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Abstract For the present study on Aerosol Deposition of

MAX-phase materials, Ti3SiC2 was chosen as model sys-

tem due to the availability of property data and commercial

powder. The as-received powder was milled to different

nominal sizes. For revealing details on coating formation

and possible bonding mechanisms, Aerosol Deposition

experiments were performed for different particle size

batches and process gas pressures. Microstructural analyses

reveal that coating formation preferably occurs for particle

sizes smaller two microns. Using such small particle sizes,

crack-free, dense layers can be obtained. The individual

deposition efficiencies for the different particle sizes, par-

ticularly the critical size below which deposition gets

prominent, vary with process gas flows and associated

pressures. Detailed microstructural analyses of coatings by

high-resolution scanning electron microscopy reveal plastic

deformation and fracture, both attributing to shape adaption

to previous spray layers and probably bonding. In corre-

lation to coating thickness or deposition efficiencies,

respective results give indications for possible bonding

mechanisms and a tentative window of Aerosol Deposition

for Ti3SiC2 MAX-phases as spray material.

Keywords aerosol deposition � MAX-phase � process
window � Ti3SiC2

Introduction

The rather new material class of MAX-phases combines

properties of covalently bonded, brittle ceramics with those

of metals. The metallic properties as machinability and

electrical conductivity are due to atomic metal layers in the

complex crystallographic structure. The general formula

Mn?1AXn describes the composition with M as an early

transition metal (Ti, Zr, Cr…), A as an A-group element

(Si, Al…) and X as carbon or nitrogen. For potential

applications, particularly Al-, or Cr-based MAX-phases are

claimed to guarantee good oxidation protection up to

temperatures of 1200 �C (Ref 1, 2). Thus, MAX-phase

materials can be considered for serving as protective

coatings in a number of high-temperature applications (Ref

3-5). However, so far, designed MAX phases are mainly

deposited by thin film techniques, not reaching the needed

thickness for ensuring long-term stability in harsh envi-

ronments (Ref 6, 7). In contrast to thin film techniques,

powder spray methods are able to deposit layers in thick-

ness of some tens to a few hundred of microns to fulfil the

needs for corrosion or oxidation protection.

Common thermal spray processes operate with liquid

phase deposition, and, thus, typically result in oxidation of

the MAX-phase material and their decomposition into less

protective compounds (Ref 8-13). In contrast, kinetic spray

methods like cold spraying (CS) or Aerosol Deposition

(AD) can retain the original MAX-phase structure in the

coating without oxidation (Ref 14-17). For brittle, ceramic

materials, particularly Aerosol Deposition has the potential

for building up dense layers. As developed by Jun Akedo’s

group at the National Institute of Industrial Science and

Technology (AIST) in Tsukuba, Japan in the 1990s (Ref

18, 19), Aerosol Deposition is a kinetic spraying technol-

ogy for small-sized ceramic materials operating with high-
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velocity room temperature particle impact. Respective

ceramic coatings can be applied to a variety of substrate

materials, covering polymers, metals and ceramics (Ref

20). Up to now, a wide variety of ceramic materials was

successfully buildup as layers using Aerosol Deposition

(Ref 20).

Figure 1 shows a principle sketch of the Aerosol

Deposition method. The fine powder is dispersed by an

aerosol generator into the main process gas stream. As

aerosol, this powder-gas mixture is then accelerated to

high, eventually supersonic velocity by the flow through a,

in most cases, converging nozzle with a straight exit

regime, and the gas expansion into a vacuum chamber. In

addition to providing high velocities, the expansion of the

gas into vacuum should minimize bow shock effects in

front of the substrate and powder from being carried away

with the gas flow. However, as shown by sophisticated

modelling by computational fluid dynamics (CFD), bow

shock effects cannot be completely prevented in Aerosol

Deposition (Ref 21-23). Thus, very small particles will

suffer from deceleration and deflection in front of the

substrate and, respectively, show lower impact velocities

and deviations from optimum angle. More general infor-

mation on the Aerosol Deposition method can be found in

an overview article of Hanft et al. (Ref 20).

The bonding mechanisms for Aerosol Deposition are

still controversially discussed. As used in cold spraying,

ceramic particles are usually brittle and simply break at

impact on the surface. However, Calvié et al. demonstrated

that ceramic particles can plastically deform if their

dimensions are in the nano-size regime (Ref 24). In prac-

tice, coating formation by Aerosol Deposition is associated

with substantial grain refinement upon impact (Ref 18, 20);

however, leaving some room for describing associated

mechanisms. More recent work associates successful

deposition with needed particle deformation (Ref 25-28).

So far, however, systematic investigations for MAX-

phase coating formation by Aerosol Deposition are still

missing. The only work on the topic reports successful

deposition, but misses variation of process variables to

provide a deeper understanding (Ref 29, 30). Thus, the

major purpose of the present study is to provide informa-

tion on the influence of primary particle size and applied

process gas flow rates equivalent to process gas pressures

on exceeding thresholds as critical velocities for successful

coating formation. Detailed studies of coating microstruc-

tures, impact morphologies and surface topographies

should help to distinguish associated bonding features, and

to compare MAX-phase layer formation with so far

established descriptions for coating formation of typical

ceramic materials. Despite its lower oxidation resistance,

Ti3SiC2 MAX-phase material was chosen as model system

due to the availability of commercial powder and property

data (Ref 31-33).

Materials and Experimental Procedures

Materials, Powder Milling and Particle Size

Analysis

The Ti3SiC2 powder was produced by Sandvik/Kanthal,

Sweden and pre-milled by Plansee, Germany, to sizes of

D10 = 1.6 lm, D50 = 6.9 lm and D90 = 15.9 lm. For

further size reduction, individual batches were milled with

a planetary mill (Pulverisette 5/4 classic line) from Fritsch

GmbH, Idar-Oberstein, Germany, by using zirconia

grinding bowls and zirconia grinding balls in sizes of 2-

and 10-mm. Milling was performed at 400 revs/min in

isopropanol and frequently interrupted for cooling. The

weight ratio of milling balls, powder and isopropanol as

milling medium was set to 10:1:0.5 (with milling balls:

400 g; powder: 40 g; isopropanol: 20 g). For achieving

different sizes, the milling times of the as-received powder

were varied from 2 to 40 min.

The particle size distributions were measured by laser

scattering using an instrument type LA-910 from Horiba,

Kyoto, Japan. For these analyses, the powder was dispersed

in distilled water.

Aerosol Deposition (AD)

Before spraying, the powders were dried in vacuum for 8 h

at 250 �C and stored in a glove box to prevent the

absorption of water. The Ti3SiC2 powder was sprayed by

Aerosol Deposition in the as received and the differently

milled conditions. Nitrogen was used as carrier and process

gas at gas flows of 10, 15 and 20 l/min, corresponding to

process gas pressures of 1.1, 1.4 and 1.8 bar, respectively.

Fig. 1 Principle sketch of the Aerosol Deposition (AD) method
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The spraying distance was set to 15 mm and the substrates

passed the Aerosol Deposition gas stream with a traverse

speed of 5 mm/s. The base pressure of the vacuum cham-

ber was kept at about 0.3 mbar. For assuring homogeneous

surface coverage, a De Laval slit nozzle was used with

nozzle throat dimensions of 4.0 mm 9 0.2 mm. For pow-

der feeding, a system of type RBG 1000ISD from Palas,

Germany, was used. The powder feed rates were adjusted

to about 3.8 cm3/h.

Stainless steel AISI 304 plates with a thickness of 3 mm

were used as substrates (lateral size 10 mm 9 10 mm). The

substrate surface was polished to a maximum surface

roughness Ra B 1 lm. All substrates were cleaned in an

ultrasonic bath with ethanol for 5 min. Remaining adsor-

bates on the surface were removed by plasma cleaning in

oxygen atmosphere for 5 min. The substrates were coated

with one, but also two and four layers to study possible

erosion effects during multilayer deposition. For ensuring

isolated particle impact events by a sort of wipe-test to

study deformation morphologies, the powder feed rates and

the traverse speed were drastically reduced to about

0.2 cm3/h and 1 mm/s, respectively.

Estimation of Particle Velocities

For estimating particle velocities, the KSS software (Ki-

netic Spray Solutions, Germany, http://www.kinetic-spray-

solutions.com/), originally designed for cold spraying, was

here adapted for Aerosol Deposition. The software package

is based on isentropic fluid mechanics to calculate gas and

particle velocities, following procedures given in the lit-

erature (Ref 34-36), and on thermomechanical modeling to

calculate critical velocities for bonding of metallic particles

(Ref 37). For cold spaying, fine tuning of the fluid

mechanical description was obtained by introducing cor-

relation functions to match experimentally determined

particle velocities, the details of computer codes being

proprietary of KSS. It should be noted here that particle

sizes and gas pressures applied in Aerosol Deposition reach

the validity range of the models used in these calculations.

Thus, respective results for Aerosol Deposition should be

treated with care and just used as rough guideline for the

influence of particle velocities. More sophisticated CFD-

modelling using axisymmetric or two-dimensional

approaches could reach better precision (Ref 21-23), but

would need longer computational times.

Technically, the use of KSS software was adopted for

Aerosol Deposition by considering the design of the

specific nozzle as well as all boundary conditions of the

experimental setup as input data. Properties of nitrogen as

process gas were selected according to the KSS database.

For calculating particle acceleration and heating and thus

reachable velocities and temperatures, needed input data on

the density of 4520 kg/m3 and the specific heat of

562 J/(kg*K) of the Ti3SiC2 feedstock material were taken

from the literature (Ref 31-33). The input data for individual

powder sizes of the different batches were taken according

to the results from laser scattering. For possible estimations

of critical velocities and thermal softening of Ti3SiC2, the

uniaxial compressive strength and the melting temperature

were assumed to 1050 MPa (Ref 31-33) and 2650 �C,
respectively, the later being calculated by GTT-Technolo-

gies, Herzogenrath, Germany. To avoid any uncertainty

with respect to assumptions concerning the free flow and

gas expansion into the vacuum chamber, the isentropic

approach was selected to calculate particle velocities until

the nozzle exit. As compared to the use of sonic nozzles

with straight outlet and non-negligible acceleration in the

free jet, such assumptions could be justified for using De-

Laval spray nozzles. By applying De-Laval nozzles, most

of the gas expansion and particle acceleration occurs

already inside the expanding regime, and not in the free jet.

Thus, additional effects by the flow distribution into the

vacuum are less dominant. However, the here used con-

tinuum fluid dynamics can be only used as rough estima-

tion, having limits for small particle dimensions and dilute

fluid systems in vacuum by gas molecule free paths

meeting particle sizes. In addition, such isentropic model

cannot provide information on bow shock effects in front

of the substrate. Thus, such calculations only provide an

upper estimate for real impact conditions. As alternative

approach, the KSS build-in algorithm for bow shock effects

in cold spaying might be used for estimating impact

velocities for particles reaching the substrate surface.

Respective results, however, should be interpreted with

care, since the software so far has not been calibrated for

the small powder sizes and low pressures typically being in

use for Aerosol Deposition.

Microscopy

Powder morphologies, coating microstructures and thick-

ness were examined by high-resolution scanning electron

microscopy (HR-SEM) using a dual-beam (electron-beam

and ion-beam) Helios G4 UC from FEI, now Thermo

Fisher Scientific Inc., Waltham, Massachusetts, USA. The

acceleration voltage was adjusted to 10 kV. The different

cross sections are prepared in situ in the HR-SEM by using

the focused Ga?-ion beam of the Helios G4 UC. For lower

resolution, a SEM of type Quanta 650 from FEI, Nether-

lands was used at acceleration voltage of 20 kV.

The SEM cross-section micrographs were used for

measuring the coating thickness by using the analyzing

tools of the HR-SEM Helios G4 UC from FEI. Five mea-

surements were performed to determine the mean coating

thickness and the standard deviation.
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Results

Powder Morphologies and Sizes

The micrographs in Fig. 2 show overviews and details of

the morphologies of the different Ti3SiC2 powder size

batches prepared for Aerosol Deposition. As produced by

vibration milling, powder morphologies of the initial state

are rather angular and fractured (Fig. 2a). Large particles

more prominently have equiaxed shapes, whereas the

smaller ones to higher extend are present as flat flakes.

Independent of size, a significant amount of the particles

shows lamellar-like pattern on the surface that could be

interpreted as traces from deformation along distinguished

planes, probably associated with dislocation gliding on the

metallic lattice planes due to deformation during milling.

Due to subsequent classification by air sifting, the initial

batch does only contain minor amounts of fine sizes. By

subsequent high-energy milling, smaller sizes are obtained

as shown in Fig. 2(b), (c), (d), (e), (f) and (g). Already after

short milling times and only slight mean size reduction, the

batches contain rather significant amounts of fine particles

with sizes\ 1 lm (Fig. 2b, c). At the same milling time,

using smaller ball sizes of 2 instead 10 mm results in more

effective fracture of the larger particles and thus smaller

mean sizes. In addition to size reduction, the particles more

prominently show flat, platelet-like morphologies. With

increased milling times, sizes get further reduced (Fig. 2d,

e), the size distribution spreading from very fine particles

to still some coarse ones. Particle surfaces appear frag-

mented; also a number of fine particles seem to adhere to

the coarser ones. Interestingly, the individual shapes, par-

ticularly of the small ones, are more prominently equiaxed.

As shown in Fig. 2(f) and (g), enhanced milling to smaller

sizes mainly reduces the amount of larger particles. As

before, attained shapes are angular with the majority being

equiaxed. The formation of agglomerates might be sup-

ported by moisture left from isopropanol as milling

additive.

Figure 3 shows the particle size distributions of the

different milled powders used in this study to investigate

the influence of particle size on the layer formation of

Ti3SiC2 during Aerosol Deposition. The mean particle

sizes cover a range from 6.9 lm (as received) to 0.5 lm
(40 min milled with 2 mm zirconia balls). As already

described for obtained powder morphologies, at same

milling times, the use of smaller milling balls with diam-

eters of 2 mm results in more effective size reduction than

by using larger ones with sizes of 10 mm. For enhanced

conditions, mainly the amount of larger particles is

reduced, resulting in smaller mean sizes. Sizes of the D10

amount stay rather the same. This results in an overall more

uniform size distribution for the batches of mean sizes of

less than 2 lm, which could be important for avoiding

possible surface damage by impact of larger particles in

Aerosol Deposition.

Particle Velocities

Figure 4 summarizes the calculated particle velocities at

nozzle exit (maximum particle velocity) for the different

sizes and process conditions as obtained by an isentropic

description using KSS software. The graph shows that

particle velocities increase by about a factor of two within

the range of decreasing mean sizes from about 15 to less

than 3 lm. High velocities greater than 350 m/s are only

obtained for particle sizes smaller than 2 lm. In contrast,

the different process conditions seem to have only minor

influence on particle velocity. The rise of process gas flow

from 10 to 20 l/min and corresponding pressure results

only in less than 40 m/s higher particle velocities. It should

be noted here, that this comparison can only serve as rough

guide, since effects by deceleration in the bow shock

regime in front of the substrate are neglected in this simple

approach. As compared to other publications, these calcu-

lated velocities could be treated as ‘maximum velocities’ as

defined by Ma et al. (Ref 38). According to the so far

assessable range by using KSS software for particle sizes

down to 3 lm, bow shock effects reduce the impact

velocities by maximum about 50 to 70 m/s, depending on

gas flow rates, the bow shock effects being significantly

smaller for larger ones. For smaller particle sizes down to

of 1 lm or less, bow shock effects should reduce particle

velocities by more than 100 m/s, as reported in the litera-

ture for Aerosol Deposition of Al2O3 by using N2 as pro-

cess gas under similar process conditions as in the present

study (Ref 23).

Single-Layer Microstructures

Figure 5 summarizes SEM micrographs of the aerosol

sprayed single-layer coatings as obtained under variation of

the feedstock powder size and different spray conditions.

As shown in the first three lines, no continuous coating is

achieved for mean particle sizes in ranges from 6.9 to

4.4 lm. The situation cannot be improved by higher gas

pressure. For continuous layers, mean particle sizes of less

than 3.5 lm are needed, as shown in the fourth line,

however, these coatings are very thin. The layer thickness

being significantly smaller than mean particle size indicates

that particles fracture at impact to smaller fragments. For

the mean particle size of 3.5 lm, obtained layer thickness

increases with gas pressure, ranging from 130 nm for

1.1 bar to 290 nm for 1.8 bar. Attainable coating thickness

continues to increase with further decreasing mean particle
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Fig. 2 SEM micrographs

showing the morphologies of

the Ti3SiC2 powders in as-

received state (a), as well as for

the different high-energy

milling conditions for adjusting

smaller sizes (b–g) for Aerosol

Deposition
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sizes below 2 lm. It is interesting to note, that at similar

sizes, deposition behaviors are comparable, independent

from the powder process routes. The powders milled for

forty minutes with 10 mm zirconia balls (Fig. 5, line 5) and

a mean size of 1.7 lm results in a similar layer thickness as

the powder with a mean size of 1.0 lm milled for 10 min

with 2 mm zirconia balls (Fig. 5, line 6). They both

achieve a coating thickness of 185 nm for a gas pressure of

1.1 bar, and a drastic coating thickness increase to

500-600 nm for higher gas pressures (1.4 and 1.8 bar). The

major difference between the both concerns the amount of

impurities, probably due to wear of milling media being

more prominent for using larger balls. At a gas pressure of

1.1 bar, best layer buildup is observed for the finest powder

(D50 = 0.5 lm) with a thickness of about 500 lm.

Unfortunately, due to problems with nozzle clogging

occurring by using the finest powder (D50 = 0.5 lm), gas

flows of 15 and 20 l/min (corresponding to process gas

pressures of 1.4 and 1.8 bar) could not be continuously

applied with this batch.

Figure 6 compares the single-layer thickness over the

mean particle size for the three different flow rates or

process gas pressures (10 l/min e 1.1 bar in blue,

15 l/min e 1.4 bar in red and 20 l/min e 1.8 bar in

green). The diagram clearly illustrates that the layer

thickness increases for using smaller particle sizes. In

addition, higher gas flow rates or gas pressures are bene-

ficial for building up thicker layers. Particularly for small

particles (\ 2 lm), higher gas pressures of 1.4 and 1.8 bar

lead to an about three times higher layer thickness as

compared to that by using a gas pressure of 1.1 bar. More

efficient layer buildup by using higher process gas pres-

sures could be attributed to slightly higher particle

velocities.

Multilayer Deposit Buildup

Figure 7 shows SEM images (25.000x) of single- (a), two-

(b) and four-layer (c) coatings. As far as erosive effects of

secondary particle impacts play no dominant role, coating

thickness should increase for applying several passes or

layers. The coatings shown here are processed by Aerosol

Deposition at a gas flow rate of 10 l/min, corresponding to

a pgas = 1.1 bar, using the Ti3SiC2 powder with a mean size

of 1.7 lm. The comparison reveals that the coating thickness

increases with the number of spray layers. The micrographs

also disclose that a significant amount of impurities is present

within the coatings, there being visible as white dots within

the gray matrix. By EDS analyses, these impurities are

identified as zirconia remnants from the milling balls.

For the example of using Ti3SiC2 powder with a mean

size of 1.7 lm (40 min milled with 10 mm zirconia balls)

in Aerosol Deposition, Figure 8 shows the coating thick-

ness over the number of spray layers. The graph reveals

linear correlations for the range of the single-, two- and

four-pass coatings at all three process conditions (10 l/min

e 1.1 bar in blue, 15 l/min e 1.4 bar in red and

20 l/min e 1.8 bar in green). For the lowest process con-

dition (10 l/mine 1.1 bar), the coating thickness increases

from 0.2 to 1.9 lm. The higher ones (15 l/min e 1.4 bar,

20 l/min e 1.8 bar) result in a greater two times more

efficient deposition and an increase in coating thickness

from 0.5 to 4.5 lm. The linear increase with the number of

spray layers demonstrates that building-up thicker Ti3SiC2

coatings is possible, and within the investigated range not

prominently affected by crack formation in already

deposited layers and erosion under following impacts. The

results for the higher process conditions barely differ,

Fig. 3 Powder size distribution of Ti3SiC2 powders for aerosol

spraying with D50 ranging from 6.9 lm (as received) to 0.5 lm
(obtained by 40 min milling with 2 mm zirconia balls). Milling time

and media sizes are indicated in the graph

Fig. 4 Calculated maximum particle velocities as function of particle

sizes for the different parameter sets used in Aerosol Deposition. The

solid lines correspond to exponential fitting functions. The data points

at zero size indicate the gas velocity and here serve as reference for

curve fitting
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whereas an increase in the gas pressure from 1.1 to 1.4 bar

improves the coating thickness by more than a factor of

two. The improvement of the coating thickness for higher

pressures can be attributed to the slightly higher particle

velocity and thus higher kinetic energy upon impact, but

might run into a saturation regime. On the basis of present

data, it cannot be distinguished, whether such saturation of

layer thickness at higher gas pressures is due to crack

formation and erosion getting more prominent, or whether

bow shock effects in front of the substrate more effectively

attribute to particle deceleration.

Single Impact Morphologies

Figure 9 summarizes typical morphologies as obtained by

primary impacts of Ti3SiC2 particles of different sizes onto

the steel substrates. Since single impact morphologies of

Fig. 5 SEM micrographs of Ti3SiC2 layers processed by Aerosol

Deposition using different particle size cuts (lines) and process gas

pressures (columns). Continuous layer formation is only possible for

particle sizes of\2 lm, and best for medium process gas pressures.

However, too fine powder sizes\ 1 lm lead to problems in powder

flow and nozzle clogging

Fig. 6 Layer thickness over the mean particles size for the three

different flow rates or process gas pressures (10 l/mine 1.1 bar in

blue, 15 l/mine 1.4 bar in red and 20 l/mine 1.8 bar in green). The

diagram indicates that coating formation is only possible for small

particle sizes (\ 2 lm) and that the coating thickness increases with

higher gas pressures

Fig. 7 SEM micrographs (25.000x) of single- (a), two- (b) and four-

layer (c) coatings processed by Aerosol Deposition of Ti3SiC2 powder

with a mean size of 1.7 lm (40 minutes milled with 10 mm zirconia

balls) at a gas flow rate of 10 l/min, pgas = 1.1 bar. The micrographs

reveal an increase of thickness with number of layers. The bright

spots within the gray matrix correspond to ZrO2 impurities
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the different particle sizes do not differ for the range of

process conditions, individual distinction has been omitted.

As shown in panel a and b, particles larger than 4 lm show

similar features as the medium-sized ones, with fracture

and internal deformation. Interestingly, some of the surface

pattern show smoothened topographies that indicate vis-

cous-like deformation phenomena, as so far observed in

cold spraying of softer MAX-phase material as Ti2AlC and

Cr2AlC (Ref 17). As shown in panel c, in the size range of

2-4 lm, most of the particles fracture into smaller pieces.

However, fracture is always accompanied by deformation

and surface laminae pattern. An example, focusing on the

internal deformation, is given in panel d, and illustrates the

deformation inside grains along characteristic shear planes

and associated fracture phenomena. On the one hand, shear

on the slip bands causes delamination. On the other hand,

brittle, perpendicular cracks through the covalent bonded

ceramic layers are observed. As given in panel e, very fine

bonded particles with sizes smaller 0.1 lm have the same

morphology as the feedstock powder, showing no traces of

fracture or deformation. In sizes larger than about 0.5 lm,

the impacted particles most prominently fracture and also

show surface laminae pattern corresponding to the defor-

mation along characteristic shear planes of the MAX phase

structure, as indicated in panel f.

Deposit Surface Coverage and Morphologies

As shown by the layer microstructures in the cross sections,

the success in deposit buildup shows drastic changes

depending on particle sizes and to some extend by spray

parameter sets. For supplying more global views on layer

formation, Figure 10 shows SEM top view micrographs as

obtained by the backscattering electron (BSE) mode to

illustrate the surface coverage for the transition regime

with respect to a particle size of 4.4 lm and spray condi-

tions with gas flow rates of 10 to 20 l/min (a–e) for the

deposition of one single layer. For supplying a suit-

able reference, respective analyses were performed at the

edge to non-covered substrate surfaces showing the steel in

bright contrast, the deposits in medium gray. As shown for

a flow rate of 10 l/min in panel a and b, the substrate is

heavily deformed under the impact of the MAX-phase

particles. As illustrated by the medium gray contrast in

panel b, only few sites can be revealed that correspond to

bonded Ti3SiC2 powder or respective fragments. By

increasing the flow rates to 15 l/min and 20 l/min, more of

the MAX-phase material gets bonded, as visible by the

increased amount of medium gray areas in panels c–f.

Figure 11 shows an example for Aerosol Deposition of the

Ti3SiC2 powder batch with a mean size of 1.0 lm,

deposited as one layer at a gas flow rate of 15 l/min.

Despite the rather rough surface topography given in panel

a, the homogenously medium gray contrast of the BSE in

panel b reveals complete surface coverage. For this parti-

cle size, the surface coverage is similar for using lower

(10 l/min) or higher (20 l/min) gas flow rates (for the sake

of space not shown here).

For building up thicker, well-bonded Ti3SiC2 layers by

small particle sizes using Aerosol Deposition, however,

internal stresses and weak adhesion to the substrate could

result in local coating delamination of lateral extensions of

up to 200 lm. A respective example for Aerosol Deposi-

tion with mean particle sizes of 1.0 lm deposited as one

layer at a gas flow rate of 15 l/min is shown in Fig. 12. The

BSE-contrast in panel b illustrates that within the regime of

local layer spallation, failure mainly occurs at the interface

to the substrate here revealing similar bright contrasts as

for pure substrate material (compare Fig. 11). Locally

slightly darker contrast within the spallation area can be

attributed to some adhering, primary particles or deposited

ones after spallation.

The primary single impacts onto the substrate shown in

Fig. 9 could be influenced by the plastic deformation of the

steel, and possibly associated less particle deceleration than

obtained during impacts onto MAX-phase layers. For elu-

cidating the particle deformation behavior during coating

buildup, typical surface morphologies after deposition of

one layer by using powders with mean sizes of 4.4, 1.0 and

0.5 lm at gas flow rates of 10 l/min (pgas: 1.1 bar) are

shown in the selection of high-resolution micrographs as

top and under angular views in Fig. 13. As illustrated by

panels a and b, multiple impacts of particles with a mean

size of 4.4 lm mainly cause substrate deformation and

Fig. 8 Coating thickness over the number of spray layers by Aerosol

Deposition of Ti3SiC2 powder with a mean size of 1.7 lm (40 min

milled with 10 mm zirconia balls) as applied for the three different

process conditions (10 l/mine 1.1 bar in blue, 15 l/mine 1.4 bar in

red and 20 l/mine 1.8 bar in green). The diagram reveals a linear

increase in thickness with the number of spray layers for the single-,

two- and four-layer coatings for all three gas pressures. In addition, it

demonstrates that the coating thickness increases by using higher gas

pressures
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erosion. Particularly the top view reveals angular indents in

the substrate surface left by non-successful particle

impacts. Only few particles or particle remnants adhere to

the surface. Judging from the angular view in panel b, sizes

of these adhering remnants are smaller than those obtained

under the single impact events of comparable sizes shown

in Fig. 9(c) and (d). In addition, the Ti3SiC2 fragments

under multiple impact show a smoother surface and less

traces of cracks or fracture sites than those of primary

adhering ones. Such could be attributed to fracture and

deformation of adhering MAX-phase material under fol-

lowing high-velocity bombardment by particles of similar

mechanical strength. Depositing the finer powder with a

mean size of 1.0 lm, complete surface coverage is obtained

(compare Fig. 11). Thus, surface morphologies do not

show any traces of substrate deformation. According to the

top view in panel c, most particle remnants on the surface

appear flattened. The angular view in panel d allows for a

better distinction between rather smooth areas in the val-

leys of surface topographies and hills building up by highly

deformed particles. The sizes of the observed particle

remnants are smaller than the respective initial particle

sizes and than those of the single impact morphologies

given in Figs. 2 and 9. In addition, only very few traces of

particle deformation are observed. Some more loosely

bonded particle on the hills might be due to rather recent

impacts, not suffering from possible removement under

follow-up impacts. Similar applies to the only few, mostly

rather small pieces that roughly retain the original shape.

The surface morphologies of the coating deposited by

using the powder with a mean size of 0.5 lm show the

same features as the one processed by using the slightly

larger powder of 1.0 lm in size. Major differences concern

local remnant surfaces having a smoother appearance and

hills more prominently building up in extensions larger

than original particle sizes.

Discussion

Prerequisites for Layer Formation

By systematic variation of mean powder sizes and spray

conditions, key pre-requisites for Ti3SiC2 coating forma-

tion by Aerosol Deposition can be identified. From deposit

cross section and surface coverage analyses, it can be

judged that small mean particle sizes in a range of 0.5 to

maximum 2 lm are essential for layer buildup. In addition,

higher gas flow rates equivalent to higher process pressures

occur as beneficial for coating formation. Based on the

Fig. 9 Typical single impact

morphologies under angular

view of the SEM as obtained for

Aerosol Deposition of different

Ti3SiC2 powder particle sizes

(a, b: large[ 4 lm, c, d:

medium 2-4 lm, e, f: small

\ 2 lm). Since single impact

morphologies do not differ for

the range of process conditions

with gas flows of

10 l/min e 1.1 bar,

15 l/min e 1.4 bar and

20 l/min e 1.8 bar. Thus,

individual distinction has been

omitted. The inserts describe: i:

craters left in the substrate by

non-successful impacts, ii:

viscous-like flow pattern , iii:

cracks, iv: deformation on

laminae, v: fractured lamellas,

vi: adhesion of complete, non-

flattened particles, vii: fractured

particles
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development of coating thickness, the present data allow

for developing a process window for successful Ti3SiC2

coating formation by Aerosol Deposition, despite all the

statistical uncertainty and scatter of the data shown in

Fig. 5 and 6.

Defining continuous layer formation and a single-layer

thickness of 400 nm as threshold for coating formation,

Fig. 10 Single-layer surface

topographies as obtained in top

view by secondary electron

mode (left) and the

backscattering electron mode

(right) of the SEM to illustrate

the surface coverage as obtained

for Aerosol Deposition of

Ti3SiC2 powder of a mean size

of 4.4 lm for parameter sets of

(a, b) 10 l/min, (c, d) 15 l/min

and (e, f) 20 l/min (a–e)

Fig. 11 Surface topographies

as obtained in top view by

secondary electron mode (a) and

the backscattering electron

mode (b) of the SEM illustrating

the surface coverage as obtained

for Aerosol Deposition of

Ti3SiC2 powder with a mean

size of 1.0 lm as deposited as

single layer at gas flow rate of

15 l/min

1130 J Therm Spray Tech (2021) 30:1121–1135

123



Fig. 14 illustrates respective regimes in terms of a process

map. As stated above, successful deposition is only pos-

sible for small particles with D50\ 2 lm, using suffi-

ciently high gas flow rates/process gas pressures

C 15 l/min/1.4 bar. The comparison for the different

powder batches in the process map reveals that the regime

for coating formation can be extended to lower parameter

sets with a gas flow/process gas pressure of 10 l/min/1.1 bar,

if mean particle sizes B 1.0 lm are used in the Aerosol

Deposition process. The derived range of successful

Ti3SiC2 coating formation can be associated with a needed

critical maximum particle velocity of about 350 m/s to

achieve bonding (compare Fig. 4). The rise of gas flow/pro-

cess gas pressure from 10 l/min/1.1 bar to 20 l/min/1.8 bar

ensures slightly better particle acceleration, but only increases

particle velocities differences by less than 40 m/s. However,

the extended range of successful layer formation indicates that

such increase could be decisive for reaching thresholds for

bonding. Thus, the size regime for bonding could be slightly

extended to larger particle diameters by using higher gas flow

rates/gas pressures.

Fig. 12 Surface topographies

as obtained in top view by

secondary electron mode (a) and

the backscattering electron

mode (b) of the SEM showing

an area of local coating

spallation and respective surface

coverage as obtained for

Aerosol Deposition of Ti3SiC2

powder in a mean size of

1.0 lm deposited as single layer

at gas flow rate of 15 l/min

Fig. 13 High-resolution

micrographs of surface

topographies as obtained in top

views (left) and angular view

(right) after single-layer

deposition of Ti3SiC2 powders

in sizes of (a, b) 4.4 lm, (c, d)

1.0 lm and (d, e) 0.5 lm at

Aerosol Deposition gas flow

rates of 10 l/min. The different

features on the surface are

distinguished as i) craters in

substrate surface, ii) recent

Ti3SiC2 remnants, iii) valley of

flat Ti3SiC2 layer after multiple

follow-up impacts, iv) hill of

adhering Ti3SiC2 particles by

recent impacts, and v) very fine

particles adhering to the surface

showing minor deformation
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However, with respect to increased gas flow/process gas

pressure, also possible upper borders by surface erosion or

bow shock effects are expected, but respective experiments

are still under investigation. Similar applies to the mini-

mum particle size needed for deposition. However, with

respect to very small sizes of less than 0.2 lm, the single

impact morphologies and the surface topographies already

indicate that such particles would adhere only loosely

bonded and sparely deformed to the surface, in this con-

dition probably not withstanding possible erosion by fol-

lowing impacts during coating formation. This is in

agreement to reports in the literature for Aerosol Deposi-

tion by Hanft et al., associating successful deposition with

fracture and grain refinement that should only occur for

sizes Z 0.2 lm (Ref 20, 39). In comparison to the reported

results for Aerosol Deposition of conventional ceramics,

the present data for Ti3SiC2 show rather similar size ranges

for successful layer formation. The described borders of

powder sizes and process conditions for successful layer

formation are in agreement to reports on Aerosol Deposi-

tion of ceramic materials (Ref 19, 20, 28). The estimated

critical velocity of about 350 m/s for bonding of Ti3SiC2 is

rather similar to values as reported by Kwon et al. for

Aerosol Deposition of ceramic materials as Al2O3 and SiO2

with 400 and 300 m/s, respectively (Ref 28). Bonding of

Ti3SiC2 meeting the same range of critical velocities

underlines a predominantly ceramic behavior of this type

of MAX-phase material. With respect to influences by

particle deceleration due to bow shock effects (Ref 21-23),

it should be noted here that real impact velocities,

depending on particle sizes, should be by about 50 to

100 m/s lower than given here in the rough estimates.

The in comparison to literature more ceramic-like

behavior of Ti3SiC2 indicates that the specific crystal

structure with weaker metal layers, at least for this type of

MAX-phase, is not playing a dominant role for bonding

and layer formation by Aerosol Deposition. However, the

situation could be different for other MAX-phase materials

that allow for more distinct plastic deformation along less

strongly bonded metallic crystal planes. Recent investiga-

tions by cold spraying revealed significant differences in

particle deformation and possible layer formation depend-

ing on MAX-phase type and associated compressive

strengths (Ref 17) and indicated a more ceramic-like

behavior for Ti3SiC2.

For Aerosol Deposition of ceramics in general, several

models are discussed to explain bonding. By experiments

and modelling, most established descriptions associate

bonding and layer formation in Aerosol Deposition with

(dynamic) particle fragmentation into nanocrystalline

microstructures (Ref 19, 20, 28). Another approach was

followed by Daneshian et al. by using molecular dynamic

(MD) simulations (Ref 40, 41). For nanoparticle impact,

their computations distinguish regimes of (i) rebound (ii)

deformation and bonding and (iii) particle fracture,

whereas only deformation associated effects are defined to

contribute to layer formation. Here, the critical velocity is

defined as the transition between (i) rebound and (ii)

deformation and bonding. In addition, they argue on frag-

mentation at very high velocities, and trends for this being

more prominent for larger particle sizes.

Up to now, exploring Aerosol Deposition of Ti3SiC2

with mean particle sizes\ 1 lm is still challenging. Par-

ticle sizes\ 1 lm lead to process instabilities by discon-

tinuous powder flow, and thus in nozzle clogging and

pressure fluctuations. In present investigations, this was

more prominent for using higher process conditions with

gas flows/process gas pressures C 15 l/min e 1.4 bar,

here not allowing for continuous flow. Also, at the lower

gas flow/process gas pressure of 10 l/min/1.1 bar, flow and

pressure fluctuations occur. Varying particle velocities

during the process result in coating defects as pores, cracks

and non-bonded zones, as shown in Fig. 15. Current

investigations concern possible counter-measures to

improve process stability by tuning powder flowability and

optimizing gas flow for avoiding clogging in tubes or

nozzles.

Microscopic Deformation Features

The results of the present study demonstrate that continu-

ous and rather dense Ti3SiC2 layers can have a thickness

significantly smaller than the mean particle size (thickness

\\ 500 nm, particle size[ 1 lm). This indicates that

coating formation to rather high extent is associated with

particle fracture and grain refinement, in agreement with

reports from the literature (Ref 18, 20). This is no contra-

diction to assuming a critical threshold velocity for bond-

ing, with a maximum particle size of about 2 lm. Size

Fig. 14 Process map for Aerosol Deposition of Ti3SiC2. The solid

dots indicate successful coating formation by exceeding a single-layer

thickness of 400 nm resulting in continuous single-layer formation.

Hollow dots indicate non-continuous layers
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effects determine maximum velocities at given process

parameters. In turn, impact velocities can govern fracture

or plastic deformation at high strain rate for ceramics.

Furthermore, too large particles might simply break due to

their brittle ceramic behavior, just causing deformation or

leaving remnants on the substrate surface (compare Fig-

ure 5, upper 3 lines), while small ones with sizes [ 2 lm
might be able to show at least partial plastic behavior.

The analyses of single impact morphologies confirm that

most adhering Ti3SiC2 particles fracture into smaller pie-

ces. Only very small ones with sizes of about less than

0.2 lm seem to retain their size (see Fig. 9). The fracture

to high extent is associated to brittle failure across the

covalent bonded ceramic layers of the crystal structure.

Plastic-like deformation on the metallic lattice layers seems

to attribute to flattening and in some instance to internal

delamination. Only in very few cases, viscous-like flow

phenomena as achievable under thermal softening by high

strain rate plastic deformation are observed. Thus, the layer

formation of Ti3SiC2 particles in Aerosol Deposition is

mainly associated with ceramic-like fracture. However,

with about 100 to 500 nm, the size of fragments obtained in

single impacts is much larger than refinement sizes of less

than 20 nm reported in the literature for successful layer

formation by Aerosol Deposition (Ref 19, 28, 42). Thus,

the single impact morphologies showing the whole particle

are probably not representative for the mechanisms asso-

ciated with dense layer formation. One hint on that can be

gained by the amounts of adhering material. Under single

impacts of particles smaller 2 lm, more than half of the

events results in successful adhesion to the substrate, cor-

responding to a deposition efficiency (DE) greater than

50%. In contrast, deposition efficiencies obtained to com-

plete layer formation by Aerosol Deposition usually is

typically lower than 1% (Ref 43, 44). This means that

probably far more than 90% of the primarily adhering

material is removed by erosion under the bombardment of

secondary impacts. Thus, more insights into the stability of

well-bonded material could be provided by top views onto

adhering layers. For successful Ti3SiC2 layer formation

using particle sizes B 2 lm in Aerosol Deposition (see

Fig. 13), the surfaces show rather flattened particles or

particle remnants. Typical surface features are much

smaller than original particle sizes. In addition, most of the

features have a rather smooth appearance. This could be

attributed to significant influence by secondary impacts that

remove loosely bonded parts of adhering particles and

might attribute to more deformation and refinement of

already well-bonded material. Only few parts on the sur-

face appear more loosely bonded. These might be associ-

ated with rather recent impact events that so far not got

subjected to complete or partial erosion. The slightly

rougher surface topography for depositing finer powder

sizes might be attributed to local differences in bow shock

phenomena preferably decelerating smaller particles in

front of local valley regimes. In summary, the observations

for Aerosol Deposition of Ti3SiC2 correspond well to the

impact models by Akedo, Hanft et al. or Kwon et al. (Ref

19, 20, 28), postulating heavy deformation and refinement

being more prominent close the interface between adhering

material and the impacting particle, and immediate or later

removement of upper parts by fracture or erosion.

General Remarks

Most of above reflections deal with rather ideal cases. It

should be noted here, that all powder batches represent a

distribution of particle sizes. Therefore, multiple effects

might be present in one layer. In consequence, wide par-

ticle size distributions should be avoided. Too large parti-

cles could cause layer erosion and contribute to local crack

formation. In addition, surface topographies could enhance

bow shock effects, means bigger particles reaching and

eroding less well-bonded surfaces in local valleys, which

are buildup by decelerated and less than optimum bonded

small ones. In addition, the local stress management and

deposit adhesion are a matter for improving process sta-

bility. Partial layer spallation indicates the presence of

compressive stresses and a lack of local adhesion. Both

might be tuned by surface modification and additional

thermal management during deposition.

Fig. 15 SEM micrographs (50.000x) of different locations within the

Ti3SiC2 layer processed by Aerosol Deposition using the finest

powder (D50 = 0.5 lm) at a gas flow/process gas pressure of

10 l/min e 1.1 bar. The layer shows pores, cracks and non-bonded

zones in the coating due to the powder flow fluctuation during the

spraying process
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In addition, the present results demonstrate that powder

production and refinement can cause contaminations by the

milling media (compare Fig. 7). Thus, further work is

needed to optimize powder production to allow for a better

distinction of effects leading to layer formation. Never-

theless, the present study demonstrates the possibility to

develop a process selection map for Aerosol Deposition of

Ti3SiC2. Using most promising spray parameter sets, the

application of several layers can be used to reach a coating

thickness of several microns to fulfill the demands in

possible applications. Parts of the gained knowledge con-

cerning basic principles should be also valid for other

MAX-phase materials.

Summary and Conclusions

The present study presents a comprehensive investigation

on Aerosol Deposition to process Ti3SiC2 MAX-phase

coatings. By applying a range of spray conditions to a

variety of powder sizes, prerequisites for successful layer

deposition are worked out and presented in the form of a

process map. The results show that coating formation is

only possible for particle sizes below 2 lm. Individual

deposition rates depend on process conditions, such as gas

flow rates corresponding to process gas pressures, the field

of successful coating formation being larger for higher

pressures. Successful bonding can associated with particle

impacts exceeding a critical maximum velocity of about

350 m/s. By applying several spray layers, desired coating

thickness for applications can be adjusted, here also

proving process stability. According to all these results, the

Ti3SiC2 MAX-phase behaves similar to typical ceramic

material, with no detectable particular influence of the

metallic crystal layers. Thus, it must be investigated in

detail to which extend respective procedures for coating

optimization should be transferable to Aerosol Deposition

of other MAX-phase materials of lower compressive

strengths.
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Stiller, H. Högberg, and L. Hultman, Ti2AlC Coatings Deposited

by High Velocity Oxy-Fuel Spraying, Surf. Coat. Technol., 2008,
202(24), p 5976-5981.

9. J. Jiang, A. Fasth, P. Nylén, and W.B. Choi, Microindentation

and Inverse Analysis to Characterize Elastic-Plastic Properties for

Thermal Sprayed Ti2AlC and NiCoCrAlY, J. Therm. Spray
Technol., 2009, 18(2), p 194-200.

10. M. Sonestedt, J. Frodelius, J.P. Palmquist, H. Högberg, L. Hult-
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