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In powder-based Additive Manufacturing (AM) the precise control of 
process parameters plays a significant role in the quality and efficiency 
of the printing process. Among these, the effect of temperature has 
received less attention in the literature, although it is a significant factor 
that influences the inter-particle forces and, consequently the powder 
flow and spreading behaviour of powders. In selective laser sintering 
(SLS) or selective laser melting (SLM), pre-heating the chamber and 
powder bed is a required step prior to sintering, hence, the temperature 
can significantly influence the layer adhesion and spread quality. In this 
context, the present study explores the effect of elevated temperature on 
the flow and spreading behaviours of AlSi10Mg powders. The flow properties of two different grades of aluminium alloy powders are 
characterised using the Carney and Hall flow tests, angle of repose and shear test techniques at different temperatures and correlated with 
the spreading behaviour at elevated temperatures, measured using the spreading rig with a heated bed developed at the University of 
Leeds. This study revealed that at elevated temperatures the spreadability of AlSi10Mg powders worsens because of changes in 
interparticle forces and particle surface interactions.
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1. Introduction
Additive Manufacturing (AM) is an innovative process 

that is beginning to reshape the manufacturing industry. 
Although AM has great potential for enabling creativity 
and improving efficiency, there are concerns regarding the 
consistency of part properties manufactured by AM, as the 
influence of feed properties and process conditions are not 
yet fully understood (Dowling et al., 2020; LeBrun, 2024; 
Venturi and Taylor, 2023).

Powder Bed Fusion (PBF) is one of the most well-
known AM processes, as outlined in ISO/ASTM 52900 
(ASTM, 2015), and relies on powder as its foundation ma-
terial. The PBF process requires the precise delivery of a 
thin layer of powder from a storage and feed system to the 
fusion platform. Subsequently, the powder undergoes se-
lective fusion in accordance with a pre-established CAD 
file. This iterative process continues until the desired shape 
of the manufactured component is obtained. One of the 
main concerns regarding PBF processes, such as selective 

laser sintering (SLS), selective laser melting (SLM), and 
electron beam melting (EBM) is achieving a uniform pow-
der layer before fusion (Gibson et al., 2021; Oropeza et al., 
2022). In these processes, maintaining a consistent layer 
thickness at each repeated layer is essential, because it 
greatly affects the precision and quality of the final product 
(Mindt et al., 2016; Snow et al., 2019; Vock et al., 2019).

Several factors can affect the spreading behaviour of 
powder and the spread layer characteristics (e.g. powder 
bed density distribution) such as physical and chemical 
properties of feedstock (Haydari et al., 2024; He et al., 
2021; Mehrabi et al., 2023; Strondl et al., 2015), the 
spreading mechanism (Fouda and Bayly, 2020; Mehrabi et 
al., 2023; Reijonen et al., 2023), and the environmental 
conditions of storage (Cordova et al., 2017; Grubbs et al., 
2022). In the past two decades, numerous researchers have 
attempted to propose correlations between powder proper-
ties, specifically the physical properties of powder and bulk 
flow behaviour, and their relationship with spreadability 
(Balbaa et al., 2021; He et al., 2021; Jacob et al., 2018; 
Mehrabi et al., 2023; Strondl et al., 2015; Touzé et al., 
2020). However, some crucial factors, such as the effect of 
elevating the temperature of the build plate, which is a key 
feature of PBF processes, on the spreadability of powder 
have not been thoroughly considered. Using a pre-heating 
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Elevated temperatures reduce AlSi10Mg powder spreadability by altering 
inter-particle forces, emphasizing the importance of temperature control in AM.
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stage in the PBF process often has several advantages, in-
cluding the reduction of thermal stress related issues that 
occur during fabrication in SLM and SLS processes, and 
subsequent minimisation of detrimental residual stresses in 
the final component (Li et al., 2018). Nevertheless, a pre-
heated powder bed is an environmental process condition 
that could significantly affect the powder behaviour and 
play an important role in the flowability and spreadability 
of the powders (Liu et al., 2015; Papazoglou et al., 2022).

Some studies have focused on the effect of temperature 
on powder flowability. Zhang and Liu (2023) used a heated 
rotating drum along with a high-speed camera to record 
nylon and stainless steel powders avalanche processes at 
elevated temperatures, for the characterisation of powder 
flowability and spreadability (Zhang and Liu, 2023). Their 
findings indicated that nylon powder begins to soften and 
agglomerate at 160 °C, leading to deterioration of its flow-
ability. In contrast, the impact of temperature on the flow-
ability of the steel powder was less pronounced. Recently, 
Ajabshir et al. (2024) investigated the effect of temperature 
(25 °C and 110 °C) and spreading speed (3 mm/s and 
30 mm/s) on the spreading behaviour of polyamide powder 
in the AM process using both the Discrete Element Method 
(DEM) and experimental characterisation (Ajabshir et al., 
2024; Zinatlou Ajabshir et al., 2024). The results indicate 
that the packing fraction of these polymer powders de-
creases with increasing the temperature or spreading speed, 
suggesting a less uniform spread of the powder bed at 
higher temperatures. Although the effect of elevated tem-
perature on spreading has been numerically and experi-
mentally studied in their research, to the best of our 
knowledge no such experimental work has been reported 
on any metal powder.

Aluminium alloys has received increasing attention in 
SLM due to their suitability for structural applications in 
the automotive and aerospace industries (Chen et al., 
2018). Literature has shown that components made from 
aluminium alloy including AlSi10Mg and AlSi12 exhibit 
high strength, toughness, and significant strain hardening 
ability (Chen et al., 2018; Prashanth et al., 2017; 
Suryawanshi et al., 2016). However, AlSi10Mg is highly 
sensitive to water and oxygen absorption, and both process 
parameters and environmental conditions can significantly 
affect the flow and spreading behaviour of the powder 
(Cordova et al., 2017; Weiss et al., 2022). The influence of 
environmental conditions such as humidity and tempera-
ture on the quality of AM parts manufactured using 
AlSi10Mg powder has been reported in the literature. 
Riener et al. (2021) explored the impact of storage condi-
tions on AlSi10Mg powder and its subsequent effects on 
the final parts manufactured via the Laser Powder Bed 
Fusion (LPBF) process. Their findings indicate that when 
the powder is stored in humid conditions, the resulting 
printed parts exhibit lower density and mechanical strength. 

However, this degradation can be mitigated by subjecting 
the powder to drying in a vacuum oven (Riener et al., 
2021). In another study, it was reported that the strength of 
AlSi10Mg manufactured parts decreased significantly with 
increasing build platform temperature from 35 °C to 
200 °C (Santos Macías et al., 2020).

Despite the reported connection between the environ-
mental parameters and the mechanical properties of the fi-
nal component made of AlSi10Mg powder, less attention 
has been given to how the process parameters of SLM 
(specifically, the pre-heating of the bed plate) would affect 
the spreading behaviour of the powder and almost no work 
has examined the effect of a pre-heated chamber on the 
spreading behaviour of ALSi10Mg powder (Avrampos and 
Vosniakos, 2022). Therefore, the aim of this study is to in-
vestigate the effect of temperature on the particle interac-
tions, flowability and spreading behaviour of aluminium 
powders. Various flowability techniques have been em-
ployed to assess the powder flow behaviour at ambient and 
elevated temperatures. Furthermore, the powder flow 
characteristics are compared with the powder spreading 
behaviour under ambient and elevated temperatures.

2. Materials and methodology
2.1 Materials

Two different batches of Electrode Inert Gas Atomisa-
tion (EIGA) produced AlSi10Mg powders, namely Al-F 
(Fig. 1(a), (b)) and Al-28 (Fig. 1(c), (d)), supplied by 
Carpenter Additive, were investigated to compare their 
flow, and spreading behaviour at normal and elevated tem-
peratures. The scanning electron microscopy (SEM) im-
ages shown in Fig. 1 demonstrate that both powders exhibit 
comparable shapes which are spheroidal in nature, with the 
presence of satellites on their surfaces.

(a) (b)

(c) (d)

µm µm

µm µm

Fig. 1  SEM images of (a), (b) Al-F and (c), (d) Al-28 powders. Images 
are produced by the authors.
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2.2 Experimental procedures
To investigate the physical and chemical properties of 

powders, various techniques were employed to analyse 
factors such as size distribution, shape, chemical composi-
tion, and moisture content.

2.2.1 Particle size distribution
The size distribution of powders plays a critical role in 

determining their bulk properties and behaviours, such as 
flowability, packing density, and spreading behaviour. The 
particle size distribution of the powders was measured by 
laser diffraction using the Mastersizer 3000 Particle Size 
Analyzer (Malvern Analytical, UK).

2.2.2 Particle shape characterisation
Since particle shape plays an important role in additive 

manufacturing, it is important to accurately analyse particle 
shape characteristics. The Morphologi G3 (Malvern Ana-
lytical, UK) was used for this purpose. This advanced tool, 
based on automated microscopy and image analysis soft-
ware, provided detailed measurements such as aspect ratio 
(a function of the smallest Feret’s diameter and the largest 
orthogonal diameter), circularity (closeness to a perfect 
circle), convexity (edge roughness), and solidity (overall 
concavity) for both powder samples.

2.2.3 Moisture characterisation
As mentioned in literature, aluminium alloys have a 

higher tendency to absorb moisture than steel or titanium 
powders (Cordova et al., 2017; Weiss et al., 2022). This 
increased moisture absorption can lead to oxidation and 
reduced performance in additive manufacturing. To evalu-
ate this characteristic, the moisture absorption tendency of 
both powders was analysed using a saturated aqueous 
solution method, as outlined by Greenspan (1977). This 
technique involves placing the powders in a controlled en-
vironment with known relative humidity, which is main-
tained using a saturated salt solution. The solution creates a 
stable humidity level, allowing for the precise measure-
ments of the amount of moisture the powders absorb over 
time. By weighing the powders before and after exposure, 
the weight fraction of absorbed moisture can be calculated. 
This method is widely used due to its reliability in simulat-
ing real-world moisture conditions and its ability to provide 
insight into how powders may behave during storage or 
processing.

2.2.4 Chemical composition
The chemical composition of both powders was anal-

ysed using Backscattered Electron Imaging (BSE) Scan-
ning Electron Microscopy (SEM) coupled with Energy 
Dispersive X-ray Spectroscopy (EDS) to identify the ele-
ments present in each sample. BSE imaging provides vi-
sual information based on variations in grey-scale intensity, 

which correspond to differences in atomic numbers across 
chemical phases. High-energy backscattered electrons re-
flected from the sample surface produce these intensity 
variations, with the number of backscattered electrons di-
rectly correlating to the atomic number of the elements 
present. EDS complements BSE by providing identifica-
tion of the elemental composition within the sample.

2.2.5 Flowability characterisation
Several techniques commonly used in the powder indus-

try, particularly in AM, have been employed to characterise 
the flowability of the powders under ambient conditions, 
with an average relative humidity of 40–50 % and a tem-
perature range of 20–22 °C, as described below (Mehrabi, 
2021; Mehrabi et al., 2023).
2.2.5.1 Angle of Repose (AOR)

The Angle of Repose (AOR) method is a simple tech-
nique for evaluating powder flow characteristics (Geldart 
et al., 2009), which has been cautiously implemented for 
AM powders. For the AOR tests in this project, 100 g of 
powder was used, and the tests were repeated until mini-
mum variation in iterations was achieved.
2.2.5.2 Bulk and tapped density measurements

The determination of bulk and tapped densities, which 
involves measuring the powder density in both loose and 
compacted states, has also been applied to AM powders. In 
this method, the Hausner ratio (HR), i.e., the ratio of tapped 
to bulk density (Hausner, 1967), and Carr index (CI), i.e., 
the ratio of the difference between the tapped and bulk 
densities to the tapped density (Carr, 1965), are calculated 
and can be used to evaluate flow behaviour of powders. In 
this work, the JV 2000 tapped density tester (Copley Sci., 
UK) was used. The cylinder containing 100 g of powder 
was tapped for 30 min until the volume stabilised. The ini-
tial and final volumes of both samples were recorded to 
determine their bulk and tapped densities, as well as the 
Carr index and the Hausner ratio.
2.2.5.3 Flowrate test

It is a common and relatively simple method to charac-
terise the flow behaviour of metal powders based on the 
time needed to release a specific amount of powder through 
an orifice of known size. The flowrate test is simple and can 
be used for AM powders (ASTM B213-20) (ASTM, 2020). 
In this test, 50 g of powder was deposited through 2.5 mm 
and 5 mm orifice openings, which are known as the Hall 
and Carney funnel flows, respectively.
2.2.5.4 Powder Rheology

The FT4 Powder Rheometer® (Micromeritics Instru-
ment Corporation) is a standardised instrument for measur-
ing the flow resistance of powders under dynamic 
conditions (Freeman, 2007). It has become increasingly 
popular for characterising powder flow for AM applica-
tions (Clayton et al., 2015; Murtaza et al., 2023). In this 
study, the required energy to displace powder in a confined 
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condition, per unit mass of powder, known as Normalised 
Basic Flowability Energy (NBFE), as well as the energy 
required for powder movement in an unconfined condition 
(Specific Energy, SE) were measured.
2.2.5.5 Shear testing—Schulze ring shear tester®

This technique is a universally recognised measurement 
method used to assess flowability under moderate or high 
stress conditions. It offers excellent reproducibility and 
ensures consistent results across experiments (Freeman, 
2007). Despite not aligning perfectly with the conditions of 
AM application, where powder only goes through low 
stress conditions during spreading, the method is widely 
regarded as reliable and is well-established in both research 
and industry (Ganesan et al., 2008; Rüther et al., 2023). 
The flowability of powders can be assisted by using the 
flow function coefficient (ƒƒc), which is represented by the 
ratio of the Major Principal Stress (σ1) to the Unconfined 
Yield Strength (σc) at a specified normal load from Mohr’s 
circles (Eqn. (1)) (Jenike, 1987).

 
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As illustrated in Fig. 2, from Mohr’s circles, various im-
portant parameters can be extracted to investigate the flow 
properties of the powders. The internal angle of friction 
(φlin), defined by the line running through the pre-shear 
points, demonstrates the powder’s ability to withstand 
shear stress. The effective internal angle of friction (φe), 
which represents the friction between the sliding layers of 

the powder, is obtained from the tangent to the largest 
Mohr circle passing through the origin.

3. Results and discussions
3.1 Size distribution

The particle size distribution measured by laser diffrac-
tion on the dry dispersed powders shows that the Al-F 
powder has a slightly wider size distribution compared to 
the Al-28 powder (Fig. 3).

3.2 Shape characterisation
The shape characteristics of the powders are summarised 

in Table 1. The aspect ratio and circularity values of the 
Al-28 powder were found to be lower than those of the 
Al-F powder, indicating that the Al-28 particles are less 
spherical or have more satellites than the Al-F powder.

3.3 Chemical composition
Powder chemical compositions were determined using 

Energy Dispersive X-ray Spectroscopy (EDS). The ele-
mental compositions of the samples are listed in Table 2. 
An important observation from the EDS results was that 

Fig. 2  Graphical description of flowability parameters derived from 
Mohr’s circle.
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Fig. 3  The volume-based particle size distribution of both powders.

Table 2  The elemental compositions of samples Al-28 and Al-F deter-
mined by EDS.

Element Al-28 (wt.%) Al-F (wt.%)

Al 86.44 86.61

Si 10.74 11.37

Mg   0.45   0.58

O   2.06   1.03

Ag   0.20   0.21

Fe   0.11   0.20

Total 100 100

Table 1  Shape characterisation of the powders.

Aspect 
ratio (-)

Circularity 
(-)

Convexity 
(-)

Solidity 
(-)

Al-28 0.87 0.95 0.99 0.98

Al-F 0.96 0.98 0.99 0.99
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the oxygen content of the Al-28 powder was higher than 
that of the Al-F powder.

3.4 Moisture characterisation
To analyse the moisture absorption behaviour of the 

powders, 10 g of each powder was placed in a controlled 
and sealed desiccator with ~ 75 % relative humidity gener-
ated by a saturated solution of sodium chloride. After 24 
hours the weight gain was measured (Fig. 4). Each sample 
was evaluated thrice to assess the degree of repeatability. 
The results indicate that Al-28 has a higher tendency to 
absorb moisture, likely due to the higher Wt.% of oxygen, 
most probably because of an increased oxide layer that 
tends to absorb more moisture. This difference could be an 
important factor affecting the bulk behaviour of the powder 
at ambient temperature, and increasing the temperature 
could either improve or degrade the layer, which requires 
further attention.

3.5 Flowability measurements at ambient 
temperatures

The results of the flowability techniques described in 
Section 2, which included AOR, density measurement, 
flowrate, and powder rheology, conducted under ambient 
conditions (relative humidity of 40–50 % and temperature 
of 20–22 °C), are presented in Table 3.

It can be observed that, with the exception of AOR, the 
Al-F powder exhibits better flowability in all techniques. 
However, the difference between their AOR values was 
within the range of their standard deviation. Nevertheless, 
both powders are considered free flowing according to the 
flowability scale of all the aforementioned techniques.

The flow functions and internal angles of friction ob-
tained from shear testing of both powders are presented in 
Figs. 5 and 6, respectively. The flow function results from 

Fig. 5 show both powders are in the free-flowing region 
under higher consolidation stress. At lower consolidation 
stress (<3 kPa), both powder flow behaviours deteriorate 
and get closer to the easy-flowing region, with Al-28 show-
ing slightly poorer flowability.

Fig. 6 shows that the Al-F powder exhibits a smaller 
angle of friction, indicating less friction and better flow-
ability, compared to Al-28. This is consistent with the  
differences in shape, where it is expected that particles with 

Moisture content (wt.%)

Al-28 0.039 + 0.009
Al-F 0.025 + 0.004

Saturated salt solution

Sample inside
desiccator

Humidity logger

Fig. 4  Moisture characterisation using saturated salt solution. The image is an original work by the author.
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Table 3  Comparison of different flowability tests for both powders at ambient temperature.

AOR (°) HR CI (%)
Hall flowrate 
(s/50 g)

Carney flowrate 
(s/50 g)

SE (mJ/g) NBFE (mJ/g) Scale of 
flowability

Al-28 27.4 ± 0.8 1.14 12.14 71 ± 0.16 14 ± 0.81 3.21 ± 0.29 7.37 ± 0.43 Free flow

Al-F 28.1 ± 0.3 1.09   7.94 65 ± 0.81 13 ± 0.02 1.59 ± 0.03 5.35 ± 0.41 Free flow
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a less spherical shape have a larger internal angle of friction 
(>30°) (Shinohara et al., 2000).

3.6 Flowability characterisation at elevated 
temperatures

To investigate the effect of temperature on the powder 
flow behaviour, three techniques were employed at ele-
vated temperatures: AOR, shear testing, and flowrate test-
ing. These techniques were selected based on their ease of 
use at elevated temperatures, availability, and ability to 
understand particle motion. The AOR test is used to obtain 
quick, preliminary results. The Anton-Paar Modular Com-
pact Rheometer at the University of Edinburgh was used to 
analyse the incipient flow behaviour of the powder at 
higher temperatures. Hall and Carney flowrate tests were 
used to understand the dynamic flow behaviour, as these 
have been shown to have a strong correlation with the ac-
tual behaviour of powders during spreading operations 
(Hulme et al., 2023; Jacob et al., 2018; Liu et al., 2019; 
Mahamood and Akinlabi, 2018; Park et al., 2016).

3.6.1 Angle of Repose (AOR)
To characterise the effect of elevated temperature on the 

AOR test, both powders were placed in a vacuum oven for 
30 min at different temperatures (50, 100, 150 °C). Subse-

quently, they were promptly removed from the oven, and 
the tests were conducted three times. Fig. 7 represented the 
effect of temperature on the angle of repose.

No significant impact of temperature on the angle of re-
pose was observed, as the difference in the results lie within 
the range of error of the method. This technique may not be 
a suitable to assess the effect of temperature on flowability, 
as the powder placed on the AOR rig and flowing through 
the funnel may lose temperature and cool down due to 
aeration during cone formation. It is worth noting that it 
was not possible to place the AOR device in an oven since 
it was partially made of plastic, and it had an electrical vi-
brator for powder discharge through a chute.

3.6.2 Anton-Paar Modular compact rheometer
Anton Paar developed a shear cell made of stainless steel 

(Modular Compact Rheometer, MCR 702e) enclosed by 
two halves of an electrical oven, allowing powder flow to 
be evaluated at elevated temperatures (Fig. 8). After filling 
and levelling the powder, the cell is closed and the tempera-
ture is allowed to reach the desired level. The shear test 
protocol can then be performed to measure the flow proper-
ties.

The results obtained for the flow function coefficient 
(ƒƒc) and internal angle of friction at room temperature 
were consistent with those obtained using the Schulze 
shear cell device. However, as the temperature increased, a 
corresponding increase in the variability of the pre-shear 
and shear data was observed. Analysis of the data presented 
in Figs. 9 and 10 reveal a notable phenomenon: as the 
temperature increased from room temperature to 150 °C, 
the occurrence of stick-slip behaviour became more pro-
nounced. The stick-slip phenomenon entails an increase in 
shear stress followed by a sharp drop, resulting from both 
material and system properties. This suggests that at ele-
vated temperatures, the powder particles exhibit higher 
static friction, leading to an increase in shear stress. As a 
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Fig. 7  Effect of temperature on the AOR of powders.

Fig. 8  Anton-Paar Modular compact rheometer at University of Edinburgh. Photographs are taken by the authors.
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result, more elastic energy is stored in the system at the 
onset of the slip, leading to a stronger acceleration during 
the slip and a more pronounced decrease in the shear stress 
(Schulze, 2003). Hence, the higher levels of fluctuation 
observed in the data as the temperature increased suggest 
an increase in the sliding friction of powders with increas-
ing temperature. However, the shear cell results, including 
the flow function and internal angle of friction, at elevated 

temperatures were inconclusive because a steady state 
could not be obtained (Bagga et al., 2012).

3.6.3 Flowrate test
To investigate the impact of elevated temperatures on the 

flowrates for both powders, a procedure similar to the AOR 
technique was employed. Both the powders and  
funnels (Carney and Hall) were subjected to 30 min of 

Fig. 9  Plot of shear stress vs. time for Al-F powder at (a) room temperature, (b) at 50 °C, (c) at 100 °C and (d) at 150 °C.

Fig. 10  Plot of shear stress vs. time for Al-28 powder at (a) room temperature, (b) at 50 °C, (c) at 100 °C and (d) at 150 °C.
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heating in a vacuum oven at different temperatures (50 °C, 
100 °C and 150 °C). Then, they were quickly removed 
from the oven, and the tests were conducted while the 
powders were still hot. Figs. 11 and 12 illustrate the effect 
of different temperatures on the Carney and Hall flow tests, 
respectively.

The tests have clearly shown that the flowrate of both 
samples slightly decreases with increasing temperature. 
During the experiments, it was observed that both powders 
adhered to the walls of the hopper, especially at 150 °C 
(Fig. 13). This finding suggests a decrease in flowability 
with increasing powder temperature, which is likely due to 
an increase in surface energy mainly attributed to van der 
Waals forces. Therefore, the influence of temperature on 
the surface energy of powders was measured using the drop 
test method (Zafar et al., 2014).

3.7 Measuring particle adhesion using the drop 
test technique

The drop test can be used to quantify the adhesive force 
of particles by subjecting them to a tensile force, where the 
effective interfacial energy can be calculated from the bal-
ance of the detachment force derived from Newton’s sec-
ond law of motion and adhesive force based on the JKR 
theory (Zafar et al., 2014) (Eqn. (2)).

det

ad

Δ

  1

3

π

2

mv

F t

F

RΓ

 
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In Eqn. (2), Fad is the adhesion force, Γ is the effective in-
terfacial energy, and R is the reduced particle radius. Here, 
Fdet is the detachment force, m is the mass of the particle 
with the critical diameter, v is the impact velocity and ∆t is 
the stoppage time after impact.

To measure the effective interfacial energy of both pow-
ders, the experimental work was carried out using an in-
house drop test rig developed at University of Leeds 
(Fig. 14).

In these experiments, both powders were deposited on 
aluminium stubs using the dispersion unit of the Morphologi 
G3, and the sizes and locations of the particles were re-
corded. The stubs were then dropped from a height of 
10 cm, resulting in an impact velocity ranging from 
1.21 m/s to 1.23 m/s against a stopper. The stoppage time 
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Fig. 11  Effect of temperature on the Carney flowrate for Al-F and Al-
28.
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Fig. 12  Effect of temperature on the Hall flowrate for Al-F and Al-28.

Powder adhesion
at 150°C 

Fig. 13  Powder adhesion to the hopper at 150 °C. The photograph is 
taken by the authors.

Fig. 14  The Drop test rig at University of Leeds. The schematic is produced by the authors.
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was measured in the range of 81.4 and 84.9 μs. For ele-
vated temperature testing, the stubs were placed in an oven 
at different temperatures (50 °C, 100 °C, and 150 °C) for at 
least 30 min before being promptly subjected to drop test-
ing. After the drop, the particles were analysed again using 
the Morphologi G3 to determine the critical particle size of 
the detached particles (Fig. 15). To further elaborate, 
Fig. 15(a) illustrates the post-dispersion image, where a 
7 mm3 of powder was initially dispersed on to the alumin-
ium stub while Fig. 15(b) illustrates the post-drop test im-
age, where the particles were subjected to tensile forces 
after being dropped at a height of 10 cm. By comparing the 
two captured images, the critical diameter of the particles, 
above which the particles would detach, can be obtained. 
The mass of particles with the critical diameter (m) can be 
used to calculate the interfacial energies between the parti-
cles and the aluminium surface based on Eqn. (2).

Fig. 16 shows that for both powders the effective inter-
face energy increased with temperature, leading to greater 
adhesion forces between the aluminium stub and the parti-
cles. This explains the adherence of powders to the funnel 
surface during the flowrate test at elevated temperatures.

3.8 Spreading characterisation
The in-house spreading rig previously designed at the 

University of Leeds (Mehrabi et al., 2023) was further de-
veloped to characterise the spreading behaviour of powders 

at elevated bed temperatures, as illustrated in Fig. 17. The 
spreading rig has the capability to produce spread layers, 
with the flexibility to adjust process parameters such as the 
spread layer thickness (by adjusting the gap between the 
blade and the build plate) and spread velocity during exper-
iments, aiming to replicate the real SLM process. A laser 
profiler with 2-micron resolution (scan CONTROL 2960-
25, Micro-Epsilon) was used to measure the height of the 
powder layer after spreading.

This experiment did not involve the spreading of multi-
ple layers, and the powder layer did not undergo sintering 
or consolidation to form subsequent layers. Two types of 
beds made of stainless steel were designed to simulate the 
build plate during the spreading of powder within the build 
chamber: a flat bed and one with a rectangular pocket of 
known dimensions in the middle. The flat bed allows free 
movement of powders in all directions and resembles 
spreading under more or less unconfined conditions. The 
pocket bed simulates spreading of powder under more re-
stricted conditions. Both the flat and pocket beds are 
equipped with a heating element and a controller that can 
heat the entire length of the bed up to 700 °C. Heaps of 
powder were placed on a heated bed in front of a blade 
(Fig. 17c), and their temperature was measured using an 
infrared thermometer. The spreading test was initiated once 
the powder bed temperature reached equilibrium.

To analyse the spreading behaviour of both powders at 
different temperatures (ambient, 50 °C, 100 °C, and 
150 °C), a flat bed with a 100-micron gap and a blade speed 
of 100 mm/s was used, similar to the parameters of the real 
SLM process (Machno et al., 2022; Oropeza et al., 2022). 
For analysing the packing index on the flat bed, the spread 
layer has been analysed to measure the spread area using 
the open-source ImageJ software. The depth of the spread 
layer was measured using a laser profiler, while the weight 
of the spread layer was measured using an analytical bal-
ance. The bulk density of the spread layer was then calcu-
lated and used to calculate the packing index as follows:

(a) (b)

Fig. 15  Al-F particle distribution (a) before and (b) after the drop test. The black marked area in the bottom right corner of the picture is a reference 
point. Images are produced by the authors.

8.2

13.0 13.6 14.3

6.8

11.3 10.8

15.0

0

5

10

15

20

25

30

Ambient
Temperature

50°C 100°C 150°C

E
ff

ec
tiv

e 
In

te
rf

ac
e 

E
ne

rg
y 
Γ

(m
J/

m
2 )

Temperature Conditions

Al-28
Al-F

Fig. 16  The effective interface energy (mJ/m2) of Al-F and Al-28.



Mozhdeh Mehrabi et al. / KONA Powder and Particle Journal Original Research Paper

10

          
         

Bulk densityof thespread layer

Packingindex

Initialbulk densityof the powder

   

 

(3) 

	 (3)

As shown in Fig. 18, at ambient temperature (25 °C), on a 
flat surface Al-F exhibits better spreadability than Al-28 
powder. Al-28 powder with a lower aspect ratio (indicating 
less spherical particles) leads to looser rearrangement 
during spreading, resulting in a lower packing index. Both 
powders exhibited a decline in spreadability with increas-
ing bed temperature, with Al-28 exhibiting a much more 
significant reduction in packing index.

The spreadability analysis for the pocket bed experi-
ments began with lowering the blade to nearly touch the 
bed, allowing only powder to be deposited inside the 
pocket with a 100 μm depth. After spreading, the powder 
inside the pocket was collected and weighed. The bulk 
density of the powder inside the pocket was then calculated 
and used in the packing index equation (Eqn. (3)).

Fig. 19 shows the packing index of both grades of 

AlSi10Mg powder after spreading using the pocket bed 
system (100 μm-depth). While Al-28 powder exhibited a 
lower packing index on the pocket bed compared to Al-F 
powder, the overall packing index of both powders for the 
pocket bed experiments was higher than that under the 
same conditions on a flat bed. This indicates that powder 
packing is higher under confined conditions than at the free 
surface because confinement restricts the movement of 
free-flowing particles, forcing them to occupy the available 
space more efficiently. In contrast, on a free surface, free- 
flowing powders have more freedom to move and settle in 
a less organised manner.

Furthermore, as observed in the flat-bed experiments, 
increasing the bed temperature reduced the packing index 
of the two powders. Again, the reduction in the packing 
index for Al-28 was more than 50 % from ambient tem-
perature to 150 °C, highlighting the significant impact of 
bed temperature on the spreadability of this powder.

Overall, it can be seen that the Al-F powder exhibits 

Heated flat bed

Temp. controller

Heated pocket bed

Blade

Laser profiler

(a) (b)

(c) (d)

Fig. 17  (a) The spreading rig designed and developed at the University of Leeds (b) heated bed development (c) using laser profiler for the measure-
ment of powder height (d) heated pocket bed. Photographs are taken by the authors.
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better spreadability than the Al-28 powder, which is consis-
tent with the flow behaviour achieved from all the tech-
niques, except the AOR test. This difference may be due to 
the effect of the particle shape of Al-28 powder, as less 
spherical particles or particles with more satellites are ex-
pected to have a higher tendency to interlock. However, the 
spreadability of both powders decreased significantly as 
the bed temperature was increased. The reduction in the 
spreadability can be correlated with the decrease in the 
powder flow, as obtained from the Carney and Hall flow 
tests, and stronger powder adherence to the surfaces, as 
was concluded from the drop test results.

4. Conclusions
The purpose of this study was to investigate the effect of 

temperature on the bulk flow and spread properties of two 
different grades of AlSi10Mg metal powders, Al-F and AL-
28. Experimental characterisation of the spreading be-
haviour of these powders at elevated bed temperatures was 
conducted using an in-house spreading rig, with the aim of 
developing an understanding of powder behaviour under 
PBF process-relevant conditions. The results are sum-
marised below:
●	 As part of this investigation, the flow characteristics of 

both powders were assessed through various methods, 
including angle of repose measurements, and assess-
ments of powder compressibility using the Hausner ratio 
and Carr index. Additionally, flow measurements were 
conducted using Hall and Carney flowmeters, along with 
rheological analysis using an FT4 rheometer. Further-
more, the ring shear cell test was conducted to evaluate 
the shear strength of both powders for a range of consol-
idation loads. Results from all techniques consistently 
categorised both powders as free-flowing, with the Al-F 
powder demonstrating slightly better flowability than the 
Al-28 powder.

●	 Among the three different techniques (AOR, shear test 
and flowrate test) used to analyse the flow behaviour of 
powder at elevated temperatures, the flowrate test was 
able to effectively demonstrate the effect of temperature 
on flowability. The angle of repose did not differ be-
tween different temperatures, presumably because the 
powder cooled down due to the aeration during cone 
formation. Additionally, the flow properties of the pow-
ders from the shear test could not be determined due to 
the severe stick-slip behaviour of the powder. However, 
both flowrate methods (Hall and Carney) clearly showed 
a decrease in powder flowrate with increasing tempera-
ture. The tests also suggested an increase in particle ad-
hesion with temperature, as the particles adhered to the 
funnel at 150 °C.

●	 The drop test technique was utilised for the first time to 
measure the surface adhesion of metal powders at ambi-
ent and elevated temperatures. The results suggest that as 

the temperature increases, the effective interfacial en-
ergy of both powders increases.

●	 The packing index for both powders on both flat and 
pocket beds significantly decreased at higher tempera-
tures, possibly attributed to increased interface energy, 
which was examined and confirmed using the drop test 
technique.
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