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Abstract: In this work, the interaction of additively produced Ti64 titanium alloy with a nickel 

superalloy tool and the features of the stir zone formation during friction stir processing have been 

studied. The stop-action technique was used to produce the samples to be studied using optical and 

scanning electron microscopy methods, as well as microhardness measurements. As a result, it was 

revealed that the tool, when moving, forms a pre-deformed area in front of it, which is characterized 

by a fine-grained structure. The presence of an interface layer of the workpiece material primary 

fragmentation by the tool was revealed. It was demonstrated that the transfer of titanium alloy 

material occurs periodically following the ratio of feeding speed to tool rotation rate. 

Keywords: friction stir processing; additive manufacturing; wire; titanium alloy; material transfer; 

microstructure; microhardness 

 

1. Introduction 

Friction stir welding and processing (FSW/P) of titanium alloys is currently becoming an 

increasingly important and frequently used technology. This is explained by the fact that titanium 

alloys remain the most used in many industries, ranging from the production of mobile device bodies 

to aerospace components [1–3]. In addition, the growing demand for additive technologies is also 

contributing to the increasing popularity of FSW/P of titanium alloys, as the challenge of improving 

the structure and mechanical properties of additive products is now acute [4–6]. This problem is most 

serious in the case of directed energy deposition methods to produce large-sized titanium alloy 

products [7]. This is primarily caused by the complex thermal cycles in the 3D printing process that 

led to the formation of a directionally oriented coarse-grained structure [8,9]. In the case of titanium 

alloys, the structure is represented by columnar grains of the primary β phase, and the length of these 

grains can reach several centimeters [10]. At the same time, the size and morphology of the α and α' 

phase plates, which fill the columnar grains, change with the growth of the additive product wall 

due to changes in the heat dissipation conditions [11]. The above features lead to a high anisotropy 

of both the structure and mechanical characteristics of the titanium alloy material [12]. Moreover, the 

properties of additive alloys in this case are significantly inferior to the required values [13]. In turn, 

friction stir processing, which allows modifying the structure of both the surface and the volume of 

the product due to dynamic recrystallization, can be used to locally improve the characteristics of 

additive parts and has already shown positive results both in the processing of aluminum alloys 

[14,15] and titanium alloys [16,17]. However, in the case of titanium alloys, the process of the stir zone 

formation by FSW/P and the peculiarities of material flow are still under-explored.  
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The stop-action technique [18] is the most suitable for studying the deformation peculiarities 

and the material structure formation in the FSW-tool effect zone. It allows to simultaneously study 

both the structure of the workpiece and the features of tool wear during FSW/P and has found its 

application even in the field of steel welding [19]. This method consists of abruptly interrupting the 

welding/processing process so that the tool remains in the body of the welded workpiece. The 

resulting sample is then cut into sections and the structure of the workpiece around the tool is 

examined. This approach also provides an opportunity to evaluate the fragmentation and adhesion 

transfer features of the material during FSW/P, as shown in [20]. This will help to better understand 

the nature of the titanium alloy interaction with the tool and the formation of the stir zone. Thus, the 

purpose of this work is to study the material structure of additive Ti64 alloy in the zone of tool 

influence using the stop-action technique and to identify the features of the stir zone formation during 

friction stir processing. 

2. Materials and Methods 

To study the peculiarities of the stir zone formation, samples of wall-shaped workpieces made 

of Ti64 titanium alloy were produced by the wire-feed electron beam additive manufacturing 

method. 3D printing was performed on a self-developed wire-feed EBAM machine at the Institute of 

Strength Physics and Materials Science, Tomsk, Russia. The workpieces in as-built condition had 

dimensions of 300 mm in height, 100 mm in length, and 6 mm in width. Before friction stir processing, 

2.5 mm thick plates were cut out of these blanks by EDM-machine DK7750 (Suzhou Simos CNC 

Technology Co., Ltd., Suzhou, China) similar to the scheme presented in [17]. After that, friction stir 

processing was performed on a homemade friction stir welding machine using the following 

parameters: loading force 33.34 kN, tool travel speed 90 mm/min, and tool rotation rate 400 rpm. The 

workpieces were processed in two directions: vertical (along the wall growth direction) and 

horizontal (along the layer deposition direction). During the processing, an interruption was 

performed so that the tool remained in the workpiece according to the stop-action technique. Then 

the obtained sample was sectioned using EDM-machine DK7750 according to the scheme shown in 

Figure 1. 

 

Figure 1. Schematic illustration of sample cutting 

The resulting sections were mechanically ground, polished, and chemically etched to study the 

structure of the material. The structure was analyzed using the Altami MET-1C optical microscope 

(Altami Ltd., Saint Petersburg, Russia). In addition, studies were carried out using scanning electron 

microscopy for finer microstructure and elemental analysis. For this purpose, the Apreo 2 S LoVac 

scanning electron microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used. The 

microhardness of the material was measured in a longitudinal section with a load of 0.5 kg and an 

increment of 0.5 mm. Duramin 5 microhardness tester (Struers A/S, Ballerup, Denmark) was used for 

this procedure.  

3. Results 

As a result of the experiments, two samples with the tool remaining in the workpiece after 

processing in the horizontal and vertical directions were prepared. First, the macrostructure of the 

samples was investigated (Figure 2). The specimens showed a distinct pre-deformed area (PDA) in 
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the region in front of the tool, which borders the base metal. Light-colored interfaces are identified 

on the tool predominantly in the lower half of the pin, but they are also observed in the area under 

the tool shoulders on the stir zone side (SZ, Figure 2, b). The shape of this surface layer in the 

horizontal sample, as well as the shape of the worn tool in combination with the visible torn-off and 

mixed into the stir zone surface layer in the vertical sample, may indicate that the formation of this 

layer is one of the mechanisms of tool wear during FSW/P of titanium alloys. This can also be 

evidenced by the periodic mixing of this material in the SZ, which is observed in the lower part of 

the workpiece. It should be noted that in the vertical sample, the tool was worn more intensively, and 

therefore the stirring of the interface layer in the SZ was also more intense compared to the horizontal 

sample. 

 

(a) 

 

(b) 

Figure 2. Macroscopic images of samples produced by stopping FSP process when processing along 

horizontal (a) and vertical (b) direction. SZ – stir zone, PDA – pre-deformed area, BM – base metal. 

Figure 3 shows images of the microstructure of the sample produced by processing in the 

horizontal direction. The microstructure of the base metal (Figure 3, a) presents a typical structure for 

additive material and represents grains of primary β phase separated by grain-boundary α phase (α-

GB). Inside these grains are large colonies of alpha phase plates. After processing, due to severe 

plastic deformation and dynamic recrystallization, the structure of the material changes from 

lamellar to globular with small almost equiaxed grains in the stir zone (Figure 3, c). Of greatest 

interest is the pre-deformed area in the region in front of the tool (Figure 3, b). Its dimensions are of 

the order of 200 µm and vary with the height of the workpiece. The greatest width of the pre-

deformed area is observed in the transition zone from the shoulder part of the tool to the pin, i.e., 

where the strongest tangential stresses during machining occur [21]. The interface layer observed in 

the macro-images at different parts of the sample has different sizes and predominantly has a layered 

structure due to the high deformation degree at FSP (Figure 3, c). The largest proportion of this layer 

is concentrated in the lower part of the pin on the side behind the tool. 

   
(a) (b) (c) 
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Figure 3. Metallography images of the base metal (a), area in front of the tool (b), and area behind the 

tool (c) in the sample produced along horizontal direction. GB – grain boundary. 

In the sample produced by processing in the vertical direction, the structure is formed similarly. 

The base metal is also represented by primary β phase grains and α colonies (Figure 4, a), and the stir 

zone is represented by small recrystallized α grains (Figure 4, c). However, in contrast to the 

horizontal sample, the interface layer between the tool and the workpiece has a longer extent and in 

addition to the layered structure, it also has a fragmented structure (Figure 4, c). The average grain 

size is about 4.9 ± 1.5 µm. The size of the transition zone is similar to the previous example, but since 

the tool is more worn here, in the pre-deformed area there are inclusions of surface layer particles 

displaced as a result of tool wear during processing (Figure 4, b). The grain size in the pre-deformed 

area is smaller than in the stir zone and is 3.3 ± 1.4 µm, which is also confirmed by the darker etching 

in the macro-image due to the higher density of grain boundaries. 

   
(a) (b) (c) 

Figure 4. Metallography images of the base metal (a), area in front of the tool (b), and area behind the 

tool (c) in the sample produced along vertical direction. GB – grain boundary. 

Microhardness measurement shows that the pre-deformed region shows the maximum value of 

microhardness in each of the samples, and even exceeds the tool hardness (Figure 4, a, b). At the same 

time, it is worth noting that the microhardness in the stir zone is slightly lower than in the base metal. 

  
(a) (b) 

Figure 4. Vickers microhardness (HV) of samples produced in horizontal (a) and vertical (b) 

direction. 

Scanning electron microscopy was used to study the surface layer in different parts of the tool, 

including measurements of the chemical composition of this layer. It was revealed that the coarse 

layers in the lower part of the tool and the continuous layers in the middle of the pin and under the 

shoulders are different. The first type of interface layer (Figure 5) is a continuous layer formed as a 

result of the interaction between the tool and the workpiece. As the analysis of chemical composition 

shows, this layer is based on titanium alloy (76% Ti, 6.5% Al, 3.3% V) with the inclusion of elements 
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of the tool material (9.4% Ni, 2.3% Cr, 1.6% Co, and 0.9% W). Thus, it can be concluded that this layer 

is formed as a result of diffusion of nickel alloy elements into the workpiece material, probably in the 

process of adhesion-diffusion wear of the tool. As for the structure of this layer, the image in Figure 

5, a show that this layer is fragmented into small cells near the tool and larger cells in the area of 

contact with the workpiece material (1). There is a clear boundary between the surface layer and the 

stir zone (2). In the area near the boundary, there are also traces of further fragmentation deep into 

the workpiece (3). 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. SEM-image of the first type of interlayer between tool and stir zone (a) and maps of the 

chemical element distribution (b – f). 

The second type of interface layer, which is observed predominantly at the bottom of the tool 

and mixed at the bottom of the stir zone, is shown in Figure 6. Chemical analysis shows that the 

material of this layer is not related to either the workpiece material or the tool. The chemical element 

distribution maps (Figure 6, d - f) showed that this layer is chromium-nickel steel. Thus, the tool may 

have encountered the substrate during the welding/processing operation. Although this is not the 

correct course of the FSP process, it allows us to demonstrate the adhesive nature of the stir zone 

formation using steel as a marker material. First, the steel material is captured by the bottom plane 

of the pin and is carried upward, reaching the middle of the pin along the side (Figure 2). Then, as 

the tool rotates and moves, this layer is detached from the pin and mixed into the workpiece material. 

The material transfer process is periodic but irregular, as can be seen in Figure 2. 

   
(a) (b) (c) 
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(d) (e) (f) 

Figure 6. SEM-image of the second type of interlayer mixed into the stir zone (a) and maps of the 

chemical element distribution (b – f). 

4. Discussion 

Studies have shown that the tool during friction stir processing significantly deforms the 

material in front of it while moving. As the analysis of the material micro-structure showed, the size 

of the pre-deformed area is about 200 microns, and the grain size in it is on average 3.3 µm. When 

the material is transferred to the zone behind the tool, i.e. forms the stir zone, the material structure 

recrystallizes, as a result of which the grain size in the stir zone increases and averages 4.9 µm. At the 

same time in the contact zone of the tool with the workpiece, there is a layer of material, representing 

a titanium alloy with a small share of chemical elements of the tool material. Based on the structure 

of this layer (Figures 4 and 5), it could be formed because of the primary fragmentation of the 

material, i.e., at the initial stage of the transfer layer formation [20]. From the data obtained, it can be 

concluded that, as a result of thermomechanical action, the tool fragments a material layer up to 30 

µm thick, depending on the tool section and the stresses in this section. Part of this layer eventually 

forms a transfer layer, while another part recrystallizes with the pre-deformed area material. 

Once the transfer layer reaches a critical size, it is adhered to the tool and transferred to the area 

behind the tool [22]. By stirring a foreign material (stainless steel), it was possible to trace the material 

transfer pattern during friction stir processing of titanium alloy. It is known that an approximate 

estimate of the thickness of the transferred layers can be made through the ratio of the tool feeding 

speed to the tool rotation rate [23]. In this case, at a travel speed of 90 mm/min and a rotation rate of 

400 rpm, the tool passes 0.225 mm per rotation. Consequently, the tool can transfer a material layer 

with a thickness of about 0.225 mm per revolution. Using optical metallography images, the distances 

between the mixed layers of steel were measured (Figure 7). 

 

Figure 7. Microscopic image illustrating the pattern of material stirring with distances between 

intermixed layers. 

The measurements showed that the distance between the layers of the steel mixed into the stir 

zone is about 0.24 ± 0.034 mm. Therefore, since stainless steel acts as a marker material, it can be stated 

that the thickness of the transferred layers is almost equal to the calculated value of tool travel per 
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rotation. Consequently, for titanium alloys, the regularities that have been determined for welding 

aluminum alloys [23] are valid both in terms of material fragmentation and formation of transfer 

layers and in terms of the regularities of the stir zone formation depending on the process parameters. 

5. Conclusions 

The following conclusions have thus been drawn from the research conducted. 

1. During friction stir processing of additive Ti64 titanium alloy, a wide zone of pre-deformed 

material is formed in the zone in front of the tool, which is characterized by finer grains than in 

the stir zone. When the material is transferred behind the tool, the grain size increases due to 

recrystallization. 

2. An interface layer is formed between the tool and the workpiece, which is a layer of primary 

fragmented material characterized by diffusion of chemical elements of the tool material into the 

body of the workpiece. 

3. When the tool contacts the substrate, the substrate material is transferred from the bottom to the 

top and mixed into the stir zone of the titanium alloy. This material forms a layer between the 

tool and the workpiece and increases tool wear. 

4. The frequency of material transfer during friction stir processing of titanium alloy is determined 

by the ratio of the tool feeding speed to its rotation rate, similar to aluminum alloys. 
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