the
Raman bands and increasing Ip;/I; ratio with in-
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Fig. 5. Intensity ratios and characteristic distance be-
tween defects, Ly, for the series of flames studied. Lines
are drawn to guide the eye.

creasing flame temperature currently observed in-
dicates that flame formed carbon follows this trend
in reverse. Namely, the global structure of flame
formed carbon transitions from high defect density
carbon at lower temperature to more ordered lay-
ers at higher flame temperature. The overall trend
in crystallite growth observed currently agrees with
reports on aromatic sp> on soot with growing mass
and age [8,23-29] but the current observations give
further details on the evolution as a function of
flame temperature.

The evolution in PSDF and Raman spectra for
flame-formed carbon as a function of flame tem-
perature presented here sheds light on evolution of
aromatic sp> bonds and other details of structural
order during early growth stages. Firstly, the range
of PSDF observed confirms that the evolution in
Raman spectra is observed for flame carbon in early
growth stages. A rough estimate of the surface area
per particle is on the order of on 500 and 200 nm?
for a particles formed at 77,y = 1911 and 2260 K,
respectively. This estimate is based on the median
diameter of growth mode listed in Table 1. While
the surface area (size) per particle decreases with
temperature, the characteristic length between de-
fects increases. This implies that the relative frac-
tion of aromatic sp? area (or order) on the parti-
cle surface increases with flame temperature for the
conditions studied. The effect on surface curvature
is also expected to affect the interpretation of the
Raman spectra in terms of carbon structure, espe-
cially for relatively small particles.

For a distribution of particle sizes, the varia-
tion in particle structure will naturally increase but
any observed effect on the local carbon structure
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giving rise to the Raman spectra is difficult to dis-
cern. Narrowing of bandwidths has been explained
on a sound basis of graphitization and structure
disorder but this effect has only been considered
for monodisperse size (particle or grain) distribu-
tion. The ability to observe PSDF with varied ge-
ometric standard deviations also allows for the ex-
ploration of the size distribution effect on Raman
spectra. More information on details of the global
particle structure beyond insights into sp> bonding
are needed. Future work including microscopy and
other analyses will further elucidate the flame tem-
perature effect on the evolution in flame-formed
carbon particle size and graphite-like structure.

4. Conclusion

The evolution in PSDF and Raman spectra
corresponding to carbon particles formed in pre-
mixed flames with increasing flame temperature
was observed. The measurements were taken for
a fixed growth time (z, ~13ms) and equivalence
ratio (® =2.5). Details of the flame-formed car-
bon structured were elucidated from these evo-
lutions spanning 1911 K < Tj,.y <2263 K. The
PSDF began with a growth mode centered at
(Dp2) =13.0nm for Ty, =1987K and steadily
decreased in size as the flame temperature in-
creased, a trend which reversibility in precursors is
expected to cause at these elevated temperatures.
For the first time, the detailed PSDF of carbon
formed in flames having Tf .. >2200K is pre-
sented here. For these PSDF, a bimodal distribu-
tion is observed and the evolution with time leads to
an increase in the growth mode from (D, ;) =6.1-
8.4nm while the nucleation mode stays static in
terms of size and number.

Information about the evolution in carbon
structure was also observed by Raman spec-
troscopy analysis. Several features of Raman spec-
tra measured from flame-formed carbon were used
to analyze the evolution in sp?> carbon bonding
and structure ordering with increasing flame tem-
perature. The bandwidths of the overall G and D
bands narrowed significantly in Raman spectra of
particles formed at elevated temperature. The in-
tensity of the amorphous band (D3) and defect
(D2) band relative the G band decreased as well.
A unique feature of the Raman spectra observed
here was the prominence of D2 band in terms of
the dramatic evolution with flame temperature and
eventual bandwidth narrowing leading to a dis-
tinct peak emerging. The intensity ratios of the
D1 and D2 peaks relative to G gave insight into
the carbon structure as a function of flame tem-
perature. These ratios allowed for the prediction
of the distance between defects increasing from
Inm to 2nm for particles formed under increas-
ing temperature while the corresponding particle
size dropped. The measurements obtained here un-

der well-defined boundary conditions are expected
to compliment theoretical and modeling studies of
size and carbon structure evolution in flames.
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