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Graphical abstract

Chromium coating on a non-stainless low alloy steel powder improved the flowability and oxidation
resistance.

SA508 Grade 3 steel powder
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Highlights
e A non-stainless low alloy (SA508 Grade 3) steel powder was coated with chromium
by magnetron sputtering.
e There was a significant improvement in oxidation resistance after Cr coating.
e The tribo-electric charging of powder reduced with Cr coating resulting in improved

flowability.

Abstract

The oxidation state and surface properties of powder particles play a major role in the final
properties of powder manufactured components. In the present study, the coating of a non-
stainless low alloy (SA508 Grade 3) steel powder was explored to protect it from progressive
oxidation while also studying the effects on powder flowability and electrical charging. The
protective coating was applied by magnetron sputtering of chromium. The surface
chemistries of both as-received and Cr coated powders were studied using X-ray photo
electron spectroscopy (XPS). Accelerated oxidation tests were carried out on both uncoated
and Cr coated powders to study the effects of coating on oxidation resistance. Hard X-ray
photoelectron spectroscopy (HAXPES) analysis was used to measure oxygen pick up near the
surface, showing significant reductions for the case of the Cr coated powder. The conductivity
of the powder was found to increase with Cr coating. The flowability of the powder was
characterised by the tapped density, the angle of repose (AOR) and a powder rheometer, and
it was found to improve with a Cr coating, which can be attributed to reduced tribo-electrical

charging and reduced cohesivity of the powder particles.
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Introduction

In recent years, there has been an increased interest for high performance powder based
near-net-shape manufacturing techniques as they represent a cost-effective alternative to
conventional manufacturing processes such as casting and forging while providing improved
mechanical properties [1]-[4]. However, the storage and handling of powders is a major
challenge in the powder metallurgy (PM) industry. Due to the large surface area of powders,
one of the major challenges with metallic powder is the pick-up of oxygen, which leads to
oxide inclusions when considering materials with low oxygen solubility [4]-[6]. Ductile
fracture of metals generally occurs by nucleation, growth and coalescence of voids and hard
inclusions can act as nucleation sites for such voids thereby reducing fracture toughness [7].
For the case of hot isostatically pressed (HIPed) 316L austenitic stainless steel, Adam et al.,
[5] showed a direct correlation between the original powder oxygen content and
porosities/inclusions in HIPed material. Hence oxygen pick-up needs to be kept to a minimum
during powder handling and processing, especially for applications where the fracture
toughness is crucial. Generally, a powder is kept in an inert atmosphere or vacuum to
minimize oxygen pick-up, which makes powder storage very expensive. Irrespective of how
effectively the powder is stored, there will be still some oxygen pick-up during high
temperature processing as a 100% inert atmosphere is not practically achievable. For
example, the oxygen concentration in 316L and SA508 steel powders are found to increase
after HIPing at 1160°C for 4 hours [8]. An alternative strategy for controlling oxygen pick-up
is to develop protective coatings on the powder as a part of the powder manufacturing
process. It is well known that the addition of chromium to steels in sufficient quantities
enables the formation of a protective Cr,0; film creating a so-called stainless steel [9]. Hence,
a thin chromium coating on a powder is expected to prevent its sustained oxidation during
handling and storage while during solid-state processing (e.g. HIPing) or additive
manufacturing processes, the thin chromium film is expected to redistribute during the high
temperature procedure. Also, further oxygen content in powder can be lowered by reduction

of chromium oxide during solid state processing [10].

Magnetron sputtering has been recently used to develop coatings approximately 30nm in
thickness on granular particles [11]. Even though there are many alternatives to magnetron

sputtering, such as mechanical alloying [12] and electroless coating [13], these alternatives



either change the spherical morphology of the powder or are less efficient on spherical
powder. Also, these alternatives are less efficient when depositing a very fine coating that

won’t significantly change the chemical composition of the powder.

The flowability of a powder is another factor that particularly determines the reliability and
quality of an additively manufactured (AM) product [14][15]. The powder flow behaviour is
generally influenced by the particle size and shape, surface roughness and interactions. In
particular, surface cohesion due to Van der Waals interaction can hinder powder flowability.
The frictional behaviour of particles influenced by surface roughness also plays a role in
powder flowability. Contact charging that results from friction leads to the transfer of electric
charge between powder particles [15], which in extreme cases and for some powders can
result in fire and explosion hazards during storage and transport [15][16]. Even though the
electrostatic force induced by contact electrification is very small, it becomes larger than the
gravitational force for very small particles [17]. This is particularly relevant for powder fusion
processes where fine powder size is desired as it gives a better dimensional accuracy [14]. He
et al., [14] found that surface cohesion between the particles can result in the non-uniform
spreading of powders and a better layering can be obtained by fine powder. The electrostatic
charging properties of titania pigment particles were found to shift towards positive direction
with more alumina content on the surface and towards the negative side with more silica
content on the surface [17]. The magnetic properties of powder particles could also affect its
flowability. However, it has been demonstrated in [18] that the magnetic effects could be

reduced by degaussing the powder.

Powder surfaces can be characterised using a wide range of techniques like scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and X-ray photo electron
spectroscopy (XPS). Even though XPS gives poor lateral spatial resolution in comparison to
SEM and TEM, it is a surface sensitive technique that provides a quantitative analysis of the
surface composition to depths of between 2 and 20 atomic layers [19]. An increase in X-ray
photon energy increases the photoelectron kinetic energies which in turn increase the
electron sampling depth (as defined by three times the inelastic mean free path of electrons).
Typically Hard X-ray photoelectron spectroscopy (HAXPES) at 9 keV results in sampling depths
of up to ~ 50 nm, compared to 3-10 nm when using surface sensitive XPS with standard lab

sources such as Al Ka [20], and therefore it enables the analysis of near surface chemistries.



To date, powder property studies have primarily focussed on improving the shape, size and
particle size distribution of powders, while little attention has been paid to developing
coatings that improve resistance to oxidation or the physical surface properties of powder
manufactured products. The purpose of the present study is to develop Cr coatings for an
SA508 Grade 3 steel powder, a metal powder that is highly sensitive to the environment as it
has a low Cr content. The coating strategy pursued here was magnetron sputtering and the
effects of the Cr coating were evaluated by characterising the flowability and level of
oxidation of the powder with and without a coating, after different environmental exposure

times, using a range of advanced characterisation tools.

Material and Experimental work

The powder used in this study was gas atomised SA508 Grade 3 low-alloy steel powder. The
bulk chemical composition of the powder was measured by inductively coupled plasma
optical emission spectroscopy (for Cr, Mn, Mo, Ni, Si), combustion analysis (for C, S) and fusion
analysis (for N, O) at an UKAS accredited testing facility in the UK. The chemical composition
of the powder and the measurement uncertainties are given in Table 1. Figure 1 shows as
SEM image revealing the morphology of as-received powder. The particle size distribution for
the as-received uncoated powder was measured by taking a series of optical microscope
images at 400x magnification and using image processing software ImageJ [21] to estimate
the mean diameter of individual particles. An optical image of the un-coated powder is given
in Supplementary result Figure 11. The particle size distribution based on about 1000 particles
is shown in Figure 2. The mean particle diameter from the measured distribution was

9.83+5um.

Table 1 Chemical composition of uncoated and Cr coated SA508 steel powder and measurement uncertainties.. P and V
were below the detection limit.

Wt. % C Cr Mn Mo N Ni (o] P S Si \'} Fe
SA508 As-

0.007 0.12 1.23 0.55 0.009 0.79 0.054 |<0.005| 0.006 0.25 | <0.01 | Bal
received
SA508 Cr

0.007 0.32 1.22 0.54 0.009 0.78 0.046 |<0.005| 0.006 0.25 | <0.01 | Bal
coated
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Figure 1 SEM SE image of gas atomized as-received SA508 low alloy steel powder
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Figure 2 Particle size distribution of gas atomized as received SA508 low alloy steel powder. This was determined by taking
a series of optical microscope images and using image processing software ImageJ [21] to estimate the mean diameter of

individual particles. The distribution is reported without binning.



The as-received powder was coated using a custom-built magnetron sputterer at the
Technical University of Vienna. Further details of the equipment can be found in [11].
Magnetron sputtering is generally done on bulk samples and for power coating a tilted
rotating container was utilised [11]. Two Cr targets with 10 cm diameter were used as sources
and were operated at 700 W power. Using argon as a working gas, a film growth rate of 0.6718
+ 0.0213 nm/s was achieved with a bowl tilt angle of 45° and a rotating speed of 25 rpm.
Approximately 2200 g (443 ml) of SA508 steel powder was sputtered with chromium for 8 h.
Even though ferromagnetic materials are difficult to magnetron sputter [22], [23], no adverse

effects were detected during the coating process.

In order to accelerate the oxidation of the powder, both uncoated (AR SA508) and coated (Cr
Coated SA508) steel powders were heat treated (HT) in a muffle furnace at 50°C for 120 hours.
It should be noted that the primary aim of the Cr coating is to prevent/minimize oxidation of
the powder during storage and handling at ambient temperature. However, in order to get
significant oxidation in a shorter time period, a slightly higher temperature (50°C) was used.
The as-received uncoated powder was imaged using a field emission gun scanning electron
microscope (FEG-SEM). The microstructural examination of the Cr-coated powder was carried
out using a FEG-SEM equipped with an Oxford Instruments energy-dispersive X-ray
spectroscopy (EDS) detector for elemental analysis. The Cr coated powder for EDS analysis
was mounted in a conductive bakelite resin and ground with 4000 grit emery paper. The final
polishing was done using oxide polishing suspension (OPS) for 15 minutes. Both SEM imaging

and SEM-EDS line scans on individual particles were carried out at 10 keV.

X-ray photo electron spectroscopy (XPS) with an Al Koo monochromated X-ray source (1486.6
eV) was used to study the surface chemistries of uncoated and Cr coated powders before and
after the accelerated oxidation experiments. Hard X-ray Photoelectron Spectroscopy
(HAXPES) was performed on a HAXPES-Lab, Scienta Omicron GmbH based at the Henry Royce
Institute at The University of Manchester, using a Ga Ka X-ray source (250 W, 9.25 keV photon
energy), which was monochromated and micro-focused to 50 um [24], [25]. The spectrometer
is equipped with an EW-4000 electron energy analyser. Atomic concentrations were obtained
using calculated relative sensitivity factors (RSF) for each core level [26]. Bulk oxygen
measurements on the powders were carried out at an analytical testing facility using a LECO

elemental gas analyser. HAXPES scans were also carried out on heat treated powders to study



the effect of Cr coating on oxidation. Both XPS and HAXPES spectra were analysed using Casa

XPS software [27].

The tap density of the uncoated and Cr coated SA508 grade 3 powders were measured
according to the ASTM B527-20 guidelines [28]. Powder was poured into a volumetric
cylinder. The cylinder was then tapped so that the powder was settled, until virtually no
volume change was observed. The Hausner ratio (HR) and Carr’s index (Cl) were calculated

from the tapped density [29][30]. The HR is calculated as

Pt

HR_pa

(1)

where, p; is the tapped bulk density and p, is the aerated bulk density of the powder. The
Carr’s Index is the ratio of the difference between the tapped bulk density and the aerated

bulk density to the tapped bulk density of the powder. The Cl is calculated as

Pt —Pa
Cl=— (2)

The Angle of Repose (AOR) was measured using a custom built instrument based at The
University of Leeds [30]. A schematic representation of the apparatus can be found elsewhere
[30]. In this test the powder was dispensed through a funnel at a fixed height to form a conical
heap on a horizontal surface. The AOR was then measured as the angle between the surface
of the powder heap and the horizontal surface. The procedure was repeated 3 times and

average values were taken.

A powder FT4 rheometer (Freeman Technology, Tewkesbury, Gloucestershire, UK) was used
to study the flow energy of the powder. In the standard test procedure, the powder bed is
initially conditioned by rotating the impeller clockwise to gently slice the bed surface and
produce a reproducible, low stress packing state. The cell is then split to remove any material
above a bed height. A downward test was performed, where the blade rotates anti-clockwise
and penetrates the powder bed. In this way, the blade action was more compacting than
slicing, resulting in shearing the bed under a normal load provided by the blade twisting angle.
During the downward test, the torque (T) and axial force (F) were recorded. They were used
to calculate the total combined rotational and translational work done by the blade to

overcome the flow resistance of powder bed, which is termed as the ‘Flow Energy’, E [31]:



E= fg(Rt:na + F)dH (3)

where R is the radius of the blade; a is the helix angle of blade; H = Hy-H; is the penetration
depth, where H; is the instantaneous vertical position of the blade and Hy is the initial bed
height. A glass vessel and blade with 25 mm diameter and 23.5 mm diameters, respectively,
are used. In the standard downward test, the blade moves with a constant downward speed

of 0.1 m/s giving a dynamic helix angle of -5°.

The electrical conductivity of as-received and Cr-coated powder was measured using an in-
house setup based in Technical University Vienna as shown in Figure 3 [32]. Even though the
ASTM standard for measuring electrical conductivity uses International Annealed Copper
Standard [33], the purpose of the electrical measurements in this work is solely to compare
the trends in electrical conductivity for uncoated and Cr coated powder. The set-up in Figure
3 consists of a moveable electrode (top) and a static counterpart (bottom), which are
connected to a resistance meter. The powder sample was stored inside an acrylic glass
cylinder, which is affixed at the bottom electrode. The top piston was slowly moved to
compress the sample up to 1000 N while simultaneously measuring the electrical resistance.
Sample sizes of 5 ml were used for each measurement, which were measured with a 5 ml
measuring cylinder. A vibrating machine was used to compact the powder for measurement.
Tribo-electric charging of powder was measured using a custom-built instrument which
consist of a dispersion system, a Faraday cage and an electrometer based at The University of
Leeds. Further details of the experimental set-up can be found in [34]. About few mm?3 of
powder was fed into the dispersion unit, made of 316 stainless steel contacting surfaces.
Powder was then dispersed and emptied into a Faraday cage for the charge measurement.
All the measurements were performed at dispersion pressure of 4 bar against stainless steel
contacting surface and the average measurement of at least 10 times repeats carried out for

each sample.
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Figure 3 Schematic of equipment used to measure the electrical resistance of granular materials as a function of applied

force [32].

Results and Discussion
Effects of coating on the oxidation of the powder

A SEM backscatter electron (BSE) image of chromium coated powder along with EDS line
scans for Fe and Cr spectrum are presented in Figure 4. The EDS line scan shows higher Cr at
the surface of powder after coating. However, the spatial resolution of SEM EDS line scan was

not enough to measure the actual thickness of Cr coating.

The film thickness (x) from magnetron sputtering on a powder sample can be estimated as

[11]

TsRtAexpo

= 4
3Vsubstrateffs ( )

X

Where, r is the mean radius of the particle, R is the film deposition rate, t is the time of
deposition, Ay, is the area exposed to the vapour beam, which is a semi empirical value that
depends on the substrate volume, Vg psirate is the total volume of Cr that is deposited, fis the
packing factor and f; is the form factor. The particles were considered perfectly spherical for
the calculation of film thickness. The estimated thickness of Cr coating based on the above
estimate (2r,=9.83um, R=0.6718nm/s, t=8h, Apo=592.69cm? for 443ml powder,
Vsubstrate=443ml, =0.6, f;=1) is approximately 7nm. Please note that film thickness calculation
is based on mean particle size of powder and hence only is a rough estimate. The chemical

composition of the powder after Cr coating is given in Table 1.



High resolution XPS spectrum for (a) Fe 2p, (b) Mn 2p, (c) Cr 2p peaks for un-coated and Cr-
coated powder is presented in Figure 5. Fe and Mn peaks were strong in uncoated powder
whereas Cr-coated powder only showed Cr signals. The high Mn signals on uncoated powder
could be due to the formation of oxides of Mn on surface due to high affinity of Mn for oxygen
[35]. Since no signal from Fe or Mn on the Cr-coated powder using XPS, it could be inferred
that the Cr coating completely encapsulates the steel particles; given the X-ray spot size was
approximately 1 mm diameter, a large number of particles are sampled, and any gaps in the
coating would have led to some Fe being detected. The sampling depth of XPS here was
approximately 5 nm calculated using the well-established TPP-2M formula [36]; given the
coating was estimated to be approximately 7 nm thick, this lack of Fe signal from XPS verified
the thickness is greater than 5 nm. Metallic Cr peaks were also observed in Cr 2p spectrum
(see Figure 5(c)) of the Cr-coated powder. Even though the repeatability of this process has

not been
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Figure 4 SEM SE Image of Cr coated powder particle and EDS line scans of Fe and Cr across a single powder
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Figure 5 Core level XP spectra of (a) Fe 2p, (b) Mn 2p, and (c) Cr 2p, for an uncoated (red lines) and coated (black lines)

samples.

In contrast, HAXPES increases the sampling depth substantially to > 30 nm when measuring
the Fe 2p core level at ~ 700 eV binding energy (BE). HAXPES also enables measurement of
deeper core levels, however, at much higher BE, such as Fe 1s (7112 eV), Cr 15 (5989 eV), and
Mn 1s (6539 eV). Given these core levels are at much higher BE, the photoelectrons have
lower kinetic energy (KE) and thus are associated with a reduced sampling depth, here
approximately 9 nm calculated using TPP-2M formula [36] i.e. still from a greater sampling

depth than XPS but less than the maximum possible HAXPES sampling depth. Figure 6 shows



the HAXPES wide spectrum of uncoated and Cr coated powder. No Fe 1s or Mn 1s peaks were
detected on Cr coated powder, but Fe 2p and Mn 2p were, indicating that the coating
thickness is similar to the photoelectron sampling depth between Fe 1s and Fe 2p, thus
ranging 10-20 nm. Figure 7 shows the relative concentrations of Fe, Mn, Cr, and O, using the
1s orbitals for uncoated and Cr coated powder before and after heat treatment. Note that
these calculations assume a thick, homogeneous material, which is not the case here,
however, the relative changes between samples and treatments are still very useful. There
was a reduction in oxygen on the surface of the powder after chromium coating compared to
the uncoated powder (Figure 7(a), (b)), however, the majority of the metal signal is from the
Cr coating, so this amount of oxygen is now mainly associated with the coating. The oxygen
levels in the uncoated powder almost doubled after accelerated oxidation heat treatment
(Figure 7(a) and (c)), whereas the oxygen levels in Cr-coated powder remained the same after

the accelerated oxidation heat treatment (Figure 7(b) and (d)).
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Figure 6 HAXPES survey spectra from uncoated (black lines) and Cr-coated (red lines) SA508 powder with a zoomed in

spectra for 1000-Oev.
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SA508 powder calculated from HAXPES using Fe, Mn, Cr, O 1s.

To examine the amount of oxidized iron below the coating, the Fe 1s and 2p HAXPES spectra
(Figure (8(b)) may be used. Spectra may be delineated into metallic and oxide peaks (note
that the peak fitting of Fe 2p is perturbed by complex multiplet splitting effects, however here
we simply peak fit the spectra to obtain the ratio of metallic to oxide species of the metals)
[37]. Once coated, the Cr 2s peak is measured to lower binding energy, however the iron and
manganese peaks are still measured and again the relative concentration of metallic vs. oxide

may be extracted using peak fitting.

Comparing the 1s and 2p core levels, it is evident that less metallic iron and chromium are
detected with the higher binding energy 1s core levels (Figure 8(a) and (b)), which is again
because the sampling depth is reduced, and the measurements are more surface sensitive.
Note that the oxide-related core level peaks do not follow any well-established peak fitting
procedure, as we are not concerned with ascertaining the particular type of oxide present,

here we simply want to extract the amount of metal atoms which are oxidised in some way.
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SA508 powder. Metallic and oxide species have been peak fitted. Shirley backgrounds were used throughout.

The O 1s spectrum in XPS is often influenced by surface contamination of carbon and carbon
oxides. With HAXPES this surface contamination influences the spectra far less, and little to
no carbon was detected (the carbon content in the particles is expected to be below the
detection limit), and the O 1s spectrum showed only one symmetric peak, i.e., one chemical
species associated with metal oxide at ~ 530 eV binding energy (data not shown). Using XPS
would normally require deconvolution of the O 1s spectrum to remove the influence of

surface adventitious contamination.

The Cr 2s was also peak fitted similarly. The Mn 1s peak of MnO, is approximately at 6541 eV
[38]. The binding energy of Mn 1s in this study was around ~ 6540.5 eV, so, all Mn is likely
present as oxide (See supplementary Figure 12). The percentage of metallic and oxide states
of Fe, Cr and Mn, at lower (1s) and higher (2s, 2p) sampling depth is presented in Table 2. The
percentage of oxides of iron and manganese were lower in Cr coated powder compared to
uncoated powder. The 2p and 2s peaks also showed lower iron oxide in the coated powder
compared to uncoated powder. Further simplifying Table 2, the percent of oxide state with
respect to metallic state of Cr and Fe is presented in Table 3. It is evident that more than 80%
of Fe 1s signal is from oxide on uncoated powder whereas only 50% of Fe 1s signal is from

oxide on Cr coated powder; 90% of the Cr 1s signal is from oxides on Cr coated powder and



no Cr signal was detected on uncoated powder. Similar tends were observed for higher

sampling depth (Fe 2p Cr 2s).

Bulk oxygen content of uncoated and Cr coated powder measured using LECO elemental gas
analyser is summarised in Table 4. It can be noticed that oxygen content in Cr coated powder
was around 123 ppm lower than the uncoated powder. The powder used in the study had
already have undergone some oxidation over a prolonged period. This could be the reason
for a relatively high oxygen content in the Cr coated powder (447ppm). Even though the
oxygen measured from HAXPES showed a significant increase after accelerated oxidation heat
treatment on the uncoated powder, the bulk oxygen measurements only increased by 24 ppm
after HT. The surface of the uncoated powder comprises of iron and manganese oxides as
shown by XPS data (see Figure 5). Mn has higher diffusivity than Crin iron based alloys thereby
forming oxides of Fe and Mn which were reported to generate a less protective passivation
layer in steels [39], [40]. It is possible that the Fe and Mn oxides were stable in some of the
powder particles as the temperature used for heat treatment in this study was only 50°C.
Also, the oxygen may have remained mostly in the near surface region (within 30 nm) for the
studied temperature which was picked-up by HAXPES whereas the bulk measurements were
far less sensitive. However, the bulk oxygen concentration in SA508 powder is reported to
increase by 300ppm after a full HIP cycle at 1160°C [8]. Cr,0;3 films are reported to form
protective layer in 310 stainless steel even at temperature as high as 1000°C [41]. Therefore,
in this study, the chromium oxide film is expected to give an improved oxidation protection
on SA508 powder at higher temperature compared to Mn and Fe oxide films.
Table 2 Percentage of metallic and oxide peaks of Fe, Cr and Mn measured from HAXPES at lower and higher sampling

depths for uncoated, Cr coated SA508 before and after heat treatment. The uncertainty represents the error’s associated

with peak fitting calculated from CASA XPS software.

Cr Cr Fe Fe Mn Cr Cr Fe Metal | Fe
Metal Oxide Metal Oxide Oxide Metal Oxide Oxide
Lower sampling depth (9 nm) Higher sampling depth (30 nm)
Cr1ls Fe 1s Mn 1s Fe2p Cr2s
AR SA508 0 0 11.8+0.4 | 48.3+1.5 | 39.9t04 | O 0. 39.0+2 61.013
AR SA508 HT 0 0 12.5+0.4 | 34+£1 53.5¢05 | O 0 31.9t1.6 68.1+3.4




Cr Coated

210.6 27.1+0.8 | 16.916.7 | 17.4%7 36.7£1.8 | 2.610.1 52.3+2.6 | 18.9+1 26.3x1.3
SA508
Cr Coated
0.2+0.06 | 34zx1 1817.2 91+3.6 38.9+1.9 | 3.3x0.2 51.8+2.6 | 16.1+0.8 28.9+1.5
SA508 HT
Table 3 Percentage of Cr and Fe oxides with respect to metallic peaks measured using HAXPES 2p and 2s peaks for
uncoated, Cr coated SA508 before and after heat treatment. The uncertainty represents the errors associated with peak
fitting calculated from CASA XPS software.
%Cr %Cr % Fe % Fe %Cr metal %Cr % Fe % Fe
metal Oxide metal Oxide ? Oxide metal Oxide
Lower sampling depth Higher sampling depth
(9 nm) (30 nm)
Cr1ls Fe 1ls Fe 2p Cr 2s
AR SA508 0 0 19.7+0.6 80.312.4 0 0 39+2 61+3
AR SA508 HT 0 0 26.840.8 73.212.2 0 0| 31.9t1.6 68.1+3.4
g;:g;ted 6.90.2 | 93.1+2.8 | 49.3:19.7 | 50.7420.2 4.7:02 | 95.3:4.8 | 41.8:2| 582429
Cr Coated 0.410.01 | 99.6+3 | 66.726.7 | 33.3+13.3 5.9:0.3 | 94.1#4.7 | 35.7¢1.8 | 64.313.2
SA508 HT 4+0. .6+ .7£26. 3113, .910. 14, g1 313,

Table 4 Bulk oxygen measurement of uncoated and Cr coated SA508 before and after heat treatment.

As received | Cr coated
SA508 570ppm 447ppm
SA508 HT (50°C 120h) 594ppm 454ppm
Uncertainty in measurement 152ppm

Effects of Cr-coating on flowability

The tapped density, Hausner ratio (HR) and Carr’s index (Cl) for uncoated and Cr-coated

powders are summarised in Table 5. The Cl and HR was lower in coated powder compared to

uncoated powder indicating a better flowability for the Cr coated powder. Angle of Repose

(AOR) describes both the static and dynamic behaviour of powder [42]. AOR represents

equilibrium between the kinetic energy of falling powder from the funnel and static inter-

particle forces between particles that forms and maintains the heap. In this study, AOR of the




powder remained unchanged after coating. The value for both coated and uncoated powder
was 2940.5°. Generally, HR is found to increase with AOR [29], [30]. However, in this study no

relation was found between AOR and HR.

Figure 9 shows the effect of blade tip speed on flow energy of uncoated and Cr coated powder
using FT4 powder rheometer. The flow energy increased with decreasing blade tip speed for
both coated and un-coated powder. It is evident that the flow energy of Cr coated powder
was about 17% lower than that for the uncoated powder. As the flow energy measures the
dynamic flowability of powders during the downward motion of the blade [43], we can say
that the flowability of powder had significantly improved with Cr coating. Since the powder is

confined in a vessel, the compressibility of the powder plays a key role in the FT4 analysis.

Electrical charging analysis

Figure 10 shows the mean electrical resistance of uncoated and Cr coated powder as a
function of applied load. The conductivity of Cr coated powder significantly increased after
coating which shows change in conductivity of the particle surface. The increase in
conductivity could be associated with the thickness of coating which will be lower in Cr-coated
coated powder compared to that of uncoated powder. Table 6 shows electrostatic charge
density of uncoated and Cr-coated SA508 powder measured using the dispersion system and
Faraday cage. The charge density reduced by almost half after Cr coating. The improvement
in the flowability of the coated powder could be associated with the reduced electrostatic
charging of particles after coating [15], [17] which in turn reduces the cohesion between
powder particles. From XPS spectrum presented in Figure 5(c), the surface of Cr coated
powder comprises of chromium oxides and metallic chromium and the uncoated powder has
mostly iron and manganese oxides (Figure 5 (a), (b)) on the surface. Even though chromium
oxides are generally bad conductors of electricity, sputter deposited chromium oxide films
which are generally amorphous or nano crystalline in nature are reported to have conductivity
up to six orders higher than bulk crystalline Cr,0; films [44]. Hence, apart due to the thinner
oxide layer, the presence of amorphous chromium oxide layer and metallic chromium on the
surface of Cr coated powder could also have improved the conductivity and hence reduced

electrostatic charging in Cr coated powder.



Since uncoated SA508 steel powder already has good flowability, surface coating may not
significantly improve the final surface finish of additively manufactured product. However,

this study demonstrates an alternate way to improve powder flowability by surface treatment

of powder with a suitable coating.

Table 5 Aerated density, Tap Density, Hausner ratio and Carr’s index of uncoated and Cr coated SA508 powder

Aerated density, | Tapped density, | Hausner Ratio, Carr's Index, Cl
Pa (8/ml) Pt (g/ml) HR

AR SA508 4.4+0.03 4.9+0.02 1.1+0.01 10.9+0.71

Cr coated SA508 4.4+0.1 4.8+0.11 1.1+0.01 7.810.10
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Figure 9 Downward flow energy of powder as a function of blade tip speed for uncoated and Cr coated SA508 powder. The

standard deviation is measured from 3 tests
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Figure 10 Mean electrical resistance of uncoated and Cr coated SA508 powder as a function of applied force.

Table 6 Charge density of uncoated and Cr coated SA508 powder measured using Farady cage.

Charge density ( nC/g)
Sample
Average Std. Dev.
SA508 AR -47.74 0.34
SA508 Cr Coated -24.64 0.22

Conclusions

A chromium film approximately 7 nm in thickness was deposited on a gas atomized SA508
Grade 3 low-alloy steel powder using magnetron sputtering with the aim of protecting the
powder from continued oxidation during storage. Coated and uncoated powders were then
tested for their oxidation resistance as well as their flowability. XPS and HAXPES were utilised
to confirm that continuous Cr films had formed, and to investigate oxygen pick-up in
accelerated oxidation studies. In addition, electrical conductivity measurements were carried

out to shed light on variations in flowability. The study has led to the following conclusions:



e Magnetron sputtering led to complete encapsulation of the powder with chromium,
as confirmed by XPS.

e After accelerated oxidation experiments the near-surface oxygen concentration, as
measured with HAXPES, was significantly lower for the chromium coated powder
when compared to the uncoated powder. Bulk oxygen measurements also showed a
slightly lower oxygen concentration in the Cr coated powder relative to the uncoated
powder. Both analyses therefore demonstrate the benefit of depositing a thin film of
Cr by magneton sputtering.

e Tribo-electric charging of the powder was reduced with a chromium coating. This
could be due to a reduction in the thickness of the oxide layer and an increase in
electrical conductivity on the surface of powder particles associated with the sputter-
deposited chromium oxide film.

e The flowability of powder, as measured by the tapped density and a FT4 rheometer,
was found to improve with a chromium coating. The improvement in flowability can
be tailored to reduced tribo-electric charging, resulting in a lower cohesivity for the

powder.

This study demonstrates that the oxidation of metallic powders can be mitigated without an
inert atmosphere. This new approach could significantly reduce the costs associated with
powder handling and storage. The study also suggests that it may be possible to improve
material properties in additive manufacturing through the use of suitable coatings. Further
work will address the effect of the Cr coating on the microstructure and mechanical properties
of components manufactured by solid state processing. The effects of mechanical pre-

treatments on the quality of coatings will also be considered.
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Figure 12 Mn 1s spectrum for coated (top) and Fe 1s spectrum for uncoated (bottom) SA508
powder. Oxide species have been peak fitted.Declaration of interests
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