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INTRODUCTION
The purpose of this paper is to present the work that has been 
undertaken by the ESA-RAL Advanced Manufacturing Laboratory, 
based at ECSAT in Harwell (UK), on metallic powders for additive 
manufacturing (AM). The primary focus was placed on powder 
characteristics and related test methods, which were obtained 
through a careful review of the current landscape of internatio-
nal standards on the testing of metal powders. These standard 
methods were applied and reviewed critically, focusing on their 
strengths and weaknesses, in order to develop a methodology 
targeted at additive manufacturing feedstock powders.
A literature survey showed that a number of scientific studies 
have been performed to date demonstrating the influence of the 
feedstock powder properties on the quality of final AM parts. 
For instance, it was found that a powder with a wider parti-
cle size distribution provides a higher powder bed density and 
therefore generates higher density parts as well as a smoother 
surface finish [1]. In contrast, a powder with a narrower range 
of particle size provides better flowability and results in higher 
strength and hardness [1,2]. Furthermore, it has been recogni-
sed that the selected powder handling and testing methods can 
have a significant impact as well. For example, especially in cases 
of broad particle size distribution, it has been found that the 
technique of powder sampling has a significant impact on the 
powder characteristics [3]. Finally, storage and recycling of the 
powder feedstock have been identified as key criteria for AM to 
be a safe and economically feasible manufacturing process. At 

the same time, storage and recycling also have an impact on the 
final part quality. Powder storage in uncontrolled environments 
can cause humidity and oxidation which may result in limited flo-
wability or contamination. In contrast, whilst recycling of metal 
powder is necessary for cost effectiveness, the sieved and reused 
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powder could have an adverse effect in terms of coarsening and 
higher surface roughness or increased hardness due to oxidation 
[4]. These studies carried out to date demonstrate that repea-
table part characteristics rely on a thorough knowledge of the 
feedstock powder properties which highlights the need for stan-
dardised assessment methods [5]. 
The methodology developed at the ESA-RAL Advanced Manu-
facturing Laboratory is based on the existing ASTM standards 
on testing of metal powders, which were applied to a selected 
set of powders from different manufacturers. Currently, metal-
lic powder is being produced by many suppliers with different 
specifications and target qualities. It is therefore not guaranteed 
that all metal powders are suitable raw material for AM of aero-
space parts. Hence, for the purpose of this study, powders with 
the same nominal chemical composition were chosen from three 
different types of suppliers: a powder manufacturer (PM), a third 
party supplier (3P) and an AM machine manufacturer (commonly 
known as “verified” powder). One objective of this study was to 
determine the characteristic differences of these three types of 
powder and discuss the potential impact on final AM parts. The 
long-term vision is to understand each step from the production 
to the post-processing of AM feedstock powder and promote a 

healthy supply chain of “space-quality” powder.

International standardisation and method development
Today, the full potential of AM for the aerospace industry is not 
fully exploited, one of the reasons being that  there is a lack of 
available standards for raw material specifications and qualifica-
tion of the final parts [5]. The ASTM committee F42 on Additive 
Manufacturing Technologies was created to bring the industry 
experts together to identify the specific standard requirements 
common in the AM industry. As part of this effort, the interna-
tional standard ASTM F3049 “Standard Guide for Characterizing 
Properties of Metal Powders Used for Additive Manufacturing 
Processes” was created. It references many conventional inter-
national standards for measuring the characteristics of metal 
powders. A selection of currently available international ASTM 
and ISO standards on the testing of metal powders, which were 
the basis for the devised powder characterisation methodology, 
is shown in Fig.1. Some of these standards were applied to a 
number of different powders in order to determine their suitabi-
lity for testing AM feedstock powders.

Fig. 1 – Overview of international standards used for metal powder characterisation
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Included are, for instance, methods for powder flow and density 
measurements which utilize the flow of powder through a fun-
nel. However, in powder-bed based AM processes the powder is 
usually introduced through a hopper and spread out in a single 
layer on the build plate or on top of consecutive powder layers. 
This raises the question of the suitability of some of these stan-
dard methods with respect to testing powders as raw material 
for the AM process. In fact, various specialists argue that the 
applied measurement technique should be as representative of 
the AM process as possible in order to correctly establish the 
“process-ability” of powders in the according stress state [6,7]. 
An overview of the currently available techniques for ba-

sic powder characterisation and considerations about their 
strengths and weaknesses are shown in Fig. 2. The developed 
characterisation methodology is split into two phases: analysis of 
powder particle properties (Fig. 2, blue) and analysis of collective 
powder properties (Fig. 2, orange). The grey boxes indicate the 
most advanced and feasible (in terms of time and cost) techni-
ques currently available. Furthermore, it was found that there is 
currently no technique for flow measurement that appropriately 
simulates the condition and stress state of powders as they are 
used in an actual AM build environment.

Fig. 2 – Basic methodology with pros (blue) and cons (red)

More complex characteristics such as optical and thermal pro-
perties as well as hygroscopicity or inter-particle cohesion that 
may be of importance with regard to the AM process were not 
included at this stage. These will be part of further studies.
The next sub-sections describe the application of some of the-
se standard methodologies to a selected range of powders and 
the lessons learnt in terms of their suitability for AM feedstock 
powder. Furthermore, the characteristics of chemically identical 
powders from three different suppliers were compared in order 
to study the variability of powders currently provided on the mar-
ket. The focus of this study was placed on plasma spheroidized 
Ti-6Al-4V.

Particle Size Distribution
A well-established method for measuring the particle size range 
of a powder is sieving (ASTM B214-16). It is still commonly used 
in industry due to its relative simplicity and large throughput, but 
remains a rather crude method if more detailed results are requi-
red. In contrast, image analysis via scanning electron microscopy 

(SEM) and laser light diffraction are much more accurate and 
were therefore applied in this study. Image analysis via SEM al-
lows direct measurement of the particle dimensions, but the time 
spent to analyse a sufficient number of particles for reliable stati-
stics is excessive (in the range of days). The added benefit of this 
method is that it allows concurrent particle morphology analysis. 
In comparison, laser light diffraction, an indirect method through 
which the particle size is inferred from the scattering angle of the 
laser light upon interaction with the powder particles, calculates 
the particle size distribution (PSD) in a few minutes. The main 
difference of this technique compared to direct image analysis is 
that the resulting PSD is given as a volume density as opposed to 
a number density. This means that measurements via laser light 
diffraction, due to the nature of the technique, give no informa-
tion about the number of particles analysed or their shape.

Fig. 3 shows SEM images of the three selected Ti-6Al-4V powders 
(grade 5) acquired in unused condition from three different sup-
pliers and their particle size distributions. It was observed that 
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the PSDs of these three powders exhibit noticeable differences 
(Fig. 3d). It was found that the PSD of the powder acquired from 
a third-party supplier (3P) is noticeably biased towards smaller 
particles. The largest particles, up to 60 μm and slightly above, 
were found in powder PM.
The standard ASTM F3049-14 mentions that powders with a 
significant fraction of small particles may have significantly re-
duced flow rates. This could lead to inconsistent deposition of 
the powder layers in the AM build chamber and therefore to 
defects in the final part. A reduced flow rate was indeed obser-
ved for powder 3P compared to MM and PM, as shown later. 

Nevertheless, these observations on their own do not guarantee 
detrimental effects on the built part. For instance, a bias toward 
larger particle sizes, like in powder PM, can lead to better flow 
properties but reduced packing density and therefore increased 
porosity of the final part. Interestingly, the PSD of the “verified” 
powder from the machine manufacturer (MM) is exactly between 
the other two distributions of powders PM and 3P. Nevertheless, 
the sensitivity of these slight changes in PSD on built parts re-
mains unknown and will be the focus of a separate study. 

Fig. 3 – SEM backscatter electron images and particle size measurement: a) powder from machine manufacturer (MM); b) powder 
from powder manufacturer (PM); c) powder from third party supplier (3P); d) PSD (linear scale, volume distribution) measured via 

laser light diffraction (red: PM, green: MM, blue: 3P); Dx(10), Dx(50) and Dx(90) shown in table

Finally, for comparison, the diameters of ~ 500 particles were 
measured in the SEM and compiled to form a number distribu-
tion. Based on the assumption of spherical particles, the number 
distribution was converted into a volume distribution (as shown 
in Fig. 4, blue) which matches well with the results from laser 
light diffraction (red). The data acquisition and analysis for the 

image analysis method took ~ 1 day, whereas laser light dif-
fraction took only a few minutes. Therefore, laser light diffraction 
will be chosen for future studies and only fully automated image 
analysis methods (such as projection methods, see Fig. 2) will be 
considered as a feasible alternative.
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Fig. 4 - Particle size distribution: comparison between laser light diffraction (volume density: red) and image analysis method (particle 
number: orange, volume density: blue)

Morphology/chemical analysis
Both particle morphology and chemical analysis were performed 
using SEM. Energy-dispersive X-ray Spectroscopy (EDS) confirmed 
the chemical composition of the powders as Ti-6Al-4V. Taking into 
consideration the detection limits of the analysis method (quanti-
fication of low-Z elements such as Oxygen not reliable with EDS), 
no signs of contamination or oxidation were found. It has to be 
noted that appropriate storage in Ar atmosphere was used. The 
particles from all three powders were observed to be primarily 
spherically shaped, with powder 3P showing exceptional surfa-
ce smoothness, regularity and sphericity (Fig. 3c). An enhanced 
proportion of larger particles can be observed for powder PM 
(Fig. 3b) with some surface indentations and irregularly shaped 
particles or satellites. Powder MM consists of regularly shaped, 
near-spherical particles with some satellites (Fig. 3a). The number 
of smaller and larger particles in powder MM seems very evenly 
distributed, as indicated by the PSD in Fig. 3d. 
Image analysis via SEM was identified as the ideal tool for par-
ticle morphology studies, especially high-resolution imaging of 
a sub-set of particles, and was chosen as one of the preferred 
methods for future analyses. Another option is the use of fully 
automated projection methods, which can save time and increa-
se the statistics (as explained in Fig. 2). 

Powder Flow and Density
The international ASTM standards provide a selection of different 
methods for the determination of metal powder flow. The angle 
of repose technique and use of the Hall Flowmeter funnel (ASTM 
B213-13) are two of the most well established methods. Howe-
ver, their suitability with respect to the AM process is questiona-
ble as neither flow through a funnel nor cone-like deposition of 
powder are characteristic to powder-bed based techniques. De-
spite this fact, the Hall Flowmeter was used to measure the flow 
time of an equal (non-compacted) volume of the three powders 
in this study. Powder PM showed the best flow characteristics, 
as expected, due to its bias towards larger particles compared 
to the other powders. In contrast, the longest flow time was me-
asured for the 3P powder with a larger proportion of smaller 
particles. Throughout the measurements, it was found that the 
results are very operator-dependent, as the stop watch operation 
is manual. While a single operator may achieve good repeatabi-
lity between measurements, the reproducibility of the flow time 
between different operators is not guaranteed.
Another method to determine the flow characteristics of powders 
that has recently gained prominence is the avalanche angle [6,7], 
where good flow is represented by smaller angles (Fig. 5). As a 
result, the fastest flowing powder PM (Fig. 5a) has the smallest 
avalanche angle (α).
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Fig. 5 - Powder flow determined via avalanche angle (f… flow time)

Both Hall Flowmeter and the avalanche angle method are fairly 
easy to use and were found to provide qualitatively matching 
results, each method representing the results differently (time 
or angle). More advanced equipment designed for dynamic flow 
and inter-particle force measurements such as rheometers cer-
tainly provide very useful information as well. However, an in-
strument specifically designed for measuring the characteristics 
of metal powders in actual AM conditions with respect to the 
deposition method and stress state of the powder under the cor-
rect atmospheric conditions is required to accurately simulate the 
process.
Currently, there are ASTM standards for the determination of the 
apparent powder density via the Hall Flowmeter (ASTM B212-
13) and the reduced density after compaction of the powder with 
a tapping apparatus (ASTM B527-15). The ratio between these 
two characteristics, also known as Hausner ratio, provides infor-
mation on the packing density and flowability of the powder. 
According to this test, all three powders in this study were found 
to meet the ASTM quality criteria (e.g. powder 3P had a Hausner 
ratio of 1.09, while > 1.25 is considered poor flowability accor-
ding to ASTM B527-15). This method of establishing the quality 
of powders with respect to their bulk densities was fairly easy to 
use, but also involves measurement errors resulting from diffe-
rences between operators and the manual volume measurement. 
Other methods for powder density measurements such as gas 

displacement techniques (pycnometry) or X-ray computed tomo-
graphy are more accurate and shall be investigated as part of a 
future study.

Storage and Recycling
Fig. 6a and b demonstrate that storage (~1 month) in an inap-
propriate environment (air) can result in agglomeration (caking) 
and poor flowability which could potentially affect the final part. 
This highlights the importance of a suitable storage environment 
and proper handling procedures. 
The quantities of powder deposited in the build chamber during 
the AM process are usually very high compared to the powder 
used for building the actual part. Therefore, the powder remai-
ning in the chamber after the build process is often sieved to 
remove agglomerated particles and then recycled. Despite the 
sieving, some powder particles, especially those in close vicinity 
to the built part, may be altered or attached to other particles. 
Fig. 6c shows powder particles after an unknown number of 
cycles in the build chamber. Some recycled particles were found 
to be irregularly shaped or have a number of satellites attached 
to them. Changes in powder morphology and PSD after recycling 
could have detrimental impacts on the final parts and will there-
fore be studied in the future in more detail.
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Conclusions and perspectives
It is well known that the quality and reproducibility of AM 
parts strongly depends on the feedstock powder characteri-
stics. However, current standard methods for evaluating me-
tal powder properties are not entirely representative of the 
AM process, highlighting a need for more process-related 
international standards, especially with respect to flow and 
density measurements. At the same time, the exact specifi-
cations of a “space quality” powder are not yet defined and 
ESA and its industry partners are working towards develo-
ping powder grades for space applications.

A methodology was devised for basic characterisation of 
metal powders, which will soon be repeated on a number 
of powders from additional manufacturers and other mate-
rials and complemented with more advanced techniques. It 
was shown that powders available on the market, which are 
nominally identical chemically, can have characteristics that 
differ quite drastically from one manufacturer to another. 
This in turn, may have substantial impacts on the quality of 
the built parts. A standard powder specification developed 
for space industry could potentially mitigate this risk. 

Fig. 6 - Impact of inappropriate storage (1 month) in air and recycling: a) new powder after storage – caking; b) new powder 
storage – decreased flowability; c) SEM image of recycled powder particles
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