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Abstract 
 
           On today, the worldwide economic situation on the one hand and advances in technology on 
the other hand have led to an industry that is relying on highly streamlined and automated 
production processes to obtain their objectives.  It goes without saying that the advantages 
associated with the technology make powder coating a particularly suitable technique.  Furthermore 
in modern process technology terms like troubleshooting, quality and efficiency are no longer empty 
words but powerful measuring tools.  Technical installation parameters and specifications of the 
materials used are defined and matched as precisely as possible.  A measurement methodology to 
characterize the enamel powder that is meaningful and relevant to the process is therefore 
absolutely necessary. 
Powder, an interactive collection of fine solid, liquid and gaseous particles is a very complex and 
unpredictable material whereas its flow pattern is concerned.  Flow behavior is not a feature that is 
simply characterized by a single number, but it is a combination of physical material properties and 
process related parameters used for the treatment, storage or application of the powder. Traditional 
measuring methods often generate only a single value, whose testimony is usually more related to 
the test method used than to the importance for the process.  Modern equipment is, thanks to the 
advances in analytical technology, capable of more comprehensive flow behavior characterization.  
Modern instruments bring the powder samples in controlled movement, and are thus able to define 
how the powder flows. This provides a controlled simulation of a variety of powder conditionings 
and an accurate assessment of the response of the powder towards this conditioning state. 
 
With the aid of this innovative measurement methodology, a database of typical flow properties 
corresponding to a typical powder set-up is built in the laboratory.  This will undoubtedly lead to a 
better understanding of the flow behavior of a powder in production, a more efficient powder 
formulation and a higher final quality of the enameled product.                                                                                       
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In the broadest sense, powders are defined as an assembly of fine solid particles which are 

more or less interacting with each other. Powders typically have a very large specific surface 

area and as a result of the amount of lattice defects present on the surface of the individual 

particles powders they exhibit a high surface energy (activity). Because of these 

characteristics powders are particularly suitable for use in process technology (e.g. 

manufacturing of ceramic materials, pharmaceutical preparations, catalysts,). The physical 

properties of the particles, such as size, shape (e.g. spherical, plate, rod-shaped), texture 

(smooth <> porous, treated), hardness, chemical reactivity, affect the interactions between 

the individual particles and hence the processing properties of a powder. Furthermore, 

particles are surrounded by fluid and gas (usually air); this external parameter largely 

determines the powder behavior. Because the ratio between these components (e.g. 

influence humidity) can be so variable, these materials are difficult to characterize and their 

behavior is often unpredictable in terms of workability. 

 

[Abb. 1]  

 
 

One can describe flowability as the ease with which a material can be made to flow. After this 

simple definition powder flowability is a one-dimensional characteristic, powders are classified 

on a sliding scale ranging from "free flowing" to "non-flowing".  Anyone who has worked with 

powder, whether in a laboratory or production environment, quickly realizes that this simple 

definition is not sufficient to understand the observed phenomena. Flow behavior of a powder 

is by no means an inherent material property, but the resultant of the combination of physical 

material properties which influence the powder flow and for the treatment, storage or 

processing of used equipment. Therefore, a more precise definition of powder flowability is 

the ability of a powder to flow in a desired way in a specific device.  On this issue a 

substantial amount of literature [1-2-3-4] has been published and, ultimately, all agree that 

flow behavior cannot be expressed by a single a value and that quantification of flow behavior 

is only meaningful when "environmental parameters" are taken in to account. One should 

place equal value on material and process, the same powder can present optimal flow 

properties in one process step but cause problems in later steps.  Or vice versa, certain 

special installations are suitable for one type of powder type and inappropriate for other 

powders. 

 

When we talk about flow behavior the effects of external factors such as humidity, 

temperature, and especially the packing state cannot be emphasized enough; powder in an a 
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aerated state (e.g. in a fluidized bed) behaves as a liquid and in the compacted state (e.g. 

tablet, briquette) as a solid. Unfortunately, during processing generally the actual powder 

state is situated between these extremes.  At low load (e.g., fluidized), as said by Freeman 

[5], cohesive force is the most important factor, at high load mechanical friction and 

anchorage predominate. 

 

In powder technology, typical terms that are used to express flow behavior of a powder are: 

bulk density, permeability, cohesion, fluidity and wall friction. These ‘variables’ arise from the 

collective forces such as van der Waals, electrostatic forces, surface tension, particle 

interlocking, friction, etc., which act on individual particles. 

 

[Abb. 2] 

 
Basically consideration of the interparticle forces should allow a good description of the 

behavior of a powder. Because a technical powder is composed of particles of different type, 

physical state and size, we quickly end up with a complex multi-component system, which 

can lead to diverse effects. Describe each particle and the forces between the particles is 

complicated and based on the current state of the art difficult to implement in practice. A 

better approach is to regard powder as a continuum [1].  The volume elements are chosen 

sufficiently large so that inter-actions between contact points of single particles do not have to 

be taken into account, the forces acting on the boundary surfaces of individual volume 

elements and the resulting deformation is studied and described.  In modern technology, this 

is standard procedure to measure and determine flow properties of powders. 

 

In contrast to the traditional, “single number" methods (angle of repose, Carr's index, Hausner 

ratio, etc.) that are often criticized for their lack of reproducibility, the newest methods try to 

describe flow behavior in a more comprehensive way and relevant to the process. Forces and 

deformations on a defined and conditioned volume are measured.  As such, recent advances 

in measurement technology make a reliable quantification of the parameter “flowability” 

possible. Various measuring methods [e.g. ring shear testers (Schulze & Jenike), Avalanche 
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Technology (TSI), universal powder tester (Freemantech, Stable Micro System), e.g.] have 

been described in detail by several authors. 

 

Investigations by Matthew Krantz, Hui Zhang and Jesse Zhu have [6] showed that dynamic 

characterization techniques, such as Fluid bed expansion, are best suited to predict the 

fluidization behavior, while the more static techniques, such as compaction, are better suited 

to determine the cohesivity a powder. It was also noted that the results of static and dynamic 

measurements do not agree necessarily, fine powder which indicated a good fluidization 

performance, also showed an increased tendency to agglomerate, and vice versa. This 

confirms once more that flow properties are dependent on the stress state and that no single 

technique or single value is suitable to completely characterize powder flowability.  In other 

words, both static and dynamic characterization techniques are necessary to fully understand 

the flow behavior of a powder and to be able to predict how the material will behave under 

different process conditions appropriate test procedures are necessary. 

 

The high performance and low environmental impact of electrostatically applied powder 

enamels make them attractive for a variety of applications.  A flow chart (Fig. 3), presenting  

the influence of various powder properties listed per process step, clearly demonstrates the 

importance of the powder flowing easily and smoothly through the powder application.   

[Abb. 3] 

 
Furthermore a steady powder flow during the manufacturing of the powder-enamel can  

contribute to a quality improvement and/or a significant reduction in process time. Here also a 

precise, process relevant, characterization of flowability is beneficial for powder 

manufacturers challenged to produce high quality products at a competitive price.    

 

In the electrostatic powder coating process, the powder is carried then sprayed on the item by 

suspension in air, that powders can behave quite differently in this state is known. In the 70-

ties the company SAMES has designed a device to determine this behavior and to specify 

whether the powder is suitable for spraying or not [8].    
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[Abb. 4] 

 
 

It is after more than 30 years of use in the industry is not necessary to report the merits or 

shortcomings of this device. It remains on today a valuable tool for the powder manufacturer 

as for the user. Still, in the context of increased demands, certain phenomena remain 

unexplained and complex issues regarding flowability stay unanswered based on these 

measurements. However, due to recent advances in measurement technology, in our opinion 

a better, more complete understanding of the term "flowability" no longer unthinkable. 

 

Modern powder rheometers bring the powder samples, rather than rely on their own ability to 

do so, in controlled movement, and are thus able to define how the powder should flow. This 

provides a controlled simulation of a variety of powder conditions  and an accurate 

assessment of the response of the powder towards the conditioning state.  Using a well-

chosen simulation of the packing state, we are able to describe the flow behavior of enamel 

powder, when stored, consolidated, forced to flow by applied pressure, aerated during 

transport or fluidized in a container (dynamic properties). In addition, these devices can 

precisely measure bulk density, compressibility, permeability (bulk properties). Because the 

data are calculated from a fully automatic force and torque measurement: calibration is 

possible, the operator influence is minimized and the reproducibility is given.  In the studies 

Pemco has used the FT4 Powder Rheometer from Freeman Technology [9], this does not 

rule out that other instruments or measurement methodologies that can be equally well suited 

for this purpose.     

 

Although different compaction or fluidization of a powder drastically influences flowability, all 

the traditional techniques do not or barely consider this parameter when assessing flow 

behavior.  Test results will vary accordingly, it is clear that these methods are not particularly 

suitable for repetitive testing.   With a conditioning cycle (removing the sample history) prior to 

the effective measurement cycle these devices try to give an answer to this problem. 
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[Abb. 5] 

 
In the dynamic mode, which determines the energy needed to move a known volume of 

powder sample, the movement is controlled by a blade that rotates transversely through the 

powder sample and moves vertically along a well-defined helix. The measuring principle is 

based on the fundamentals of classical mechanics: according to Newton's 1st law, the forces 

responsible for the deformation and movement of the powder are proportional to the forces by 

which the blade is forced through the powder. From the work-energy theorem the work done 

can be calculated, power multiplied by distance, i.e. kinetic energy. This value is called "Flow 

Energy" and is regarded as a representative statement for Flowability  

 

[Abb. 6] 

   
 

 

The blade can be operated in different ways: shape of the helix, speed and direction can be 

varied. On this basis, measurement protocols are set up in which the influence of repeated 

testing is measured (product stability) or in which the response to different conditioning states 

is investigated (compacted, aerated, etc.).  The obtained curves are called energy gradient 

profiles and are typically for materials (shape and magnitude). 

 

Case study I: Product Development 
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[Abb. 7] 

 

 
 

The use of this new measurement technique has led to new insights and provides extra tools 

to investigate parameter relationships.  A simple but typical example is presented in Figure 7, 

where the relationship between particle morphology and additives is clearly demonstrated. 

Flowability is governed by interparticle forces. For non-coated particles due to the mechanical 

anchoring a high energy (BFE) is required to move the powder. An Overdose of additives 

leads to an increased cohesiveness, more energy is required to turn a sticky powder into 

motion. An optimal level of additives is derived at which the best flow characteristics are 

obtained. 

 

In product development the main focus is set on primary factors (e.g. particle size and shape, 

type and amount of coating additives). With an appropriate set of test parameters, secondary 

(external) variables, such as moisture content, degree of segregation and air content can be 

investigated in the same way.      

 

Case study II: Characterization of installation powder 

 

An enamel-powder should be free flowing and readily aerated in the fluid reservoir, thereby 

ensuring that the individual particles are separated. The easier the powder flows through the 

spray gun, the better will be its electrostatic charging and the more evenly the coating.  

Powder that does not adhere to the substrate is recovered and brought back in circulation, 

thus an almost complete utilization of the material is obtained. Since the fine particles are 

more strongly influenced by the aerodynamic and electrostatic forces, an accumulation of 

very fine material during the process cannot be avoided. Fine fraction is a critical parameter 

because it strongly affects fluidization, compaction and segregation (parameters determining 

flowability).  Regarding the importance for the process, it is not necessary to emphasize on 

the need for a correct and process-relevant characterization of flow behavior of installation 

powders. 

 

By Prof. Guigon and Dr. Saleh (Univ. Compiegne Fr.) different test methods have been 

compared. These included classical methods such as tapped density, shear cell and 

fluidizing-defluidizing methodology and the powder rheometer (FT4) from Freeman 
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Technology. While traditional tests can provide information about the properties of the powder 

under certain test conditions, Dr. Saleh saw a clear need for an appropriate test under “real 

world” conditions (10).  Studies demonstrated that determination of flow energy (FE) on 

aerated samples is a reliable test to characterize powders for electrostatic application; 

important features are the first response to ventilation, the sharpness of the knick in the curve 

and the energy required to fluidize the material. Pemco studies have confirmed this. 

Furthermore, following on our tests, the static method used to determine compressivity is a 

good approach to quantify cohesiveness (the tendency of powders to aggregate, form 

clumps) of an installation powder.  

  

Because fine powders have a large surface area per mass unit formation of agglomerates is 

accelerated due to the interparticle forces (e.g. electrostatic attraction, VdWaals) and / or 

adsorption of water at high humidity. They are usually difficult to fluidize and when pumped 

they tend to travel in the cohesive packages.  The packages do not disintegrate when 

sprayed and cause uneven defected surfaces. In the example (Fig. 8) a similar problem 

(powder lumps, in connection with deteriorated powder adhesion) was analyzed. FT4 

measurements (FE - Aeration mode) have shown that especially sample 3 behaves 

differently. These results correlate well with the observations at the process line; grain size 

measurements and determination of water content in the powder confirmed these findings. 

 

[Abb. 8]  

   
 

 

With the classical methods (e.g. Sames) it has been impossible to differentiate installation 

samples.  Since modern powder rheometers enable us to write process-related protocols, we 

are able to classify samples from good to bad and consequently define a process window.  

 

Case study III: Plant and Powder plant perfectly matched  

 

Although a low cohesion and high fluidity is desirable , a level of cohesiveness can be 

advantageous to avoid segregation, attrition and dust generation.   As such there is for every 

single powder / machine combination an optimal balance between cohesiveness and 
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flowability.  The powder should behave stable during processing. A test protocol, where the 

sample is repeatedly tested under identical conditions, is a good measure for the stability of a 

powder. Powders behaving unstable after this test, will with high probability behave unstable 

when processed (Fig. 9).       

           

[Abb. 9]  

 
Due to increased requirements, technically and economically, also in our industry, methods 

for monitoring the quality and increasing efficiency (SPC, 6 Sigma) are more commonly used. 

The technical parameters of equipment and technical data of the powder should be perfectly 

matched to each other so that a maximum output is reached.  Although it is theoretically 

possible to fit the installation to the product, in practice, the supplier is increasingly asked to 

provide a powder that is compliant to the existing process (hardware & settings). This implies 

that a reliable prediction regarding the functioning of a product is necessary. With a targeted 

modification of parameters influencing flow behavior in our manufacturing process (DOE), we 

have made an attempt to closely match the processing properties of test and reference 

material (Fig. 10).  Although improvement is certainly present, this approach has been 

evaluated positively in practice.  

   
[Abb. 10] 
 

   
 
 
   
Conclusion: Powder behavior is very complex. As in every process, even in each process 

step, the powder is subjected to a specific set of parameters (bulk density, consolidation ...); 

flowability of a powder should always be considered and expressed in relation with the 

conditioning state.  The powder properties should be as widely adapted to the process or vice 

versa. The use of state of the art measuring technology enables a controlled simulation of 

different powder conditioning states as well as an accurate measurement of their response to 

the imposed powder state.  In the laboratory, a database with typifying flow properties per 
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powder are determined, this will without doubt lead to a better understanding of the behavior 

of a powder, a more efficient product formulation and a higher final quality of the product. 
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