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Invariant stress state parameters for forging upsetting of magnesium in the shell
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A B S T R A C T

Introduction. For pressure treatment of low-plastic metals, it is necessary to develop special techniques for 
increasing plasticity. In the cold state, an increase in plastic properties is possible due to an increase in the level of 
compressive stresses during deformation. In the processes of upsetting, this is achieved by using shells or clips of 
various types. At the same time, the confi guration of the upsetting tool also matters. To create additional compressive 
stresses and increase the ductility of the metal, the working surface of the tool can be confi gured differently than 
with a normal free upsetting, where it is obviously larger than the contact surface area of the workpiece, so that metal 
broadening can occur. The stress state has a great infl uence on the plasticity of the processed material. This state is 
described by methods of tensor representation, but to assess the situation, it is customary to use invariants of tensors 
in one form or another, which eliminates the infl uence of coordinates on the results of the analysis. In the sections 
of deformable body mechanics dealing with the infl uence of the stress state on plasticity, the fi rst, but sometimes 
other invariants of the stress tensor are used, the invariants themselves are transformed into the stress state indicator 
and the Lode coeffi cient. The aim of the work: mathematical evaluation of invariant parameters of the stress state 
of the magnesium upsetting process at room temperature, according to the results of which it is possible to obtain 
a positive result in real experiments. Research methods: fi nite element simulation using the DEFORM software 
module. Results and discussion. The theoretical justifi cation of increasing the plasticity of the magnesium billet 
in the process of upsetting in the cage without its compression is carried out. An increase in the stress state index 
modulo 2...5 times is revealed, which contributes to an increase in the plasticity of the metal. At the same time, a zone 
with a Lode coeffi cient close to zero is identifi ed. It is adjacent to the middle of the height of the workpiece at the 
point of contact with the cage and can be a dangerous cross-section from the position of crack formation.
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Introduction

The plastic properties of the metal should be considered during developing the manufacturing process of a 
metal’s pressure shaping. Increasing plasticity in low-plastic metals requires developing special techniques. 
Basically, efforts are aimed at increasing the level of plastic properties by increasing the temperature. 
However, this approach does not always suit the developers of the technology since a number of metals 
begin to oxidize from the surface when the temperature rises, or there occurs the process of gas saturation 
of the bulk metal. This is especially true for metals such as titanium [1] and magnesium [2]. Therefore, there 
may also be an approach in which the processing is carried out in a cold state and the plasticity increases 
due to an increase in the level of compressive stresses [3] during the deformation process.
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In the process of upset forging, this is achieved by using shells or clips of various types [4-6]. Besides, 
the confi guration of the upsetting tool also matters. For example, with a normal free upsetting, the tool 
has a working surface, the area of which is obviously larger than the area of the contact surface of the 
billet, so that the processed metal broadening can occur. Here, the deformation process is hindered only by 
friction stresses that create additional radial and tangential stresses that increase the hydrostatic pressure. 
However, the working surface can be confi gured differently, which creates additional compression stresses 
and increases the plasticity of the metal. The combination of the billet and the shell creates a bimetal 
confi guration; this requires using complex solutions to boundary value problems, which have increasingly 
been solved by the fi nite element method [7].

The stress state has a great infl uence on the plasticity of the processed material. This state is described 
by tensor representation methods, but it is customary to use tensor invariants in one form or another to 
assess the situation, which eliminates the infl uence of coordinates on the analysis results. In the sections of 
deformable body mechanics concerning the infl uence of the stress state on plasticity, the fi rst stress tensor is 
used, as well as other invariants [8]; the invariants themselves are transformed into the stress state indicator 
[9, 10] and the Lode coeffi cient [11, 12].

The use of the shell in earlier studies of the upsetting process was associated with the use of a working 
tool impact scheme simultaneously on the end of the billet and the end of the shell. Another, newer scheme, 
according to which the tool acts only on the end of the billet, was tested only experimentally [13]; the 
scheme enabled obtaining a magnesium billet without destruction and cracks. The invariants of the stress 
tensor are known to be responsible for increasing the plasticity of the metal in the processes of plastic 
deformation.

The purpose of the work is to mathematically evaluate the invariant parameters of the stress state of the 
shelled magnesium upsetting process when the tool is applied only to the end of the billet.

Research Methodology

The experimental part

The physical experiments were performed on the forging and pressing equipment of the Mikheev 
Institute of Metal Physics of the Ural Branch of the Russian Academy of Sciences, their detailed description 
is given in a number of publications [13–15]. To avoid self-citation, only the essence of the process is 
described below. Magnesium of the Mg90 grade according to GOST 804-93 was used as the material of 
the billet. The following dimensions were taken in the experiment: a billet in the form of a cylinder made 
of magnesium with a diameter of 21.8 mm and a height of 25 mm, a copper shell has an outer diameter of 
48 mm and a height of 29.5 mm, the inner diameter of the shell is equal to the diameter of the magnesium 
billet. The upsetting was carried out with 25 mm in diameter punches. The absolute compression was 
5.9 mm. The diameter of the shell increased to 49.8...50.2 mm at the contact with the strikers and to 
52.9...53.2 mm in the middle part. In exp eriments according to this scheme, there was no destruction of the 
billet metal revealed, while with a normal upsetting, the billet was destroyed.

Calculation

This paper deals with a computational experiment, i.e. an assessment of the stress-strain state of the 
deformation process, whose implementation allowed imposing a certain level of deformation to magnesium 
billets in the cold state. This estimation was performed by the fi nite element method using the DEFORM 
software module [16]. The task is to determine the conditions for the absence of cracking, i.e. the destruction 
of the metal. Further, we will use the basics of the destruction theory expounded, for example, in the book 
[17]. Destruction occurs when the maximum degree of shear deformation Λp is exceeded, which, in turn, 
depends on the stress state index σ/T and the Lode coeffi cient μσ; here σ is the mean (hydrostatic) stress, 
T is the intensity of tangential stresses associated with the stress intensity σi  the ratio
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The indicator μσ is determined by the ratio
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where σi (i = 1, 2, 3) are the main normal voltages; the voltages are ranked according to the rule 
σ1 ≥ σ2 ≥ σ3, i.e. the numbering begins with the maximum voltag e and ends with the minimum.

The DEFORM system provides for the possibility of calculating the maximum (fi rst) and minimum 
(third) main normal voltages, but the second main voltage is not calculated. Therefore, it was determined 
specifi cally by calculating the formula

 2 1 33 ( ).         (3)

Another problem is the absence in the list of variables calculated in the DEFORM system: the stress 
state index σ/T and the Lode coeffi cient μσ; they were calculated specifi cally and brought to a tabular form.

Application of a shell and changing the confi guration of the tool surface was proposed in the scheme 
of cold upsetting of a magnesium billet to achieve higher plasticity [18]. The difference from the usual 
schemes of using the shell is that the shell is larger in height than the billet, with the punch not affecting 
the assembly as a whole, only the billet (Fig. 1, a). Copper is used as the shell material, its properties are 
described using reference materials.

                                  a                                                                                          b
Fig. 1. Photo of the assembly (a) and calculation model of the process (b) upsetting of a magnesium billet 

in a shell with an estimation of mean stresses (stress mean)

The problem statement included a description of physical and plastic properties based on reference data 
and the setting of boundary conditions in displacements. We used the model of an isotropic medium with 
hardening, which is described in the article [19].

Interactions on the contact surfaces are established: billet-strikers, billet-shell. At the contact with the 
tool, the law of friction is set according to the Coulomb with a coeffi cient of friction being 0.1 since the 
upsetting was carried out with lubrication. There is no lubrication at the boundary between the workpiece 
and the shell, and since both materials – copper and magnesium - have increased adhesive properties, the 
coeffi cient of friction on this surface was assumed to be equal to 0.5.

Results and discussion

The parameter σ/T is not included in the number of parameters defi ned by the DEFORM software 
module, just like the parameter T. For additional calculations, we had to assign control points P1,..., P9, 
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Fig. 2. The distribution of stress intensity

setting the relative coordinates z/h = 0; 0.5; 1; r/R = 0; 0.5;  1. Here, z and r are the current coordinates along 
the radius and vertical axis; h and R are half the height and radius of the workpiece. At these points, the 
values of the stress mean parameter, which corresponds to the concept of average stress (Fig. 1, b), and the 
stress effective parameter, which corresponds to the concept of stress intensity σand (Fig. 2), are estimated.

T a b l e  1

Value of σ/T at P1 - P9 control points

z/h r/R
0 0.5 1

1 –1.99 –1.75 –3.02
0.5 –1.86 –2.01 –1.24
0 –2,15 –1,83 –1,21

Naturally, stretching medium stresses up to +102 MPa are preferably applied in the shell (Fig. 1, b), 
their presence creates a danger of destruction, which is why such a plastic material as copper is used 
here. The distribution of average stresses in a magnesium billet resembles a picture of a “transverse 
crack”, known from the theory of forging. Here, the zone of increased (modulo) values is stretched along 
the diagonals of the billet longitudinal section with a voltage of 280 MPa. With conventional forging, 
it is along the lines of the “transverse crack” that a split of the billet is possible. In this case, the high 
(modulo) values of the average normal stress give hope for an increase in the level of plasticity, which 
should prevent destruction.

A different picture is observed for the distribution of stress intensity (Fig. 2): they decrease from the 
center to the periphery, i.e. in the direction of the free surface. The stress gradient is especially large at the 
interface between the billet and the shell, which is explained by the difference in the mechanical properties 
of the materials. In the zones of diffi cult deformation adjacent to the centers of the ends of the punches, the 
stress intensity decreases, which is due to the lack of metal hardening in this area.

The calculated data on the stress state indicator at the control points P1-P9 are presented in Table 1.
Since the plasticity of metals decreases with an increase in the index σ/T, it follows from the table that 

the hazardous zones are adjacent to the points with coordinates z/h = 0 and r/R = 1. At the same time, the 
values of σ/T have negative values everywhere, i.e. compression stresses prevail. The table shows that the 
indicator σ/T can vary at this stage of processing within –1.21...–3.02. The highest modulo values at the 
level of –3.02 are characteristic of the peripheral points adjacent to the contact surface. In this case, the 
unfavorable (the lowest modulo) values are located in the area of the lateral surface convexity. The results 
obtained can be compared to the results of a cylindrical billet upsetting by smooth strikers without friction. 
In this case, the stress state indicator for the entire volume of the billet is known to be the same and equal 
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to - 0.58. Comparing this value with the results shown in the table shows that there was an increase in the 
indicator absolute values by 2 to 5 times. That is why the plasticity of the metal in the experiments increased 
and it turned out to be suffi cient for the operation of upsetting without destruction.

The results obtained can also be compared with the variant of friction upsetting of a cylindrical billet 
in a shell while locating the entire assembly on the strikers’ contact surface. This variant leads to a greater 
amount of metal displacement in the zone of the convexity emergence on the lateral surface [20] and the 
shell clearance from the billet. In the absence of a pad and the formation of a convex surface, the average 
normal stresses in this zone can change from the compressive to the tensile ones. The lateral surface of the 
billet with insuffi ciently high plasticity can be destroyed. Therefore, the shell should not be exposed to axial 
stresses.

The distribution of the maximum and minimum main stresses is shown in Fig. 3.

                                          a                                                                                        b

Fig. 3. Distribution of the maximum (a) and minimum (b) principal stress

It can be seen that the scheme of the transverse crack is repeated for the main stresses. Calculating the 
second main stress enabled calculating the coeffi cient μσ. The results of calculations of the main normal 
stresses are shown in Table 2.

T a b l e  2

Principal normal stresses (MPa) and Lode coeffi cient σ1 / σ2 / σ3 / μσ at relative coordinates

z/h
r/R

0 0.5 1
1 –92/–92/–205/0.98 –95/–106/–248/0.86 –190/–262/–370/0.2

0.5 –119/–118/–279/0.98 –118/–153/–293/0.60 –39/–90/–219/0.43
0 –148/–148/–310/1.00 –104/–138/–280/0.61 –23/–111/–208/0.05

All the main stresses are negative values, i.e. they are compression stresses. The danger of possible 
destruction is represented by control points with the lowest modulo of the main stresses. These include 
the point P7 with coordinates z/h = 0; r/R = 1, here σ1 = –23 MPa. At the same point, the Lode coeffi cient 
reaches values close to zero, in contrast to the points located on the axis of the billet, where this coeffi cient 
is close to one. At a zero value of the Lode coeffi cient, the plasticity is the lowest, as indicated by a number 
of works [21, 22]. Therefore, the specifi ed area can be considered a dangerous cross-section in terms of 
crack formation.

As can be seen from all the above illustrations and the results of a real experiment, in the studied 
upsetting method, there is no shell clearance from the workpiece. During the entire upsetting process, 
radial compression stresses act on the lateral surface of the billet increasing the plasticity of the metal and 
allowing the deformation to be carried out without destruction.
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Conclusion

Calculations of the stress-strain state show that the magnesium upsetting in the shell with the pressing 
tool is acting only to the end of the billet should lead to an increase in the plasticity of the metal, which was 
previously shown experimentally.

An increase in the stress state index modulo by 2...5 times was revealed when comparing it with the 
stress state indicator for normal upsetting. Additionally, a zone with a Lode coeffi cient close to zero was 
identifi ed. It is adjacent to the middle of the height of the billet at the point of contact with the shell and can 
be a dangerous cross-section in terms of crack formation.
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