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Powders have always been used in industry, spanning from food to metallurgic ones, and in recent decades they have become the protagonists of other innovative process: additive manufacturing (AM).
Knowing the flowability of a powder in a specific piece of equipment is fundamental to achieve better manufacturing efficiency and product quality in powder processing industries. A powder used in AM machines is subjected to different flow and stress regimes. There are commercial devices able to measure the flowability of the powder under different levels of consolidation stresses, but they are not able to work at very low stresses. Among the available, alternative, non-commercial tests dynamic BIM is the most promising. In dynamic BIM a spherical indenter impinges on the powder with the velocity of a falling body; it is possible to determine the flowability (through the hardness) of the powder, but the evaluation is complex and must be improved. 
In this work we investigate the dynamic impact of an indenter in a packed powder, measuring the geometrical characteristic of the crater forming on the powder surface. Furthermore, we try to improve the definition of dynamic hardness and shear rate by rewriting them in terms of granular velocity rather than indenter impact velocity as the most common reports in the literature.
1. Introduction
Powders are widely used in industry and in recent decades they have become the protagonists of another innovative process: additive manufacturing (AM). Additive manufacturing is a generic term to indicate industrial processes used to construct 3D objects, directly from Computer-Aided Design (CAD) files, by depositing material layer upon layer. Among the AM processes, powders are used as input material in the Directed Energy Deposition and Powder Bed Fusion. These processes use powders in different ways but they have one thing in common: the efficiency of the process depends on how the powder flows.
The propensity of a powder to flow is called flowability. Knowing the flowability of a powder in a specific piece of equipment is fundamental for achieving better manufacturing efficiency and product quality in powder processing industries. A powder used in AM machines is subjected to different flow and stress regimes.
There are commercial devices able to measure the flowability of the powder under different levels of stress,  but all of them are not able to investigate systems with very low (less than 1 kPa) stresses. Also when dealing with cohesive powders, where even small variations in inter-particle contact forces have a large effect, these testers do not reproduce the initial state of filling reliably and reproducibly (Zafar et al., 2015)
A new promising method used to measure the flowability is the Ball Indentation Method (BIM), able to give information on the flowability of a powder both in quasi-static conditions (very low deformation rate) or in dynamic conditions (high deformation rate). The method was already used to evaluate the flowability of powder (Pasha et al., 2015; Zafar et al., 2015) but to complete the study is necessary to find a clear correlation between flowability, consolidation of material, grains properties (size, shape, friction, particle density), and bulk properties (bulk density, cohesion). 
The method, which consists of indenting the surface of a pre-consolidated powder bed with a ball, allows the material hardness, H, which is defined as the resistance of the material to plastic deformation, to be determined. The indentation can be quasi-static or dynamic. With quasi-static indentation the indenter is driven at a constant rate, the penetration depth is controlled and the loading force is measured. Whereas with the dynamic approach, the indenter is released and accelerates under gravity. The penetration depth cannot be controlled in this case: it depends on the indenter kinetic energy and powder flow properties.
In this work, we reported the data obtained with the method of dynamic ball indentation. We calculated the dynamic hardness of the powder moving in the intermediate flow regime using a new equation and verified the reliability of an already used fitting expression (Tirapelle et al., 2022) using a different definition of shear rate. Furthermore, we will show a first attempt to link the dynamic hardness with the packing fraction of the granular bed.
2. Materials and methods
2.1 Materials
The powder used in dynamic indentation experiments was sodium bicarbonate. The equivalent diameter of this material, dp=0.095 mm, was calculated from the averaged value of the particle size distribution obtained from sieve analysis. The intrinsic density of sodium bicarbonate is equal to 2200 kg/m3.
The dynamic hardness measurements were done with a customized device whose configuration requires a magnet and a high-definition camera. The consolidated state of the powder was verified by measuring the powder bulk density. The powder was poured into a cup with a known volume (25 cm3), and weighed, and the ratio between the powder weight and the cup volume returned the average bulk density value. Then the indenter, which is initially held by the electromagnet above the sample at a controlled variable height, is released by switching off the electromagnet. The use of the electromagnet guarantees the repeatability of the test and the consistency of the results. By placing the indenter at different heights, different impact velocities were investigated. The impact of the indenter on the powder was recorded with SvPro Camer. By post-processing image analysis of the frames, the height of indenter penetration, h, and the radius RC of the crater created on the powder surface were determined as sketched in Figure 1.
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Figure 1: Geometrical quantities determinable from the impact of the indenter on the powder (Tirapelle, 2020).
Two different spherical indenters made of steel, differing in diameters, were used in the experiments: Di=6 and 8 mm. The intrinsic density of both the indenters was 7684 kg/m3. 
For characterizing the flow behavior of the powder, a powder flowability test was performed with a shear cell (PFT Powder Flow Tester, AMETEK Brookfield, USA). According to the classification of powder flowability introduced by Jenike [22], sodium bicarbonate displays an easily flowing behavior.
2.2 Method
The resistance of the powder in the static indentation is calculated using the static hardness, the ratio between the maximum load, Fmax, and the area of penetration, A (Hassanpour and Ghadiri, 2007):

			(1)

In dynamic indentation, instead, the hardness is typically calculated from the energy balance, assuming that all the energy of the impacting ball is dissipated in the plastic deformation of the target material (Tirupataiah and Sundararajan, 1991):

			(2)

where mi is the mass of the indenter, vi is its impact velocity on powder and U is the unrelaxed crater volume:

			(3)

The indenter impact velocity is:

			(4)

where hd is the indenter dropping height.
From a specific energy balance, it is also possible calculated the powder velocity:

                                                                                                                                                 (5)

that depends on the level of consolidation of the power through the bulk density,,on the impact velocity of the ball and on the density of the indenter .			
In this work, we calculate the dynamic hardness using the powder velocity as following:

			(6)

Also the shear rate was reformulated in terms of granular velocity (instead of indenter impact velocity as previously done (Tirapelle et al., 2020; Pasha et al., 2015)):
			(7)
where Di is the diameter of the indenter. Later in the paper, it will be possible to see that determination of the shear rate using the powder velocity instead of impact velocity as done by Tirapelle et al. (2020) does not change the flowing regime of the power during the collision.
3. Results and discussion
3.1 Dynamic ball indentation results
The data of the dynamic ball indentation is reported in Figure 2 for the indenters with two different diameters. In x-axis, the dimensionless shear rate is reported and it was calculated as follows:

	   		(8)

The dynamic hardness instead is reported in the y-axis and it was calculated using Eq(6). The magnitude of the dimensionless shear rate gives information about the flowing condition of powders: when  is between 0.15 and 0.20 the material is considered to be in the quasi-static frictional regime of flow; when it is between 0.25 and 3 the powder is in the intermediate regime where friction but also collisions between particles must be considered, with the combination from collisions increasing with shear rate. Finally, for dimensionless shear rates beyond 3, the powder is in the dynamic regime of flow. Here, rapid and short-duration collisions are predominant, individual powder particles are sufficiently energized and the powder behaves like a freely flowing fluid (Tardos et al., 2003). In this classification, the boundaries between regimes are still uncertain and not clearly defined (Tardos et al, 2003). The experimental data in Figure 2 shows that the powder always flows in the intermediate regime, where friction and collisions can occur. It appears that the dynamic hardness increases when the dimensional shear rate increases. In a previous work (Tirapelle et al., 2020), the authors observed the dynamic hardness remained constant with the shear rate, when the powder was in quasi-static regime. Both the observations are in agreement with what was observed by Tardos (2003), who observed that a power law fitted their data (shear stress and normal stress vs dimensionless shear rate).
The power law that best fits the curve has an exponent equal to n=1.98, according to the fit found by Tardos et al. (2003) in the intermediate regime.
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Figure 2: Dynamic hardness plotted versus the dimensionless shear rate at different indenters.
3.2 Determination of the operating conditions
Tirapelle et al. (2020) found a dimensionless correlation that fitted all the indenter data. In their study, four different powders, at different consolidation states and different types of indenters were used.
They defined four dimensionless groups that control the dynamic indentation: (1) the ratio between the bulk density and the intrinsic density of the indenter; (2) the ratio between the crater radius and the diameter of the powder; (3) the ratio between the penetration depth and the indenter radius and (4) the ratio between the inertial and the hydrostatic stresses which are representative of the stress state in the powder during and before indentation respectively. 
It was found that the product of the four groups elevated to an appropriate exponent as follows:

			(9)

makes all the data collapse on a master curve if plotted against the dimensionless shear rate as shown in Figure 3.
Manipulation of the four groups using their fitted exponents leads to further simplifications of the geometrical and dynamic groups, resulting in the following simple expression:

		             (10)
		              
where h* is the dimensionless penetration depth calculated as the ratio between h and Ri.
The dimensionless expression for b works well also using the shear rate as defined in Eq(7). This line has a positive slope, therefore achieving larger values of dimensionless shear rate, requires a more consolidate powder, larger particles dimensions or larger indenter impact speed.
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Figure 3: The dimensionless number in Eq(10) calculated for all the dynamic hardness measurements, done f or this work, is represented as a function of the dimensionless shear rate. All the observations are fitted by linear regression.
The proposed relationship is useful for predicting the best applicable operative conditions for dynamic indentation tests. For instance, because usually the indenter, the powder properties, and the desired dimensionless shear rate are known, one could find the dimensionless penetration depth, h*, with the help of Figure 3. Currently one can calculate the penetration depth, the impact velocity and hence the required drop height (Tirapelle et al, 2020).

3.3 Dynamic hardness and packing fractions
As last analysis, we tried to link the dynamic hardness of the powder with the initial consolidation of the powder. Hence, the packing fraction was calculated as follows:
		             (11)

where is the intrinsic density of sodium bicarbonate.
Figure 4 shows how the packing fraction of the bed influences the resistance to the plastic deformation of the powder by the action of the indenter. Packing fraction indeed directly affects the ability of the individual particles to move and reorganize their position in the bed in response to the impact. For packing fractions lower than 0.59 the data follows a unique trend. For packing fractions greater than 0.59, instead, the dynamic hardness shows two different regimes; for the same packing density, in fact, two different hardness values are calculated. The points at larger hardness (ranging between 250 and 350 kPa) also presented the greatest value of granular velocity, greater than 3 m/s.  The lower points that present a hardness value about 50 kPa are obtained with granular velocity less than 1 m/s.
4. Conclusions
This experimental work proposes an alternative experimental method to determine the flowability of the powder. The method, called Dynamic Ball Indentation method, consists of dropping a ball of known density and diameter onto a bed of powder in a known state of consolidation. The resistance of the powder to the impact is calculated through the hardness calculated based on the impact velocity of the indenter. In this work we proposed an alternative expression for dynamic hardness based on the powder velocity. Furthermore, also the shear rate was calculated using the powder velocity. We also shown that a dimensionless equation useful for determining the operating condition of the indentation was still valid when inserted the new equation for the shear rate proposed. Ultimately, we had shown a relation between the dynamic hardness and the packing fraction of the powder. The packing fraction, in fact, results one of the properties that strongly affects the hardness variation.
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Figure 4: Variation of the dynamic hardness with packing fraction of the bed.

Nomenclature


A – penetration area, m2
b – ,dimensional number 
dp – particle diameter, m
Di – indenter diameter, m
Fmax – maximum loading force, N
g – gravity acceleration, m/s
h – penetration depth, m
hd – drop height, m
Hd – dynamic hardness, kPa
Hs – quasi-static hardness, kPa
mi– indenter mass, kg
Rc – crater radius, m
U – crater volume, m3
vi – impact  velocity, m/s
vg – granular velocity, m/s
 –  shear rate,1/s
 – dimensionless shear rate
 – powder bulk density , kg/m3
 - intrinsic powder density,.kg/m3
 - indenter density, kg/m3
 - packing density
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