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Highlights 

• Pinhole free, uniform and conformal oxidation barrier on Cu and Fe powder. 

• Proper agitation of the powder is required and performed by a rotating ALD reactor. 

• Al2O3 coating of 8 nm on Cu powder causes a shift of oxidation temperature of 200 °C 

• Al2O3 coating of 25 nm on Fe powder causes a shift of oxidation temperature of 400 °C 

 

Abstract 

Atomic layer deposition (ALD) is a vapor based technique which allows to deposit uniform, 

conformal films with a thickness control at the atomic scale. In this research, Al2O3 coatings 

were deposited on micrometer-sized Fe and Cu powder (particles) using the thermal 

trimethylaluminum (TMA)/ water (H2O) process in a rotary pump-type ALD reactor. Rotation 

of the powder during deposition was required to obtain a pinhole-free ALD coating. The 

protective nature of the coating was evaluated by quantifying its effectiveness in protecting 

the metal particles during oxidative annealing treatments. The Al2O3 coated powders were 

annealed in ambient air while in-situ thermogravimetric analysis (TGA) and in-situ x-ray 

diffraction (XRD) data were acquired. The thermal stability of a series of Cu and Fe powder 

with different Al2O3 thicknesses were determined with TGA. In both samples a clear shift in 

oxidation temperature is visible. For Cu and Fe powder coated with 25 nm Al2O3, we 

observed an increase of the oxidation temperature with 300-400°C. For the Cu powder a 

thin film of only 8 nm is required to obtain an initial increase in oxidation temperature of 

200°C. In contrast, for Fe powder a thicker coating of 25 nm is required. In both cases, the 

oxidation temperature increases with increasing thickness of the Al2O3 coating. These results 

illustrate that the Al2O3 thin film, deposited by the thermal ALD process (TMA/H2O) can be 

an efficient and pinhole-free barrier layer for micrometer-sized powder particles, provided 

that the powder is properly agitated during the process to ensure sufficient vapour-solid 

interaction. 
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1. Introduction 

To prevent metal surfaces from oxidation, different coating methods have been studied as 

plasma spraying [[1]; [2] ;  [3]], and sputtering [4, 5]. However these methods have only a 

limited thickness control of the coating. In recent years, Atomic Layer Deposition (ALD) is 

increasingly investigated for the surface functionalization of powders [6]. ALD is a gas-phase 

deposition technique which allows to deposit layer-by-layer thin films with an excellent 

control of thickness at the atomic scale [[7]; [8]; [9]; [10]; [11] ;  [12]]. Due to the self-limited 

nature of the chemical reactions, ALD enables to grow uniform and conformal thin films 

even in high aspect ratio [13] or porous structures [14, 15]. Powder ALD has been explored 

for the encapsulation of moisture sensitive powder [16], catalytic activation [17], improving 

the powder rheology and preventing the powder to oxidize [18]. Hakim et al. [19] studied 

the coating of nano-iron particles with Al2O3 in order to prevent the oxidation of the 

powder. To overcome the thermal expansion mismatch between the iron particle and the 

Al2O3 coating, Moghtaderei et al. [20] studied the coating barrier of alternating layers of 

Al2O3/ZnS which has similar thermal properties as the iron substrate. Most studies so far 

were performed in fluidized-bed reactors [21]. 

In this research we aim to deposit uniform, conformal and pinhole-free coatings of Al2O3 on 

micron-sized Cu and Fe powder, using a pump-type rotary ALD reactor, to protect these 

powders against oxidation. We will investigate the effect of the thickness of the coating (6-

30nm) and the substrate (Cu or Fe powder) on the barrier properties of the coating. 

 

2. Experimental 

Contrary to the often used fluidized bed reactors, [22] the ALD depositions took place in a 

home-built pump-type rotary ALD reactor for powders [23, 24]. The reactor contains a 

rotating quartz tube in which a cylindrical stainless steel container is placed, containing the 

powder. The front and the back of the container is a membrane which allows the 

precursor/reactant gas to flow through the container and react with the powder while the 

powder is forced to stay in the container. The rotation permits the mechanical agitation of 

the powder which is required for a conformal coating. The aluminum oxide films were 

deposited by using trimethylaluminum (TMA, 97 %, Sigma-Aldrich) and H2O as precursor 

and reactant respectively. Both were stored in a stainless steel bottle at room temperature. 

The precursor lines were heated to 50°C and the temperature of the powder sample was 

kept at 100°C. One ALD cycle consisted of a pulse time of 20 s of TMA followed by a pump-

time of 60 s, a pulse time of 20 s of H2O and a pump-time of 60 s. A metering valve 

regulated the flow of the precursor/reactant to the reactor resulting in a partial pressure of 
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2.10−3 mbar and 3.10−3 mbar for TMA and H2O respectively. The base pressure in the 

reactor during the process was maintained at 1.10−5 mbar. During this research, Cu and Fe 

powder were studied with an average particle size of <45 μm and ∼ 325 mesh respectively 

(Sigma Aldrich). The Fe particles have random shapes and the Cu particles have a dendritic 

structure. 

The presence of the deposited alumina coating was measured using a FEI Quanta 200 F 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray spectroscopy (EDX) with 

the electron beam energy set at 15 keV. Transmission Electron Microscopy (TEM) was used 

to visualize the deposited coating and to investigate the conformality and the thickness of 

the coating. In high angle annular dark field scanning transmission microscopy (HAADF-

STEM), the intensity is proportional to Z2 with Z the atomic number. This allows to 

distinguish the core materials from the coating. Because of the magnetic properties of the 

Fe powder an extra step in the sample preparation for STEM analysis was needed. First, the 

Fe particles were crushed in a solution of ethanol. Then, the solution of ethanol and crushed 

Fe particles was deposited on the TEM grid. A strong magnet was used to remove the excess 

of Fe particles. 

Besides investigating the characteristics of the coating, the capacity of the alumina coating 

for protecting the powder against oxidation was investigated. Thermogravimetric analysis 

(TGA) and in-situ x-ray diffraction (XRD) were used to study the thermal stability and 

oxidation properties of the coated powder during anneals. The in-situ XRD measurements 

were performed in a home-built setup [[25]; [26]; [27] ;  [28]] in ambient air with a ramp 

rate of 10 K/min. A Cu Kα X-ray source and a position sensitive detector were used to obtain 

the XRD patterns. The TGA measurements were performed using a TGA Q5000 IR (TA 

Instruments, USA) on 10 mg of powder which was placed in platinum pans. First, there was 

an initial isothermal at 60°C, followed by an anneal in air till 850°C with a heating rate of 

10K/min. After the anneal, the temperature was lowered to 60°C at 10K/min to determine 

the weight change defined as the change in mass of the sample between start- and end 

point. Out of the TGA measurements, one can derive the oxidation temperature which is 

defined as the lowest temperature where mass increase due to oxidation is observed. 

 

3. Results and discussion 

Fig. 1 shows the SEM image and EDX measurement of the dendritic Cu powder coated with 

150 ALD cycles of TMA/H2O. The Cu particles vary in size and have an inhomogenous 

dendritic structure. In the EDX spectrum a clear Al Kα peak is observed at 1.486 keV, 

indicating the presence of the Al2O3 coating. The C signal originates from the C-tape on 

which the powder is positioned during the measurements. 
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Fig. 1. SEM images of the dendritic Cu powder coated with 150 cycles of TMA/H2O. The 
inset figure show the EDX spectrum. 
 
TEM measurements were performed to investigate the conformality, uniformity and 

thickness of the coating. Fig. 2 shows the TEM images of a Cu particle coated with 150 ALD 

cycles. The EDX analysis shows a surrounding layer containing Al and O. From STEM imaging, 

one can estimate the film thickness to be 15 nm, corresponding with a growth rate of 0.1 

nm per cycle. This is in reasonable agreement with the growth rate of 0.13 nm per cycle of 

the process under similar process conditions, found in literature [29]. This result illustrates 

the characteristic control of the film thickness which is typical for ALD processes. By 

combining STEM imaging with different tilt angles and XEDS analysis, one can observe that 

the coating is uniform and conformal along the entire particle. 

 

 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr1
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Fig. 2.  HAADF-STEM images and EDX mapping results of a Cu particle, coated with 150 ALD 
cycles. 
 
Fig. 3 shows an EDX line profile analysis along the line showed in the HAADF-STEM image of 

a Cu particle coated with 150 ALD cycles. Outside the particle, when the Cu signal is low, we 

observe strong O and Al signals which decrease while the Cu signal increases, indicating that 

the Al2O3 coating is only on the outside of the particle. 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr2
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Fig. 3. Line Profile analysis of the coated Cu powder (150 ALD cycles). 
 
Previous measurements indicate the presence of an uniform and conformal Al2O3 coating. 

To explore the pinhole-free nature of the coating, the protective barrier property of the 

coating against oxidation was studied with in-situ XRD and TGA measurements during an 

anneal in ambient air. To investigate the effect of mechanical agitation of the powder during 

deposition on the quality of the coating, Cu powder was coated with 150 ALD cycles under 

stationary conditions and while the reactor containing the powder was rotating at 37 rpm 

during the entire ALD process, keeping all other process conditions identical. Fig. 4 shows 

the in-situ XRD patterns during an anneal in ambient air of an uncoated Cu sample (a) 

compared with a Cu sample coated with 150 ALD cycles in a stationary reactor (i.e. without 

rotation) (b) and a Cu sample coated with 150 ALD cycles while the reactor was rotating to 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr3
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ensure proper vapor-solid interation through agitation of the powder (c). The corresponding 

2θ diffraction peaks are indicated in the figure. It is clearly seen that the Cu peaks remain 

present until much higher temperature for both coated samples ((b) and (c)) than for the 

uncoated sample. The Cu2O and CuO peaks appear at a much higher temperature for the 

coated sample with rotation (c) (300 degrees higher) than in case of the uncoated sample 

and the coated sample without rotation. Not only an increased oxidation temperature is 

observed for the coated sample with rotation, but one also observes that the region during 

which the Cu and the Cu2O and CuO phases coexist is much narrower in comparison with 

both other samples. The absence of rotation during deposition causes a decrease of the 

oxidation temperature of almost 150°C. This result shows that for the ALD process without 

rotation the major part of the powder is well coated and protected against oxidation, but 

the coating contains pinholes causing an earlier start of the oxidation. This experiment 

shows the necessity of agitating the powder during the ALD process to ensure proper vapor-

solid interaction. All experiments discussed in the remainder of the paper were performed 

with rotation during the ALD process. 
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Fig. 4. In-situ XRD measurements of dendritic Cu powder during an anneal in ambient air 
(10K/min): uncoated reference (a), with an Al2O3-coating after 150 ALD cycles in a 
stationary reactor (i.e. without rotation resulting in a non-agitated powder bed) (b) and 
with an Al2O3-coating after 150 ALD cycles while the reactor was rotating at 37 rpm to 
ensure proper vapor-solid interaction through agitation of the powder (c). 
 
Besides the Cu powder, Fe powder was also deposited with an alumina coating. Fig. 5 shows 

the SEM/EDX measurements of the Fe powder coated with 150 ALD cycles of TMA/H2O. The 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr4
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Fe particles vary strongly in size and have a more spherical structure in comparison with the 

dendritical Cu particles. The EDX spectrum shows a clear peak at 1.486 keV, indicating the 

presence of the Al2O3 coating. 

 
Fig. 5. SEM images of the Fe powder coated with 150 cycles of TMA/H2O. The inset figure 
show the EDX spectrum. 
 
Fig. 6 shows the TEM images of a Fe particle coated with 150 ALD cycles. Similar to the 

results of the Cu powder, the EDX analysis shows a surrounding layer containing Al and O. 

Besides these elements, also Mn and Ca have been observed, probably originating from 

contamination of the blank powder sample. From STEM imaging, one can estimate a film 

thickness of 17 nm which is slightly higher than in case for the Cu powder, but still in line 

with the expected film thickness. 

 
Fig. 6. HAADF-STEM images and EDX mapping results of a Fe particle, coated with 150 ALD 
cycles. 
 
Fig. 7 shows the line profile analysis of a Fe particle coated with 250 ALD cycles. Similar to 

the profile of the Cu particle we observe a large Al signal when the Fe signal is low. The Al 

signal is slowly decreasing while the Fe signal increases. 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr5
https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr6
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Fig. 7.  Line Profile analysis of the coated Fe powder (250 ALD cycles). 
 
To study the effect of coating thickness on the quality of the oxidation barrier, a series of 

depositions were performed with varying number of ALD cycles in the range of 60 to 300 

cycles with a corresponding expected thickness in the range of 6-30 nm. To represent the 

data on the oxidation process in a more quantitative way, the integrated intensity of the Cu 

(2θ=43.298°) and the CuO (2θ=48.717°) diffraction peaks can be integrated in the in-situ 

XRD data. The integrated intensities for a series of samples with varying ALD cycles in the 

range of 0-250 is shown in Fig. 8. One observes that the slope of the increase/decrease of 

the integrated intensity is more or less similar for the different coating thicknesses, but that 

the onset of oxidation shifts with increasing coating thickness. 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr7
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Fig. 8. Integrated intensity of the in-situ XRD measurements of the Cu peak (2θ=43.298°) 
(a) and the CuO peak (2θ=48.717°)(b), for a series of Cu powders coated with 0-250 ALD 
cycles in a rotary reactor. 
 
Fig. 9 shows in-situ XRD data for the uncoated (a) and coated Fe powder with 150 ALD cycles 

(b). The difference in the two figures is less pronounced than in case of the Cu powder. The 

Fe and Fe2O3 XRD peaks are more overlapping which makes this technique not suitable to 

indentify the oxidation temperature of the Fe powder. 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr8
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Fig. 9. In-situ XRD measurements of Fe powder: uncoated reference (a) and with an 
Al2O3-coating after 150 ALD cycles (b), during an anneal in ambient air (10K/min). 
 
The oxidation temperature of the Fe and Cu powder samples was also quantified through 

TGA measurements. In Fig. 10 the TGA measurements are shown for a series of Cu (a) and 

Fe (b) samples with different coating thicknesses (0-300 ALD cycles), annealed at a rate of 10 

K/min in ambient air. The TGA measurements confirm the result of the in-situ XRD 

measurements: the oxidation temperature increases with increasing coating thickness. For 

the Cu powder, a coating of 8 nm of alumina causes already a shift in oxidation temperature 

of 200°C, however for the Fe powder an alumina coating of 250 ALD cycles is required to 

cause an intial shift in oxidation temperature. The total increase of the weight percentage 

after the anneal was equal to 25 %. The in-situ XRD measurements indicate that the CuO 

phase is formed as the final phase. Because m(Cu) ≈ 4.m(O), we expect a mass increase of 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr9
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25 % which is in agreement with the TGA results. Similar for the Fe powder, the in-situ XRD 

measurements showed the formation of Fe2O3. With m(Fe) ≈ 3,5.m(O) and taking into 

account the stoichiometry of the phase, we expect a mass increase in the range of 40%, 

which is in agreement with the TGA results. TGA permits also a precise quantification of the 

oxidation temperature, certainly in case of the Fe samples where in-situ XRD measurements 

could not give a clear result. To compare the quality of the alumina coating as an oxidation 

barrier for Cu and Fe powder, the oxidation temperature as determined from TGA 

measurements is plotted as a function of the expected coating thickness for the Cu and the 

Fe powder, in Fig. 11. We observe that for the Cu powder, an alumina coating of 8 nm 

causes already a large increase in oxidation temperature of 200°C, while for the Fe powder 

an alumina coating of 25 nm is needed to cause an initial shift in oxidation temperature of 

250°C. 
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Fig. 10. TGA measurements of a series of Cu (a) and Fe (b) powder, coated with 0-300 ALD 
cycles. 
 
 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr10
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Fig. 11. Oxidation temperature in function of the expected coating thickness for the Cu 
(blue) and Fe powder (green). 
 

4. Conclusion 

A rotary pump-type ALD reactor was used to coat micron-sized Cu and Fe particles with 

Al2O3 using the TMA/H2O ALD process. It was shown that proper agitation of the powder is 

required to ensure a pinhole-free coating. Using SEM/EDX measurements the presence of 

an alumina coating was confirmed. TEM measurements illustrate the conformality and 

uniformity of the coating. To study the oxidation barrier properties of the coating, Cu and Fe 

samples with different coating thicknesses of Al2O3 were investigated with in-situ XRD and 

TGA. For both powders, the onset of oxidation increased with increasing coating thickness. 

A clear shift in oxidation temperature of 200°C was seen for the Cu sample coated with an 

alumina coating of 8 nm, a coating of 25 nm was required to increase the oxidation 

temperature for the Fe powder. This result illustrate that an alumina thin film can be an 

efficient oxidation barrier for micron-sized Cu and Fe powder. 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0257897218306236#gr11
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