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ABSTRACT 

Conventional Severe Plastic Deformation (SPD) processes, such as equal channel angular 

pressing (ECAP) and high pressure torsion (HPT), have been used for mechanical improvement 

of commercially pure titanium. These techniques usually impose a relatively homogeneous 

deformation to the whole material volume. In this way, the mechanical properties generated 

due to the grain refinement from the process are uniformly distributed throughout the 

workpiece. A new technique, known as Gradation Extrusion, has been developed with the 

objective to produce a deformation gradient in the workpiece through a process that combines 

SPD forming and impact extrusion. This method allows to create a fine-grained structure near 

the surface and an increasing grain size in radial direction of the extruded bar. This 

microstructure distribution influences the material properties, providing to the material a high 

mechanical strength near the surface and a relatively good ductility due to the less refined 

core. These properties are interesting for several applications, such as dental implant or bolt 

manufacturing. A high level of mechanical strength is obtained, while a sufficient level of 

ductility is maintained which is needed to form the inner shape of the product. This work aims 

to evaluate the main advantages of the proposed method to possible industrial applications. 

Numerical simulations, experimental tests, microstructure analysis and microhardness tests 

were developed to assist the investigation. 
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1. INTRODUCTION 

In order to improve mechanical properties, conventional severe plastic deformation (SPD) techniques 

can be applied in several applications [1], such as aluminum bolts and titanium implants. These 
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methods aim to improve the mechanical strength by grain refinement, which is required due to the 

application loading. However, the homogeneous high strain imposed along all the material volume 

provides a relatively low ductility to the material [2]. As low ductility is related to low formability, this is 

not a desired feature for the application, once it is necessary to form the implant geometry 

subsequently.  

The equal channel angular press (ECAP) is the most common SPD process used for grain refinement 

by severe plastic deformation. In this process, severe deformation is imposed repeatedly on the 

material without changing the dimensions of the primary cross section [3]. The technical limitation of 

this process comes to its own repetitive nature, the work piece needs to be reinserted into the tool and 

pressed several times to generate the required microstructure. A solution to this discontinuity is 

another SPD technique called High Pressure Torsion (HPT), where the work piece, usually in the form 

of a disc, is subjected to a torsional force at a high hydrostatic pressure. However, the size and 

geometry used in this technique are very limited, that limits its use only to research laboratories [1], [4].  

New SPD processes have been studied in the last decades in order to reach the desired mechanical 

properties. In this context, a new technique called Gradation Extrusion has been developed in order to 

fill the space between SPD processes that refine the entire volume of the material (ECAP), obtaining 

high mechanical strength and low ductility, and the processes that only refine the material surface, 

obtaining high ductility, but with relatively low mechanical strength. The Gradation Extrusion appears 

as a solution that integrates an SPD process with the known impact extrusion process  [5], revealing 

itself for its technical simplicity, as opposed as the conventional SPD processes, a large candidate for 

industrial use on a large scale. 

2. PROCESS PRINCIPLE 

The Gradation Extrusion technique combines the impact extrusion process with severe plastic 

deformation on the outer volume of the material [6]. This process creates a strain gradient in the cross 

section, where grains can be obtained with a size smaller than one micrometer in the outer layer, as 

seen in Fig. 1. 

 
Figure 1: Gradation Extrusion [6]. 

The tool used in Gradation Extrusion has forming elements, as seen in Fig. 2, which provide several 

changes in the forming direction and which are responsible for the severe plastic deformation. These 

elements have very small size compared to the overall size of the tool, causing severe deformation 

only in a volume near the surface. Thus, a grain size gradient is created in radial direction, decreasing 

towards the center [7]. With this, it is possible to obtain a high mechanical strength from the outer layer 

in combination with good ductility of the material from the inner volume. 

 

                                                                                                                                                                                                         
 



35
th

 SENAFOR 

 

 

 

 
Figure 2: Forming Elements of the Gradation Extrusion 

Die. 
Figure 3: Separation of ECAP-like deformation 

within the Gradation Extrusion process [6]. 

An analytical approach to calculate the deformation is based on the separation the overall process into 

two acting mechanisms [6]. The first is related to the several steps of diameter reduction and 

expansion during the process. The second mechanism is related to the deformation near the surface 

where the material is subjected to an ECAP-like deformation, Fig. 3.This mechanism can be calculated 

similar to that of the known ECAP process.   

The diameters and angles of the forming elements need to be optimized in order to obtain the required 

mechanical properties and to prevent failures. A wide range of different geometries for the tool design 

is possible. The influence of the forming elements can be seen in the numerical simulation shown in 

Fig. 4. The effective plastic strain difference, found comparing the conventional impact extrusion 

process to the gradation extrusion process, indicates the potential of a considerable effect on the 

microstructure near the surface of the material.  

 

 

 

 

Figure 4: Effective plastic strain 
simulation in Gradation Extrusion (A) 

compared to impact extrusion (B). 

Figure 5:  Hardness distribution and microstructure near the surface [6]. 

 

Fig. 5 shows the evolution of the hardness increase when the material passes through the forming 

elements. The hardness distribution values are obtained for a specimen, which has been removed at 

an intermediate stage of the Gradation Extrusion process [6]. Fig. 5 also shows a microstructure 

condition obtained by EBSD at two locations of the specimen. The microstructure shows the 

refinement of the material after the third forming element, detecting grains with size range of one 

micrometer. 

It can be observed also that a gradient is generated in radial direction of the workpiece, and that the 

considerable hardness increase caused by the severe plastic deformation was obtained only in a layer 

up to 1.5 mm from the material surface. This analysis consolidates the advantages of the proposed 

process and its potential to generate advantageous property combinations. 
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3. TECHNOLOGY APPLICATIONS 

Using the principle of the Gradation Extrusion technique, it is possible to integrate the new method into 

the manufacturing process chain of different applications. Exemplary, two potential applications for the 

method are the manufacture of aluminum bolts and the manufacture of titanium dental implants. 

3.1. Aluminum Bolts 

3.1.1. Process Chain with Integrated Gradation Extrusion  

In order to investigate the effects of Gradation Extrusion on the mechanical properties in a process 

chain for aluminum bolt manufacturing with integrated gradation extrusion, an experimental set-up and 

a FEM simulation model were developed. Two different possibilities were numerical investigated. The 

first one consists of a separate gradation step before the conventional process chain, and the second 

integrates the gradation into the first forming step of the process chain (Fig. 6). 

 

Figure 6:  Configuration of the process for bolts manufacturing. 

3.1.2. Simulation and Experimental Tests 

The simulation results showed the gradation of the strain achieving a high value near the surface, 

which indicates an increased mechanical strength directly from the forming process. The core of the 

piece undergoes less deformation, providing ductility that facilitates the forming of the bolt head 

geometry. Fig. 7 shows a comparative simulation analysis of effective plastic strain. 

 
 

Figure 7:  (A) Conventional Process Chain; (B) 
Gradation Extrusion Before Bolts Manufacturing; (C) 

Gradation Extrusion Integrated into the Process Chain. 

Figure 8:  Graded billet (left) and bolt sample without 
thread of graded material, material EN AW-6060 

Preliminary experimental trials of manufacturing graded bolts where carried out. In a first test the 

process route with a separately graded billet was used for forming first samples.  

In Fig. 8 a graded billet (wire section) after gradation extrusion and an intermediate stage of the bolt 

(stage before thread rolling) is shown. The formability of the material is sufficient to form the head. In 
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the preliminary trials the process has not yet been optimized, resulting in circumferential fold 

occurrence. Further development steps will include the optimization of the forming process to create a 

failure-free bolt head and the rolling of the thread to create a fully functional bolt.  

3.2. Titanium Dental Implants 

3.2.1. Advantages of the Process for the Application 

Currently the main material proposed for dental implant application is the commercially pure titanium 

(cp Ti), because it’s stable and inert oxide layer provides a high biocompatibility and a high corrosion 

resistance [8]. Regarding the mechanical properties, the cp Ti manufactured by conventional process 

does not has enough strength to support the forces required for the implants function. In this way, it is 

necessary to use SPD processes such as ECAP in order to refine the material grain providing 

mechanical strength larger than 1200MPa after processing [9]. 

Although there are some processes with industrial applications, the ECAP and other SPD processes 

are characterized by having a high operation cost and technical difficulty that limits its use to non-

industrial scale [5]. The medical industry currently searches for improved manufacturing technologies 

of biocompatible material implants. New approaches that include a simpler and more efficient process 

chain are the current technological development target of the area. 

To avoid the low formability problem associated with conventional SPD techniques, the Gradation 

Extrusion method could be a potential solution. It can be applied to obtain the radial deformation 

gradient, which provides a localized grain refinement resulting in a material property gradient. This 

process feature allows manufacturing materials with high mechanical strength equivalent to 

conventional SPD processes, and at the same time having a ductile core, facilitating the subsequent 

forming of complex geometries. The method can maintain a sufficient level of ductility in the material 

and achieve a similar mechanical strength level as conventional SPD.   

3.2.2. Preliminary Experimental Tests 

Using a basic tool with a multi-step Gradation Extrusion die design, which has not yet been optimized 

for titanium materials, first tests on pure titanium grade 2 were carried out. Samples have been 

processed with the initial temperature of 523 K and 298 K. It could be shown that the material can be 

processed successfully.  

 

Figure 9: Hardness distribution on the cross section of the Ti2 graded part. 

For this first set of trials, the evaluation was carried out only with samples that were partially formed. 

The aim of this analysis was to determine the influence of the grading levels on the mechanical 

properties and their distribution. The Vickers Hardness distribution on the cross section of a graded 

specimen was measured, as shown in Fig. 9. Severe plastic deformation was achieved as expected 

near the surface of the sample. A considerable increase of hardness was detected in this area. 

Hardness was particularly increased in the edge areas next to each individual grading level. 
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4. CONCLUSION AND FUTURE PROSPECTS 

The new SPD technique of Gradation Extrusion, demonstrated at the examples of aluminum bolt and 

dental implant manufacturing, shows a high potential for successful application. The initial tool designs 

provide a good level of plastic strain gradient in the material, creating a product with a good ductility in 

the core and a high strength on the outside. The considerable degree of mechanical strength obtained, 

evidenced by the hardness increase, is caused by the severe plastic deformation resulting from the 

forming die design. The consecutive SPD steps generated by the forming elements of the tool are 

responsible for the grain refinement of the material with grain sizes below 1µm close to the surface.  

The resulting gradient of the mechanical properties is a characteristic of great interest for a wide range 

of applications where the combination of high mechanical strength with sufficient ductility is required.  

In contrast to other SPD methods, Gradation Extrusion is suitable for integration in industrial level 

manufacturing chains.  

Although the advantages of the process are evident, the relationship between the geometry of the 

forming elements, the microstructure gradient and mechanical properties need to be investigated in-

depth. Furthermore, it is necessary to analyze the influence of the local distribution of the properties in 

the overall material properties. The evaluation of resulting effects requires further and different 

mechanical characterization methods. 

In order to consolidate the new manufacturing approach in the titanium dental implants application, 

future work will focus on the stabilization and enhancement of the Gradation Extrusion of titanium 

materials and the integration of the new method into manufacturing process chains.  
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