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ABSTRACT  

The effect of plastic deformation upon the grain structure and mechanical properties of Al-Cu-Mg-Mn alloy tubes under upsetting 

was investigated. It was found that plastic deformation techniques such as cold upsetting can overcome the disadvantages of the 

cutting process, such as the anisotropy of the original material, no grain structure, and not high mechanical properties, while also 

improving the mechanical properties of the product in local plastic deformation zones by changing the grain and fiber structure of 

the material. This article presents the results of our research and evaluates the increase of material durability in the tubes’ defor-

mation zones compared with the initial state. In this study Al-Cu-Mg-Mn alloy material had been cutting with turn machine and 

plastic deformation by upsetting. Microstructures and hardness variations of cut surfaces that are obtained with different processes 

have been investigated. 
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INTRODUCTION 

 
Aluminum alloy is a light-weight, corrosion-resistant metal 

with a good load capacity; however, its strength is insufficient 

for many applications in engineering and equipment operating 

under high mechanical loads. Therefore, it is important to find 

ways to improve the mechanical properties while maintaining 

the lightness and specific strength of aluminum alloys. Modern 

approaches to this problem include ultrafine grinding of the 

alloys’ grain structure by methods such as plastic deformation 

[1-7], as well as heat treatment methods such as annealing by 

stimulating static recrystallization [8], and aging after harden-

ing and high-pressure torsion [9]. In fact, plastic deformation is 

often applied to increase the mechanical properties of a solid 

material [10-14]. Presently, few studies have considered 

hollow parts. Methods for steels [15], such as extrusion, 

rolling, and brazing [16], can also be applied as a hydrostatic 

forming method for copper [17]. These studies are mainly for 

tubes with a relatively small thickness and height. Currently, 

aluminum tubes with a special long shank shape and relatively 

large thickness are mainly machined from solid workpieces 

[18, 19]. The major disadvantage of cutting methods is the low 

coefficient of the using material, especially when the part has a 

variable cross section and diameter [20]. The machined parts 

are often stress concentrated at the changed sections, so they 

are often broken or destroyed when working. Tubular parts can 

also be fabricated by an extrusion method; however, because 

direct extrusion generates tremendous friction and heat be-

tween the billet and the container wall, pressure and tempera-

ture vary during the extrusion process. The result is an incon-

sistent grain structure and compromised metallurgical proper-

ties in the finished product [21]. To overcome the shortcomings 

of manufacturing parts with these methods, our research team 

has proposed the application of pressure machining techniques 

such as upsetting and testing for thin tubes of variable thick-

ness. The tube upsetting technology has the advantage of 

optimizing the weight of the workpiece. This saves materials 

because, during the formation process, the tube thickness will 

be distributed according to the structure of the workpiece. 

Additionally, this method will save time, reduce the cost of the 

machining process, and improve the part’s mechanical proper-

ties because the deformation process will create the necessary 

grain direction, avoiding stress concentration at the position 

where the cross section changes [1]. 

When using a tube upsetting technology, folding defects may 

appear because the upsetting height is much larger than the 

tube thickness. Therefore, it is necessary to calculate and select 

suitable technological parameters [22-24]. Currently, the tube 

upsetting technology is quite suitable for forming aluminum 

materials in a cold state. After shaping a specific workpiece, it 

is necessary to evaluate and analyze its ability to meet technical 

requirements based on the consideration of the folding defects, 

metal microstructure in deformed areas, and metal-grain 

direction and to compare its mechanical properties with those 

of the original material. To evaluate the above factors, the 

authors selected a tubular product (as shown ìn Fig. 1) made 

from Al-Cu-Mg-Mn alloy using the local upsetting technology. 

Currently, the above part is made using a machining method 

with a tensile strength, b, of 420–430 MPa and a hardness 

HV0.05 of 86.2. To improve the mechanical properties to ensure 

that the part meets the requirements, the pressure machining 

method has been used. 

This tubular part is made by cutting from a Ф75 × Ф40 × 190 

mm tubular billet with a material efficiency reaching 31.58% a 

very low efficiency that wastes materials and pushes up 

production costs. Eight tasks are used to fabricate the part, 

namely, cutting, rough turning, face trimming, inner rough 

turning, inner cylindrical turning, thread turning, outer-surface 
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turning, and aging the tube surface. Furthermore, if a pressure 

deformation machining method is used, the ratio of the final 

pipe thickness S1 at the forming part to the original pipe 

thickness S0 will determine the number of forming steps. It is 

necessary to define the critical ratio S1/S0 that ensures that the 

parts will not be destabilized. This study performs numerical 

simulations to determine the critical ratio, and the results are 

verified experimentally while evaluating the metal structure 

and properties of the material Al-Cu-Mg-Mn alloy before and 

after deformation. 

 

 
Fig. 1 Technical drawing of a tabular workpiece 

 

 

MATERIAL AND METHODS 

 

Experimental material 

 
A tube of Al-Cu-Mg-Mn alloy (named D16 alloy) in its initial 

state (as-delivered) had a standard chemical composition (Al-

4.4Cu-1.4Mg-0.7Mn, wt.%) with a diameter of 

Ф75 × Ф65 × 185 mm; it was heterogeneous, coarse-grained, 

and had low hardness values, of which the average was 

HV0,05 = 86.2. Table 1 shows the mechanical properties of Al-

Cu-Mg-Mn alloy. 

 
Table 1 Mechanical properties of Al-Cu-Mg-Mn alloy 

Elastic 

modulus E 

(10−5) 

Tensile 

strength b 

(MPa) 

Yield 

stress c 

(MPa) 

Hardness, 

HV0,05 for Al-

Cu-Mg-Mn 

alloy 

0.72 390–420 255 86.2 

 
The material parameters and deformation curve of Al-Cu-Mg-

Mn alloy are included in the material model [25]. The coeffi-

cient of friction when pressing is 0.1, and the displacement of 

the punch is 25 mm. After performing the simulation, the stress 

distribution, strain, force diagram, and mesh deformation 

corresponding to the case of the most suitable critical thickness 

ratio S1/S0 were obtained. 

 

Estimation of critical thickness ratio by numerical 

simulation 
 
The critical thickness ratio S1/S0 is determined by simulation. 

The initial workpiece thickness, S0, is 4.08 mm. 

 

 

The simulation model is built according to the technology 

diagram shown in Fig. 2, including the billet, punch, ring, and 

pilot punch (positioning pestle) with sizes designed to create 

the product shown in Fig. 1. The boundary conditions are 

indicated; for example, the coefficient of friction when press-

ing is 0.1, and the displacement of the punch is 25 mm. 

 

Experimental process 

 
The tubular workpiece was made by machining pressure from a 

tube billet with a size of Ф75 × Ф65 × 185 mm. The material-

use efficiency is 56.53%. The number of tasks was reduced, 

and the remaining ones included cutting, narrowing of the head 

(step 1), renarrowing of the head (step 2), annealing, trimming, 

upsetting, aging, turning, hole turning, and threading the 

M42x1. 

Based on the simulation results, a stamping step is used to 

ensure a critical thickness ratio of S1/S0, which is the most 

feasible for the technical requirements of the part. The cold 

upsetting deformation area located in region II serves to 

increase the size of the workpiece, as shown in Fig. . 

+ Region I (billet storage area) provides materials for a local 

upsetting process in a closed die located in region II. The 

height, ∆h, of the upsetting workpiece is 9 mm; the workpiece 

height is reduced in region I, but the cross section increases in 

region II. 

+ Region II (upsetting deformation): Metal is filled by upset-

ting in the mold cavity, increasing the thickness from 4.08 to 

5.87 mm. 

+ Region III (without deformation): The shape of this part is 

kept intact during deformation. Hence, to prevent this area 

from deforming, a positioning and clamping mechanism for 

which the shape of the workpiece does not change under the 

axial compression effect from region II should be used. Addi-

tionally, the forming process is performed on a 315 ton hydrau-

lic press machine. 
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Fig. 2 Cold upsetting forming region 

 

 

 
Fig. 3 Microstructure observation positions: (a) the sample is 

machined; (b) the sample is deformed by upsetting 

 

 
Fig. 4 Tensile testing experimental samples 

 

After fabrication, the workpiece is cut in half to measure the 

part’s diameter and thickness dimensions. These dimensions 

have the same values as shown in the part’s technical drawing. 

In the upsetting position, the direction of the metal grain is 

observed to run along the part, and no folding defects appear. 

To consider the appearance of the folding defects and micro-

structure investigated in the deformation area when using a 

cold upsetting process, the experimental sample was cut and 

enlarged at locations 1, 2, 3, and 4, as shown in Fig. . The 

investigated locations correspond to the positions of deformed 

region II. Hence, in the deformation region, an investigation 

was conducted at different positions to evaluate the uniformity 

of the metal microstructure. Additionally, an observation of the 

workpiece’s cross section in the upsetting area shows that no 

folding defects appear. The metal fiber is compressed, swollen, 

and used to gradually fill the mold cavity. No metal flows in 

different directions, which would lead to creases in the sub-

strate material. 

To compare the tensile strengths of the samples, several 

experiments were conducted using the tensile testing process in 

region II before and after deformation on the tensile testing 

machine MTS–809. Figure 4 shows the images of the testing 

samples used in the experiments. The fabricated samples and 

the tensile testing procedure are performed as specified. 

Furthermore, to evaluate the stiffness of the samples after 

deformation, measurements were made on the HUATEC 

MHV1000 hardness-measuring device at three points on the 

deformation zone of the investigated sample. The calculation 

result is the average value of the measurements; it is used to 

evaluate the stiffness of the shaped parts. 

 

RESULTS AND DISCUSSION 

 
As shown in Table 2, the simulation results of the critical 

thickness ratio S1/S0 are obtained. 

 

Table 2 Thickness and critical thickness ratio of the workpiece 

S0 S1 S1/S0 

4.08 5.87 1.44 

 
This critical value ensures the ability to fill the part in the 

closed die. Without the stress exceeding the limit value, the 

filling part is free of defects. The maximum compressive stress 

on the part is −371 MPa, smaller than the value of the breaking 

stress. 

 

 
(a) 

(b) 

Fig. 5 Distribution diagram of upsetting force (a) and stress 

state (b) on the workpiece 

 

Investigation of the microscopic organization of the 

deformation area after upsetting 

 
At the survey locations, the sample was magnified 50 and 200 

times, respectively. Fig. 6 shows the microstructure of the 

material in region II, corresponding to four positions before the 
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upsetting deformation. The metallic structure observed at these 

points is almost the same. It can be seen that the organized 

metal of the tubular workpiece was produced by bar melting. 

The metal grains are elongated and oriented parallel to the 

tube’s centerline. The layer metal structure distributed in the 

texture is the input metal structure for a melt-pressing process. 

The initial horizontal particle size ranges from 10 to 20 m. 

 

 
Fig. 6 Microstructure of the sample before the upsetting 

deformation in position 2 

 

 
(a) Position 1 

 
(b) Position 2 

 
(c) Position 3 

 
(d) Position 4 

Fig. 7 Microstructure of the samples shaped by upsetting at 

different survey positions 

 
Fig.  shows the photos of the metal microstructures after the 

upsetting deformation, as taken at positions 1, 2, 3, and 4. It 

can be seen that at the positions of deformation (such as 

positions 2 and 3 in the upsetting metal area), the substrate’s 

structure is in an alpha phase. Simultaneously, there exist 

scattered intermetallic phases in the metal. 

- Position 1: Based on the dimension H = 46.96 mm (shown in 

Fig. ), the metal grain is deformed in the axial direction, the 

grain boundaries are clear, and the intermetallic phases exist, 

scattering in the grain structure. The 200× magnified image 

shows the microscopic grain arrangement along the body of the 

part, forming a longitudinal fiber. There is not large defor-

mation in zone I, but it moves into deformation zone II; thus, 

the grain direction remains the same as in the original material. 

The layered structure of the original material has been elimi-

nated. 

- Positions 2 and 3: The grain is deformed in the direction of 

curvature, and there exists a horizontal flow. The metal whirl-

ing in the direction of material flow is due to the tendency to 

fill in the corner positions of the mold, which greatly improves 

the material’s mechanical properties. The particle density is 

tighter, although the particle size is insignificantly smaller, and 

the grains usually appear with sizes of about 5 to 10 µm. 

Because the metal is compressed, the metal grain no longer 

elongates but tends to be curved. The grain border is therefore 

clear, and there exist scattered intermetallic phases in the grain 

structure. Based on the 200× magnification image, one can 

clearly see that the grain tends to curl according to the upset-

ting device profile. Thus, this direction of curvature will create 

a part with superior tensile load capacity. 

- Position 4: Since the metal is not deformed in this area, it 

only affects the direction of zone II, so the grain direction and 

grain form are the same as in the original material. 

 

Compare the strength of the material in the upset-

ting strain zone with the original material 

 
The samples for tensile test are separated from the formed part 

by upsetting and turning (Fig. 4) and they are stretched in the 

longitudinal direction of the tube or z-direction. The sample 

tensile testing results are shown on Z-axis stresses comparison 

graph, as shown in Fig. 8. There is a sudden kink in the Stress 

in Z-direction and strain plot for machining sample due to the 

low ductility of the machined sample, and no grain direction as 

in the case of deformed samples. During tensile testing, the 

uniform deformation occurs only for a short time or for several 

percent of elongation, then the sample is non-uniformly 

deformed and the necking appears. When necking occurs, the 

z-axis stress will decrease dramatically. After upsetting, the 

metal exhibits an increase in deformability and tensile strength, 

which is explained by grain deformation in the direction of 

curvature. Such a material construction helps the part to better 

withstand traction in both the radial and axial directions. The 

elongation of the original metal sample reaches a maximum of 

approximately 3.3%. The maximum achievable elongation of 

the sample after upsetting increases approximately three times 

and reaches 9%. A fine grain size will certainly improve the 

yield strength and stress relaxation resistance of the finished 

product. 

 

 

Fig. 8 Comparison of the tensile strengths of the sample 

formed using upsetting and the original sample 

 



Trung-Kien Le et al. in Acta Metallurgica Slovaca 

 

 DOI: 10.36547/ams.27.2.812  76 

Comparison of the microscopic hardness of the 

material at the upsetting strain area with the origi-

nal material 

 
Table 3 presents the hardness evaluation (HV0.05) results of the 

samples. After upsetting, the microscopic hardnesses measured 

at three points on the upsetting deformation area are 103.6, 

104.2, and 103.9 HV, respectively. The average hardness value 

obtained is 103.9 HV. Hence, hardening significantly increases 

the microhardness to 103.9 HV0.05. 

 
Table 3 Mechanical properties of the Al-Cu-Mg-Mn alloy 

before and after upsetting 

N0 Condition 
Tensile strength 

b (MPa) 

Hardness 

(HV) 

1 
Original 

material 
427 86.2 

2 
After upset-

ting 
556 103.9 

 

CONCLUSION 

 
The hollow parts with variable thickness and diameter can be 

fabricated using plastic deformation of material such as upset-

ting technology. However, the upsetting technology of tube or 

hollow billet needs to be carefully calculated using numerical 

simulation and experiments must be performed to take the 

advantages of plastic deformation process compared to ma-

chining technology. 

The result of this study shows that the mechanical properties 

like hardness and tensile strength for the Al-Cu-Mg-Mn alloy 

have been improved by 20–30% by plastic deformation.  

The application of an upsetting technology for hollow cylindri-

cal parts with variable cross sections and diameters enables an 

increased thickness ratio of 1.44, that leads to material-use 

efficiency increasing of 56.53% compared with machining 

methods only about 31.58%. 

The mechanical properties of materials after upsetting have 

improved, For example the tensile strength improved by 1.3 

times from 427 to 556 MPa and the hardness HV0.05 in the 

strain area improved by 1.2 times from 86.2 to 103.9 HV. 

The upsetting technology will be applied to manufacture the 

mechanical parts to reduce machining steps and improve 

productivity and economic efficiency. 
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