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ABSTRACT

In this study coatings of kaolin and talc particles were successfully applied on

the surface of polyamide 12 powder intended for laser sintering (LS). Micro-

scopic observations revealed that using carboxymethyl cellulose (CMC) as

surface modifier for fillers led to a better coverage of polymer grains with a

surface coverage between 6 and 16% as a function of filler type and content.

Differential scanning calorimetry measurements showed that the addition of

talc and kaolin led to an increase in the crystallization temperature of PA12, but

at the expense of processability. Process parameters were optimized in order to

manufacture LS samples with the different coated powders. Fire behavior

assessed by cone calorimetry showed that the use of CMC resulted in a sig-

nificant decrease in the peak of heat release rate depending on the filler type and

content. This behavior can be partially explained by an interaction between

CMC, fillers and polymer, with the formation of amide linkage between car-

boxyl part of CMC and amine end groups of polyamide, resulting in an increase

in the complex viscosity of materials.

Introduction

Various additive manufacturing (AM) techniques are

available at industrial scale. Among them, laser sin-

tering (LS) is attracting much attention because of its

capability to build parts with very complex geome-

tries without assembling. LS consists in the

manufacturing of parts from CAD models using a

layer-by-layer material deposition and consolidation

approach. Powder layers, typically from 60 to

150 lm, are consecutively deposited and selectively

fused often using a CO2 laser beam. The process

starts with the heating of the polymer powder to a

temperature which is just below its melting point. A

laser scans the powder bed and selectively melts the
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polymer which corresponds to the layer of the object

to be built. The build platform is lowered by the

thickness of one layer, a new powder layer is applied,

and the process repeats itself. The characteristics of

LS allow its use for the production of prototypes or

parts for various industries, as aerospace and

defense, which have some of the toughest perfor-

mance standards particularly in terms of flame

retardancy. Moreover, the characteristics of LS pro-

cess strongly limit the materials that can be used. In

order to confer specific functional properties of parts

made by LS, various studies evaluated the use of

micronic or nanometric inorganic particles, such as,

for example, glass beads [1], silicon carbide (SiC) [2],

aluminum powders [3], hydroxyapatite (HA) [4],

organo-modified clays [5] and silica [6]. Several

studies focused on the incorporation of reinforcing

materials to achieve mechanical properties enhance-

ment of sintered parts made of polyamide 12 [7–9],

whereas other studies evaluated the thermal and

electrical properties using multi walled carbon nan-

otubes [10]. A series of works conducted by Ippolito

et al. evaluated the influence of calcium carbonate on

thermal properties of polyamide 12 prepared by

extrusion [11–14]. In their work, the influence of

particle size on crystallization and melting tempera-

ture was also evaluated. It was shown that, with a

careful selection of particle size distribution, it is

possible to tailor the crystallization kinetics of PA12

in order to enhance its processability by LS. How-

ever, some drawbacks of the use of fillers or rein-

forcements are their dispersion, changes in viscosity

and interactions with the laser beam. Various

methodologies were proposed in order to disperse

particles in PA12 for LS process as grinding [15, 16],

mechanical dry blending [17, 18] or solution mixing

[6, 19]. Tan et al. [20] reported the advantages and

disadvantages of the various composite powder

preparation methods as well as their applications.

The mechanical dry blending seems the simplest and

the most common methodology to blend polymer

powder and additives, fillers or reinforcements.

However, the interaction and the surface coverage of

polymer powder should be controlled in order to

achieve a good melting and coalescence of particles.

For example, Espera Jr. et al. [17] evaluated the

addition of carbon black (1.5–10 wt%) by mechanical

blending but showed that the addition of more than

3 wt% (which corresponds to a coverage of 4.26% of

the surface of PA12 particles) appears detrimental to

the mechanical properties.

Hence, a necessary condition to maximize the

functionalities of submicronic particles such as car-

bon nanofillers of nanoclays is to perform a good

dispersion in or on the polymer powder particles.

The use of surfactants could be of prime interest to

fulfil these objectives. Yuan et al. [21] used MWCNTs

treated with a surfactant to ensure a good dispersion

on PA12 powder particles. This method of surface

coating in which polymer powders and nanofillers

are dispersed using a water/surfactant solution to

form a suspension was also applied to other polymer

powders such as PEEK or TPU [22, 23]. Moreover,

this method was also extended to phyllosilicates such

as montmorillonite [5]. It is well known that various

types of ultrafine of nanometric layered silicates are

usually incorporated in polyamides to improve their

properties. Kaolinite and talc can be processed at

industrial scale in order to lead to ultrafine particles

conferring similar reinforcement or barrier properties

as organo-modified montmorillonites. Kaolin is an

aluminosilicate with a theoretical formula of Al2Si2-
O5(OH)4. It is composed of one tetrahedral layer of

silica (SiO4) linked to one octahedral sheet of alumina

(AlO6) [24]. Talc is a magnesium silicate with a the-

oretical formula of Mg3Si4O10(OH)2 [25]. Various

works in literature evaluated the influence of kaolin

and talc in polypropylene [26, 27], ethylene vinyl

acetate [28], polyamide 6 and 6,6 in terms of

mechanical properties [29] and fire behavior [30, 31].

The incorporation of ultrafine particles of kaolin and

talc lead to a noticeable improvement in terms of fire

behavior due to their mode of action which is related

to the formation of a protective surface layer. This

mode of action was reported in the literature for

various submicronic lamellar fillers [31–37] even

though if their use is recommended in combination

with usual flame retardants to achieve synergistic

effects [38]. Nevertheless, some silicates have a neg-

ative influence on the polyamide degradation due to

the release of water and the presence of hydroxyl

surface groups which can induce the hydrolysis of

macromolecular chains, impairing the thermal sta-

bility and processability of polymers. Some surface

treatments such as silane coupling agents [31, 39–41]

can interact with hydroxyl groups to prevent

hydrolysis phenomena. They are also devoted to

improve the dispersion and could change the vis-

coelastic behavior of composites which may lead to



an improved fire behavior [31]. Hence, it could be

expected that some surface treatments carried out on

ultrafine silicates through a surface coating method

could be compatible with the LS process, promote

dispersion and limit the hydrolysis of polyamide 12

powders processed by LS.

A previous study of our research group [18] eval-

uated the influence of various flame retardants and

some layered silicates on the flowability and pro-

cessability of PA12. It was shown that not all flame

retardants commonly used for PA12 can be used in

the production of LS parts. Considering that there is a

lack of knowledge in literature regarding the fire

behavior of polymers parts fabricated by LS and

particularly regarding the influence of ultrafine lay-

ered silicates on the fire reaction of PA12, we propose

to perform the surface coating of submicronic kaolin

and talc particles on PA12 particles using car-

boxymethyl cellulose (CMC) as surfactant, applied

through a fluidized bed. LS process parameters for

such composites were designed in order to obtain

standardized specimens allowing fire testing using

cone calorimeter. The influence of the nature of the

fillers and surface treatment on the flame retardant

mechanisms were investigated.

Experimental

Materials

The commercial polyamide 12 powder used in this

study (PA2200, EOS GmbH, Germany) has a mean

diameter of 58 lm. The kaolinite (Paralux, Imerys)

has a mean diameter of 0.8 lm and a specific surface

area of 14.2 m2 g-1. This grade of kaolinite is purified

and contains only traces of TiO2 and SiO2. High

aspect ratio talc (HAR T84, Imerys) has a mean

diameter of 4.7 lm and a specific surface area of

19.5 m2 g-1. This talc contains less than 20% of

chlorite and 1–2% of dolomite. Sodium car-

boxymethylcellulose salt, with a molecular weight of

300–400 kDa, was supplied by Sigma.

Preparation

Coatings of fillers onto the PA2200 surface at 4 and

8 wt% were conducted in a fluidized bed equipment

(Procell Labsystem, Glatt� GmbH, Germany) at

75 �C and an air flux of 75 m3 h-1. A water solution

containing 0.3% (w/w) of CMC was prepared and

the desired amount of talc or kaolin was added to

obtain solutions of 20% (w/w) for kaolin and 10%

(w/w) for talc. This solution was injected into the

fluidized bed equipment at a rate of 10 g min-1 to

obtain the desired amount of kaolin or talc coated

onto the PA surface. In order to evaluate the effect of

the coating process and the presence of CMC, single

polymer/fillers blends were carried out using a

rotary drum mixer (Powder Mixing Station, EOS

GmbH, Germany) at the same filler contents (i.e,. 4

and 8 wt%), using a rotation speed of 60 rpm for

15 min. Two square specimens of 70 9 70 9 4 mm3

for cone calorimeter tests and six disks of 25 mm in

diameter and 1 mm in thickness for rheological

measurements were made by LS using a SnowWhite

equipment from Sharebot (Italy). This printer has a

build volume of 1.3 l and is equipped with a CO2

laser. In all tests, the layer thickness and hatching

distance were kept constant at 0.1 mm. Laser power

and scan speed are discussed in ‘‘Thermal behavior

and processability of composites’’. In order to evalu-

ate the effect of processing on the rheological

behavior, disks were also prepared by compression at

80 �C and a pressure of 20 bar.

Characterizations

The microstructure of powders and LS samples was

analyzed using an environmental scanning electronic

microscope (SEM) (Quanta 200 FEG, FEI Company,

USA). Fourier-transform infrared spectroscopy (Ver-

tex 70, Bruker) was conducted using an attenuated

total reflectance module from 4000 to 400 cm-1 with a

resolution of 1 cm-1. Thermogravimetric analyses

(SETSYS Evolution, Setaram Instrumentation, France)

were conducted from 50 to 750 �C at 10 �C min-1

under a nitrogen flow of 100 mL min-1. Samples of

10 ± 2 mg were used for differential scanning

calorimetry (Diamond DSC, Perkin-Elmer, USA). A

temperature ramp of 10 �C min-1 was applied to

investigate the fusion and crystallization phenomena

which define the SLS processing window. All tests

were carried out on the powder mixtures, and first

heating and cooling cycles were analyzed. Two tests

were conducted for each formulation and means

values are reported. Cone calorimeter experiments

(Fire Testing Technology, UK) were carried out with

an irradiance of 35 kW m-2 according to the ISO 5660

standard. For each formulation two plates were



tested. Surface specific area measurements of kaolin,

talc and polyamide 12 were carried out with the BET

method (TriStar II Plus, Micromeritics Instrument

Corporation, USA).

Melt rheological properties were assessed with a

rotational rheometer (MCR 702, Anton Paar, Austria)

at 210 �C in a nitrogen atmosphere with a plate-plate

geometry. Oscillatory dynamic measurements were

performed at a constant strain of 5%. The frequency

test range was carried out between 10–3 and 102 -

rad s-1. The tests were carried out in triplicate, and

samples were dried at 80 �C in vacuum for 24 h to

prevent hydrolysis of PA12.

Results and discussion

The nomenclature used hereafter to identify the

materials is the following: KA and TA, respectively,

for kaolin and talc, followed by their weight content

(i.e., 4 or 8 wt%). The suffix CM identifies the for-

mulations where CMC was used for coating.

Morphology characterization

In order to evaluate the effect of CMC in the PA12

powder coating, SEM observations were conducted

on all formulations. Figures 1 and 2 show the

microstructure of PA12 powders coated with kaolin

and talc, respectively. Subfigures A and B show the

microstructure of CMC coated clays at 4 and 8 wt%,

respectively. These images show that the round

shape of PA12 is maintained after the coating by

kaolin or talc. However, some heterogeneities as a

function of filler loading can be observed. For

KACM4 formulation, it seems that the mineral par-

ticles cover the surface of the polymer powder and

are oriented in a plate like direction. For the higher

clay content (i.e., 8 wt%), some PA12 particles are

completely coated while others are not, indicating

some heterogeneities in these formulations.

The surface coverage of PA12 powder plays an

important role in the efficiency of the LS process

because it affects the adhesion between polymer

particles as well as the melt viscosity. Assuming that

kaolin and talc particles have a plate-like shape, it is

possible to evaluate the surface coverage of PA12

powders by measuring the specific surface area of

particles. BET measurements showed a specific sur-

face of 4.5, 14.2 and 19.5 m2 g-1 for PA12, kaolin and

talc, respectively. Some results from literature show

that, in the case of kaolin, edges contribute no more

than 14% of the total surface area and each basal

plane to 43% [42]. Assuming that each basal surface

of kaolin and talc varies between 40 and 45% of the

total particle surface, and that the filler particles are

oriented in a plate like direction (as showed in SEM

observations), it is possible to evaluate the surface

coverage of PA12 powder by kaolinite and talc. It

varies from 5.26 to 5.96% for KACM4 to 10.98–12.35%

for KACM8 formulations, and from 7.22 to 8.13% for

TACM4 to 15.07–16.96% for TACM8. Despite the

relative low coverage of PA12 powder by fillers,

especially for the lower contents, these values for talc

and kaolin are higher than the optimum coverage

found in the study of Espera et al. [17]. Furthermore,

Figure 1 SEM images of kaolin coated PA12 powder: a KACM4; b KACM8; c KA4 and d KA8.



the formulations without CMC are expected to have a

lower PA12 surface coverage due to a lower interac-

tion between fillers and PA12 particles. However, the

effect of coating on thermal behavior, especially on

melting and crystallization temperatures should be

considered in order to evaluate the processability of

the formulations.

Thermal behavior and processability
of composites

Thermograms of differential scanning calorimetry

(DSC) are shown in Fig. 3 and characteristic tem-

peratures are given in Table 1.

Due to the formation of c crystalline structure of

PA12 powders and to the high perfection of crystals,

it has a sharp melting peak. The addition of kaolinite

or talc resulted in a relative smoothing of melting

peaks with a small increase in the onset melting

temperature. This effect can be explained by the

restriction of the macromolecular chains due to kao-

lin and talc.

The crystallization behavior changed as a function

of the filler. For formulations containing kaolin, a

relatively sharp crystallization peak was observed

compared to neat PA12. This behavior can be

explained by the presence of mineral particles that act

as a nucleating agent and accelerate the crystalliza-

tion process. For the formulations containing talc, it is

possible to observe a broadening of the crystallization

peak as well as an increase in the onset crystallization

temperature. This behavior can be attributed to the

higher amount of nucleation sites of talc particles,

which has a higher specific surface than kaolin, that

are more homogeneously distributed during cooling.

This behavior was also reported by Ippolito et al. for

calcium carbonate particles with controlled particle

Figure 2 SEM images of talc coated PA12 powder: a TACM4; b TACM8; c TA4 and d TA8.

Figure 3 DSC thermograms

of formulations.



size distribution [14]. In this case, depending on the

particle size and surface area, the amount of nucle-

ation points increases, with an important impact on

crystallization of PA12.

The changes in process parameters for composites

compared to neat PA12 are always challenging

because they imply changes in heat transfer, melt

flow and laser-matter interaction. Yet, in order to

evaluate the influence of fillers in terms of fire

behavior, similar conditions were used for all for-

mulations containing fillers, which are different from

neat PA12, as shown in Table 2. These parameters

were previously determined and were chosen as the

parameters which lead to a success build and a lower

porosity.

Ed ¼ PLS=ðVLS � dLSÞ ð1Þ

It can be observed that, for processing formulations

containing fillers, a lower density energy (Ed) and

higher build chamber temperatures were used in

order to build parts successfully. Ed was calculated as

showed in Eq. (1) where PLS is the laser power, VLS is

the laser scanning speed and dLS is the hatching

distance. The increase in build chamber temperature

was necessary to avoid the curling of the parts. This is

in agreement with results from DSC measurements

where an increase in crystallization temperature was

observed as a function of the filler type and content.

Furthermore, various factors as crystallization speed

and the time between layers could strongly limit the

processing. Several authors described the depen-

dence of the final part density to the relationship

between temperature, energy density and duration

between layers [43–45]. If the addition of a mineral

particle increases the crystallization temperature, the

risk of curling due to the rapid crystallization

increases. However, if the bed temperature should be

increased, the risk of polymer degradation may

appear which could lead to a build failure. In the

present study, a combination of high temperature

and lower energy density was used to obtain parts

successfully by LS. It is interesting to note that the

addition of CMC did not lead to a significant differ-

ence in terms of processing temperature. Further-

more, the use of CMC had an important impact on

powder flowability (Supplementary Information S1).

Table 1 DSC results of PA12

formulations Sample Tc Onset (�C) Tm Onset (�C) DT Tc Peak (�C) Tm Peak (�C)

PA2200 153 179 26 149 190

KACM4 156 181 25 153 188

KACM8 157 180 23 156 187

KA4 154 180 26 153 190

KA8 157 182 25 152 189

TACM4 157 180 23 154 187

TACM8 157 182 25 154 187

TA4 156 181 25 153 190

TA8 161 185 24 155 191

Table 2 Process parameters used for each formulation

Sample Build chamber temperature (�C) Laser power (W) Laser scan speed (mm s-1) Energy density (J cm-2)

PA2200 142 4.2 2700 1.6

KACM4 157 2.8 3600 0.8

KACM8 158 2.8 3600 0.8

KA4 160 2.8 3600 0.8

KA8 160 2.8 3600 0.8

TACM4 157 2.8 3000 0.9

TACM8 157 2.8 3000 0.9

TA4 158 2.8 2700 0.9

TA8 160 2.8 3000 0.9



For example, the addition of 8 wt% of talc leads to a

powder bed presenting some heterogeneities (Fig S1

(a)), whereas the use of CMC leads to a homogeneous

powder bed (Fig S1 (b)).

The microstructure of cryofractured LS samples is

shown in Figs. 4 and 5. For all kaolin formulations

(Fig. 4), low porosities were observed. When using

CMC, the kaolinite particles seem to be still located at

the boundaries of PA12 grains (arrows in Fig. 4a and

b). It seems that, even though kaolin particles par-

tially cover the surface of PA12, it has little effect on

the melting and coalescence of PA12. On the con-

trary, the coverage of PA12 by untreated formula-

tions (KA4 and KA8) was not observed, kaolinite

particles being well dispersed in the matrix (Fig. 4c

and d).

For formulations containing talc, a different

behavior was observed. For TACM4 formulation

(Fig. 5a), some polymer particles are not completely

melted but it seems that talc particles are well dis-

persed in the matrix. The influence of talc regarding

powder coalescence is more pronounced while

increasing the talc content: in TACM8 (Fig. 5b),

polymer particles are visible and partially melted. On

the opposite, for the untreated formulations, polymer

grains are almost completely melted (Fig. 5c and d).

This behavior could be partially explained by the

higher surface coverage of PA12 by talc particles

compared to kaolin that could prevent the heat

transfer and the melting of the polymer. Furthermore,

talc could adsorb a higher amount of the laser radi-

ation, preventing the melt and coalescence of PA12

powder.

Figure 6 shows mass loss curves of composites as a

function of temperature. Two samples were tested for

each formulation, and mean values are reported in

Table 3. The initial thermal decomposition tempera-

tures of the powders for 5, 20 and 50% weight loss are

listed in Table 3.

Thermal degradation of PA12 starts at about 400 �C
and occurs in two steps. The first is related to the

main degradation of polyamides [46], and the second

step corresponds to the degradation of the charred

structure with no residue at 750 �C. The addition of

CMC modified kaolinite or unmodified talc (TA8) led

to an increase in T5% and a decrease in the main

degradation temperature (T50%). However, the addi-

tion of untreated kaolinite and CMC modified talc

did not result in a significant difference in in T5% and

T20% compared to neat polymer. It should be

observed that the residue at 750 �C corresponds to

around 75% of the content of each filler. The CMC

Figure 4 SEM images of SLS samples a KACM4; b KACM8; c KA4 and d KA8.



Figure 6 TGA curves of

composites under nitrogen at

10 �C min-1.

Table 3 Characteristic

degradation temperatures

under nitrogen at 10 �C min-1

Sample T5% (�C) T20% (�C) T50% (�C) Residue at 750 �C (%)

PA2200 405 438 461 0

KACM4 410 441 455 3

KACM8 409 440 454 6

KA4 398 434 451 3

KA8 402 434 451 6.2

TACM4 402 437 452 6.7

TACM8 408 441 456 10.3

TA4 415 443 460 3.6

TA8 399 435 450 6.2

Figure 5 SEM images of SLS samples: a TACM4; b TACM8; c TA4 and d TA8.



modified talc compositions behaved differently since

their residue was higher than the initial content,

which could indicate a charring phenomenon con-

ferred by the filler during the polymer degradation.

Cone calorimeter tests

Heat release rate (HRR) curves from cone calorimeter

tests are shown in Fig. 7, while mean results (over

two tests for each formulation) are presented in

Table 4. Incorporation of both fillers allowed to

improve the flame retardancy of the parts made by

LS. This is illustrated by a reduction in the peak of

heat release rate (pHRR) as a function of the filler

type and content (Fig. 7).

The addition of untreated kaolin or talc led to a

small reduction in pHRR and time to ignition (TTI)

compared to neat polymer. The reduction in pHRR

could be explained by the formation of a protective

layer onto the surface of the sample. The reduction in

TTI can be explained by the presence of hydroxyl

groups which could catalyze PA12 degradation at

lower temperatures.

The addition of CMC modified kaolin and talc led

to a significant improvement in fire behavior with a

greater decrease in the pHRR for the formulations

containing 8 wt% of kaolin, and 4 and 8 wt% of talc

compared to neat polymer and formulations con-

taining unmodified fillers. It is interesting to note that

an increase in the talc content (from 4 to 8 wt%)

resulted in a small decrease in pHRR but to a higher

decrease in TTI. Various factors could influence the

TTI. In the case of additively manufactured samples,

the porosity could play an important role [47] by

trapping the volatile compounds and releasing them

more quickly which could explain the observed

reduction in TTI of the TACM8 samples.

Small differences were observed in total heat

release (THR) and effective heat of combustion (EHC)

values, indicating that the predominant mode of

action is the formation of a protective surface layer

and an increase in viscosity, which could reduce the

rate of volatile gases released [26, 48]. An increase in

total smoke release (TSR) was observed for all sam-

ples except for KACM4. However, the addition of

CMC resulted in a decrease in TSR compared to

samples without CMC. The presence of hydroxyl

sites on the surface of the fillers could lead to changes

in the degradation pathway of the polymers by the

production of higher amount of CO (see supporting

information S2).

In all cases, it should be noted that residues at the

end of the test were slightly higher than the filler

content. This result was the most pronounced for the

talc compositions with CMC.

Rheological measurements

Literature results show that surface treatments of

fillers could entail different effects. In particular,

improvements of the dispersion may have an

important impact on mechanical properties and fire

behavior [26, 48]. The surface treatment of fillers

could lead to an increase in viscosity due to the

increase in dispersion as well as some chemical

interaction with polymer chains. This increase in

viscosity could reduce the transfer of degradation

products from condensed to gas phase, which could

result in a decrease in pHRR.

Moreover, depending on the nature of the filler, it

could act as a lubricating agent with a decrease in

Figure 7 Cone calorimeter

results of formulations

a kaolin and b talc.



viscosity. In order to evaluate the influence of CMC

surface treatment onto PA12 composites, viscosity

measurements were conducted on LS samples. The

corresponding complex viscosity (g*) curves are

presented in Fig. 8.

From Fig. 8, it can be seen that the viscosity of all

samples decreased with an increase in frequency,

indicating a shear thinning behavior. Furthermore,

compared to neat PA12, the viscosity of composites

was raised significantly except for KA4 formulation.

It can be observed that the addition of 4 wt% of

unmodified kaolin resulted in a decrease in complex

viscosity at lower frequencies and in a slightly

increase at higher frequencies compared to neat

PA12. A percentage of 8 wt% of kaolin resulted in an

increase in complex viscosity compared to neat

polymer and to KA4. The surface modification of

CMC led to a further rise compared to untreated

formulations. The addition of talc also resulted in

higher values of complex viscosity at higher

frequencies for all formulations compared to PA12.

At lower frequency, all formulations showed the

same behavior, with viscosity values close to those of

neat PA12. Some results found in literature suggest

that the surface modification of particles could

increase the viscosity if chemical bonding occurs

[49, 50]. However, some interfacial agents could act

only as a wetting agents [49] which could explain the

lower increase in complex viscosity of formulations

containing talc.

Viscosity has also a high impact on LS parts with

an increase in part porosity if the viscosity is too high,

especially at low frequencies. Comparing the viscos-

ity values of talc formulations at low frequencies,

little difference was observed compared to neat

PA12. This indicates that the composites require a

similar duration as to neat PA12 to fuse and coalesce.

However, lower melt and coalescence were observed

for these formulations (Fig. 5). This behavior suggests

that talc particles absorbed and/or reflected a

Table 4 Cone calorimeter results of formulations containing coated and uncoated kaolin and talc

Sample TTI (s) pHRR (kW m-2) EHC (kJ g-1) THR (MJ m-2) TSR (m2 m-2) Residue (%)

PA2200 197 1580 34 151 1723 –

KACM4 137 1090 35 152 1459 8.5

KACM8 145 673 32 159 1847 8.7

KA4 132 1060 33 152 1942 6

KA8 55 854 29 148 2050 9

TACM4 110 528 38 157 1870 8

TACM8 88 502 37 155 1907 12

TA4 172 1162 37 151 1949 6

TA8 180 890 38 149 2030 10

Figure 8 Complex viscosities

of LS samples at 210 �C as a

function of frequency.



significant energy from the laser, preventing the

complete coalescence of polymer grains.

Compared to the PA12 samples, filled PA12-

showed an increase in storage (G’) and loss (G’’)

moduli (Supporting Information, Figs. S2 and S3),

except for KA4 and KACM4 formulations. With the

increase in talc and kaolin loading, G’ and G’’ were

also increased slightly, with higher valuer for

KACM8. It is interesting to note that the surface

modification of kaolin leads to a decrease in G’ and

G’’ but for talc a slight increase is observed. Fur-

thermore, an increased G’ means a more elastic

structure, which indicates the limitation of polymer

chain motion due to the fillers and may partially

explain the higher porosity of samples containing

talc.

Comparing rheological measurements conducted

on pressed and LS samples (Fig. 10), it is possible to

observe an increase in complex viscosity for LS

samples, indicating some interaction between com-

ponents due to processing. This behavior can be

explained by the formation of amide linkages

between carboxyl groups of CMC and end amine

groups of polyamide, which are formed at tempera-

tures higher than 250 �C. Such temperatures can be

achieved during LS, at least locally for a short

Figure 10 Schematic amide linkage between carboxylic group of carboxymethylcellulose and amine end groups of polyamide.

Figure 9 Complex viscosities of CMC formulations at 210 �C prepared by LS and compression molding.



duration [51]. Carboxylic groups can also react with

hydroxyl groups present at the surface of clays,

leading to the formation of hydrogen bonds, which

can contribute to the increase observed in viscosity. It

was shown that the carboxyl groups of CMC could

react with the magnesium sites onto the surface of the

talc by a bidentate chelating bond [52]. The formation

of amide linkages could result in an increase in

complex viscosity due to a restriction of polymer

chain motion. This increase in complex viscosity can

also partially explain the improved fire behavior of

CMC treated samples.

In order to evaluate the interaction between CMC

and PA12, FTIR measurements were conducted on

KACM8 and TACM8 powders and compared to the

same formulations made by LS.

FTIR results (Fig. 11) show the characteristic

vibrations of PA12, talc and kaolin. The spectrogram

shows the absorption bands at 3288 and 1555 cm-1

which correspond to the stretching and bending

vibrations of the N–H group. The absorption at

1637 cm-1 and 1542 cm-1 can be assigned to the

amide I and amide II bands [53, 54]. Besides vibration

peaks of PA12, spectrogram of formulations con-

taining kaolin show the characteristic vibration bands

of kaolinite hydroxyl groups at 3687, 3650 and

3619 cm-1. Talc formulations (TACM8-powder and

TACM8-LS) show the stretching vibrational bands of

Si–O–Si at 466 and 1010 cm-1 and the band at

669 cm-1 correspond the Si–O-Mg bond. The band at

and 3675 cm-1 can be attributed to the vibrations of

talc hydroxyl groups [55, 56].

Figure 11 FTIR results of KACM8 and TACM8 materials before (powder) and after (SLS) manufacturing.



The spectra of LS samples are slightly different

compared to powders. The vibration band at

1637 cm-1, which corresponds to the C=O and C–N

bonds, decreases to 1634 cm-1 for both KACM8 and

TACM8. This change could suggest the formation of

hydrogen bonds between N–H groups of PA12 and

C=O of CMC [57].

It also should be noted that kaolin and talc have

adsorption bands at 943 cm-1 (which correspond to a

wavelength of 10.6 lm) indicating that both fillers

absorbs a part of the laser irradiation. As showed in

Figs. 1 and 2, some PA12 particles are completely

coated by fillers, whereas others are only partially

coated. This behavior indicates that fillers should, at

least partially, absorb the laser beam and then

transfer heat to PA12 while keeping the round shape

of polymer powder. This behavior can be observed in

Fig. 4, where CMC modified kaolin particles seem to

form circles around polymer particles, which com-

pletely melted. In this case, the role of CMC is to

enhance the heat transfer by conduction [58], which

correlates with the lower porosity found in the sam-

ples containing kaolin.

In the case of compositions containing CMC sur-

face modified talc, it is shown in Fig. 5 that PA12 is

not completely melted, indicating that talc could

differently interact with laser beam or that the heat

transfer from talc to PA12 is slower. Furthermore, talc

particles have a higher aspect ratio than kaolin,

leading to a higher surface coating of PA12. This

implies that the time of direct irradiation of polymer

is shorter than that of kaolin, which limits polymer

melting before a new layer is applied, leading to a

more porous part.

It should be noted that optical properties of talc are

certainly different from PA12, leading to a different

behavior. Tolocko et al. conducted some investiga-

tions of optical characteristics of different polymers

used in LS using an integration sphere at a wave-

lengths of 1.06 and 10.6 lm [59, 60]. These authors

showed that PA12 absorbs 85% of the laser energy at

10.6 lm and reflects 5% at this wavelength. In the

case of talc, it could absorb/reflect in a different way

than PA12 which could also explain the higher

porosity observed in these samples.

Conclusions

Many factors can prevent a successful processing of

particulate composites via LS. Most of them can be

attributed to the differences of thermo-physical

properties between polymer and mineral particle

powders. Besides these properties, physico-chemical

interactions between components induced by the

laser irradiation as well as their initial location in the

powder bed can influence the LS processability and

the final properties of composites.

CMC was used for coating kaolin and talc onto

PA12 through an original process of fluidized bed in

order to maximize the coverage of the polymer

powder by the mineral particles.

However, the higher surface coverage of PA12 by

talc particles induced thermal changes, leading to

limited melting and coalescence of the polymer as

well as a significant porosity fraction. Due to the

powder rheology and fillers/laser interaction chan-

ges, processing parameters were tuned in order to

achieve a successful build.

Even though the surface coverage can play an

important role in terms of printability, no difference

in terms of processability was observed in the studied

range for kaolin coated samples.

The surface treatment of fillers with CMC was able

to improve the powder flowability as well as the fire

behavior of composites. This can be ascribed to an

interaction between CMC and polyamide with the

formation of amide linkages, which increases the

viscosity and limits the possible hydrolysis of poly-

mer chains due to hydroxyl groups present at the

surface of kaolin and, at lower extent on the surface

of the talc.

Finally, the use of 8 wt% of talc with CMC was

particularly interesting for reducing the heat release

rate during combustion of PA12.

These results have shown that an accurate assess-

ment of the processing parameters depends strongly

on a good knowledge of the thermo-physical prop-

erties of the various components as well as their

interactions with the laser beam. Further studies will

be carried out to improve the understanding of these

complex systems using model compositions.
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