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Abstract 

External lubrication is often used to complete compaction process of powder materials. The main goal of this method is to 
reduce the amount of admixed internal lubricant (Zinc stearate spray) within the raw material. The application of external 
lubricants enhances the density uniformity and the mechanical strength of the resulting green pellets. This study 
investigates the effects of the external lubricant amount for UO2 powder compaction and the properties of the 
corresponding green pellets. Results show that there is a quantity or number of layers from which, the external lubricant 
on the die wall becomes detrimental to the friction index and the ejection force measured during the pressing cycle. The 
quality of the green pellets (surface defects, mechanical resistance) can also be affected by a significant amount of 
lubricant. Thus the quantity of the die wall lubricant must be optimized in order to assure a mixed lubrication mode. 

Keywords: Lubrication, friction index, ejection force, pellets, compaction, nuclear fuel, zinc stearate, die, uranium, 
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1. Introduction 

Die wall lubrication or external lubrication during compaction is widely used in several technological fields such as 
powder metallurgy [1, 2, 3, 4, 5, 6, 7, 8], pharmaceutics [9, 10, 11] ceramic powders [12, 13], coal logs [14] and also 
in nuclear fuel [15, 16] in order to reduce friction phenomena at the interface between the compacted powder and the 
die wall. 
Recently, C. Machio et al. [1] demonstrated that dry compaction of TiH2 powder, without lubricant on die walls, causes 
the welding of TiH2 particles onto die walls and the rupture of the pellets during ejection while, when external lubricant 
is applied, pellets green strength and densities are enhanced according to the lubricity of the lubricant and the ejection 
force is reduced. The same advantages are observed also in coal log compaction [14] and for pharmaceutics [10, 11]. 
Furthermore, contrary to internal lubrication, die wall lubrication avoids unwanted internal density distribution and 
allows low and stable friction coefficient as observed in ceramics compaction with zinc stearate [12]. On the other hand, 
it has been demonstrated that die wall lubrication reduces a need of the amount of admixed lubricant in the powder to 
compact [2, 4]. 
However, there is no data available concerning the tribological consequences of the thickness of the coating deposited 
on the die wall on the properties of the metallic or ceramic compacts which ensued from the pressing experiences. 
This work investigates the influence of the number of layers of lubricant deposited on the die wall for UO2 pressing. 
Data recorded during pressing and ejection steps and characteristics of the UO2 green compacts are interpreted 
according to the amount of lubricant on the die wall. 

2. Experimental details 

Raw material 
A batch of dry processed UO2 powder elaborated by ANF Lingen is used to carry out the experiences. It contains around 
8.5% of U3O8 additives. The powder depicted in Figure 1 presents a large particles size distribution (from 0.5 μm to 300 
μm) with a global super-stoechiometric amount in oxygen such that x = 0.13 in UO2+x. 
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Figure 1 : UO2 powder particles observed by SEM technology. 

Lubricants 

The experiments are carried out with commercial zinc stearate spray. This universal release agent is often used as 
lubricant during forming process in different industrial fields. It allows the deposition solid coating on the surfaces in 
order to protect them against wear and friction phenomena. The commercial spray of zinc stearate used in this work 
contains some volatile organic elements such as: 1,1-Difluoroethane, Dimethyl ether and Dichlorofluoroethane which 
evaporate around two minutes after the lubricant deposition. The amount of these elements is not notified. However, it 
can be observed they seem to give a particular aspect to the coating formed by the StZn spray (Figure 2) with the 
presence of a quasi-continuous film with a suitable adhesion to the surface. The commercial StZn aerosol used in this 
study comes from IMS Company. 

 
Figure 2 : Structure of zinc stearate spray deposited on a surface and observed by SEM technology. 

Compaction and lubrication methods 

2.3.1 Lubrication methods 
The variation of the amount of lubricant on the die wall is performed by two ways:  

- the variation of the number of layers of StZn spray deposited on the die wall in order to increase the amount of 
lubricant; it is assumed that each spraying action corresponds to the formation of a layer of lubricant. 

- for three layers of StZn spray, UO2 compacts are made consecutively one after the other until the lubricant 
deposited is eliminated from the die wall (i.e: the first green pellet is noted N°1, the second N°2 and so on). 

2.3.2 Compression method and data 
The instrumented press used in this study is from INSTRON Company. The diameter of the mold is equal to 10 mm and 
the roughness Ra of the inner tungsten carbide surface of the die is equal to 0.4. The lower punch and the mold are fixed 
during the compaction process while the upper punch is moving to get contact with the powder to compress. The height 
of the chamber is fixed to 3.5 mm. The displacement speed of the upper punch is fixed to 2.1 mm/s. These compaction 
parameters allow to obtain green compact with an aspect ratio H/D close to 8/10, where H is the height and D is the 
diameter of the compact. 
The friction index is calculated by Equation 1 including Janssen constant K and the friction coefficient nw [21]. This 
parameter takes into account the geometry of the pellets, the applied and the transmitted forces which are obtained 
thanks to load cells located on the punches. Friction index takes into account the transgranular friction and the friction 
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between the surface of the pellet and the surface of the die wall. A large friction index is known to be detrimental to the 
compacts characteristics uniformity because of a non- suitable lubrication [14]. 

Friction index =nwK= 
𝑆𝑆
𝑝𝑝ℎ
𝑙𝑙𝑙𝑙(𝜎𝜎𝜎𝜎

𝜎𝜎𝜎𝜎
)  

Equation 1 

where S is the surface of the compact, p is the perimeter, h is the height, σa and σt are respectively the stress applied by 
the upper punch and the stress transmitted to the lower punch during compaction. 
The transmitted force ratio σt/σa is also a parameter that explains the phenomena occurring at the interface powder/die 
wall. In accordance with the literature, a high transmitted force is attributed to increasing of plastic flow and radial 
movement of particles during compaction [14]. 
The ejection force of the pellets after powder compaction is also widely considered to evaluate of the efficiency of die 
wall lubrication process [17]. This parameter is known to be the main factor which is responsible of the final state of the 
compacts after demolding [14, 17] in powder technology field. This force is directly recorded by the sensor placed 
under the lower punch. 

2.3.3 Density measurement and green pellet surfaces characterization 
Density is calculated geometrically by dividing the mass by the volume during the compression and after demolding 
considering a cylindrical geometry. 
The surface characterization of the pellets is mainly carried out by SEM observations and analyzes. 

2.3.4 Mechanical properties 
Indirect tensile tests are realized on the green compacts through Brazilian tests [18, 19] (Figure 3). 

 
Figure 3 : Schematic illustration of Brazilian test principle. 

Indirect tensile test involves loading a cylindrical specimen with compressive loads which act parallel along the vertical 
diametrical plane, as shown in Figure 3. To distribute the load and maintain a constant loading area, the compressive 
load is applied through a wide stainless steel punch. This loading configuration develops a relatively uniform tensile 
stress perpendicular to the direction of the applied load and along the vertical diametrical plane, which ultimately causes 
the specimen to fail by splitting or rupturing along the vertical diameter (Figure 3) [20]. The indirect tensile strength of 
a cylindrical sample with diameter D and thickness t is given by Equation 3. 

 
Equation 2 

where F is the failure load, t the thickness or the sample length. 
Twenty specimens of UO2 compact are made for each lubricant for a suitable statistical analysis. Data are analyzed by 
Weibull statistical law [21]. 

3. Results and discussions 

Characterization during pressing cycle 

3.1.1 Transmitted force ratio 
Figure 4a shows that, the transmitted force ratio may be influenced by the initial amount of lubricant present on the die 



 

wall. Indeed, the force transmission between the upper punch and the lower punch is lower for the last compacts (N°1 > 
N°2 > N°3). This result may be explained by the increasingly larger energy needed to shear the material at the 
lubricant/die wall interface due to the progressive depletion of the lubricant for the last compacts. These phenomena 
induce additional friction forces, probably due to the elastic deformation of single asperity in contact with the abrasive 
particles of UO2, which reduces the transmitted force ratio. It is important to notice that there is not any smearing 
phenomenon corresponding to the accumulation of the external lubricant inside the matrix. 
This analysis is confirmed by the results shown in Figure 4b, where the transmitted force ratio increases with the quantity 
of lubricant layers deposited on die wall (from 1 layer to 3 layers). However, when the coating formed by the lubricant 
becomes too thick (6 layers), the transmitted force ratio is lower compared to the cases with less lubricant. This means that 
thick coating hinders the force transmission between the upper and the lower punches. In this case, hydrodynamic 
lubrication predominates and the thick coating is probably removable due to its low adherence on the die wall which is 
associated to the movements of the punches and the powder [23]. 

(a) (b) 

Figure 4: Transmitted force ratio (a) for compacts N°1, N°2 and N°3; (b) for different amount of lubricant. 

3.1.2 Friction index 
The calculation of the friction index corresponds to another way to represent the difference between the applied and 
transmitted forces. Its variation with the amount of lubricant (Figure 5) shows that the friction index is higher for the 
compacts N°2 and N°3. The decreasing of the transmitted force ratio with the depletion of the lubricant presented on the 
die wall is a consequence of the increase of the friction at the powder/die wall interface and intergranular friction. These 
results are also highlighted in Figure 6, where friction index decreases from 1 layer to 3 layers of lubricant. As already 
mentioned, the friction increases from 3 layers to 6 layers means that a thick coating leads to a weaker lubricant 
adherence. 

(a) (b) 

Figure 5: Variation of friction index for compact N°1, N°2 and N°3. 

(a) (b) 

Figure 6: Variation of friction index for compact made with different amounts of lubricant on the die wall. 
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Wall friction angle 
In order to complete the results obtained with the analyses during the cold pressing, the wall friction modulus of 
Freeman Technology Rheometer (FT4) is used to assess the friction at the interface powder/counter-body surface 
(Figure 7). The Wall Friction Angle φ (WFA) is a measure of resistance which describes the interaction between the 
powder and surface material (hopper, punch, die wall, etc…) [22]. This parameter gives information only about 
interactions at the interface, on the contrary, the friction index which involves also intergranular interactions. The WFA 
corresponds to a testing coupon of the wall material (tungsten carbide WC with a roughness Ra of 0.4 in this study) in a 
shear tester with the UO2 powder. WFA represents the angle derived from the curve of the shear stress τ as a function of 
the normal stress σ as shown in Figure 7. 

(a) (b) 

Figure 7: (a) Schematic representation of the wall friction test with Freeman rheometer; (b) WFA calculation 
curve. 

Even though the WC disk solicitation is relatively different from the die wall solicitation during powder compaction stage, 
the wall friction modulus of FT4 may help to assess lubrication conditions and select suitable coating. 
In this work, the WFA is determined for three different normal loads (3 kPa, 6 kPa and 15 kPa) in three testing conditions: 

• tungsten carbide dry disk 
• three layers of StZn spray on the tungsten carbide disk 
• six layers of StZn spray on the tungsten carbide disk 

On the one hand, the results show that the WFA decreases when three layers of StZn spray are deposited on the WC disc, 
compared to the case of the dry disc for the three tested applied loads. On the other hand, the WFA increases between three 
and six layers of StZn spray for the three tested conditions, results in good agreement with compaction experiments 
described in section 3.1.1 and 3.1.2 (Figure 8). This result confirms that there may be an optimum thickness and amount 
of lubricant to reduce the friction between UO2 particles and the die wall. For six layers, due to an hydrodynamic 
lubrication mode [23], the lubricant particles do not support the applied pressure and their mobility seems to increase the 
resistance and the friction between UO2 powder and the die wall. Due to the high hardness of the tungsten carbide, there 
was not enough wear phenomena to analyze it on the studied surface. 

  

 
Figure 8: Comparison of WFA for different layers of lubricant on the die wall and for different normal stress. 
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Ejection force 
The analysis of the ejection force allows the assessment of the action of the lubricant coating during the compact 
ejection. Figure 9 shows a good correlation with the observations made during the compression step. The ejection force 
logically decreases with the depletion of lubricant on die wall. The thickness of the coating is progressively reduced 
until a mixed lubrication mode [23] which can be detrimental to the mechanical strength of the compacts if the lubricant 
quantity becomes too low.  
Figure 9b shows that the ejection force is lower for the application of three layers of lubricant compared to the application 
of one layer, but it increases if six layers of lubricant are applied. This observation confirms that a very thick zinc stearate 
coating probably reduces its adherence on the die wall. Therefore, the residual coating that remains during ejection on the 
die wall becomes insufficient to reduce enough friction at the interface during this last step. These results show that the 
ejection force could be a relevant parameter to adjust the lubricant quantity in order to find optimal lubrication conditions. 

 

(a) (b) 

Figure 9 : Variation of the ejection force corresponding to (a) the compacts N°1, N°2 and N°3 and (b) the different 
amounts of lubricant on the die wall. 

Green pellets characterization 

3.4.1 Surface characterization 
In order to complete the analysis made during pressing cycle, the surfaces of the compacts N°1, N°2 and N°3 are 
observed macroscopically to verify a correlation with the previous findings. The surface state of the compacts N°1, N°2 
and N°3, shown in Figure 10, underscores that a depletion of the lubricant is detrimental to the quality and the 
mechanical strength of the compacts. Thus, severe cracks are observed on the lower tip of the compact N°3, and to a 
lesser extent on the top of the compact N°2. There are no microcracks on the tip of the compact N°1, but some part of 
the coating is pulled out to the ejection stage when the compact is collected. This is probably due to a non-optimal 
lubrication of the die wall, but not detrimental to the UO2 compact (N°1), and some inhomogeneous residual zinc 
stearate coating is visible on the compact surface. The results of this section show that it is important to refresh the 
lubrication after each compact. 

 
N°1 N°2 N°3 

  
 

Figure 10 : UO2 green compacts surface state corresponding to the compacts N°1, N°2 and N°3. 

3.4.2 Mechanical properties 
The green densities of entire compacts have been measured. Results reported in Table 4 do not show significant 
difference as a function of the lubricant quantity in the studied compression conditions.  
Diametric compression tests realized on entire green compacts showed that the tensile strength is reduced by the 
progressive depletion of the lubricant (σN°1> σN°2), as shown in Table 4 where σ0 represents the tensile yield stress 
obtained using Weibull statistical law [21]. However, these tests were not performed on compact N°3 and those issued 
from six lubricant layers because of their experienced fragility which leads to notable damages (Figure 10) or even 
broken compacts. The same value of the tensile strength for compacts obtained with one layer and three layers of 
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lubricant is not explainable at the moment and these experiments need to be investigated in more details. Furthermore, it 
underlines that small variations of friction index and/or ejection force do not imply systematically mechanical strength 
variations, which seems to be a less sensitive parameter.  

Table 1 : UO2 green compacts tensile yield stress and their density. 

Compacts Tensile yield stress σ0 MPa Density (g/cm3) 
N°1 2,06 6,2 ± 0,08 
N°2 1,5 6,0 ± 0,09 

1 layer 2,12 6,2 ± 0,07 
3 layers 2,06 6,2 ± 0,08 

 

4. Conclusions 

In summary of this work, the following conclusions can be drawn: 

• During the pressing cycle, the amount of lubricant deposited on the die wall has an influence on the friction 
index, the wall friction force, the ejection force and the green pellet mechanical strength; 

• It is important to optimize the thickness of the lubricant coating in die wall lubrication in order to optimize the 
quality of the ensued compacts. Friction index and ejection force seem to be the more sensitive parameter to 
perform this optimization; 

• The renewal of the lubricant on the die wall is important because the consecutive fabrication of compacts from 
an initial amount of lubricant induces the depletion of the lubricant and weakens the resistance of the 
compacts. 
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