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The results of theoretical and experimental analysis of hammer forging process of lever drop forging from AZ31 
magnesium alloy are presented in this paper. In order to design a process guaranteeing obtaining a proper product, 
numerous simulations were made, in which material fl ow kinematics, strain and damage criterion distributions and 
forging energy were analyzed. On the basis of the obtained results, the analysis of limiting phenomena, which could 
appear during the process, was made. Experimental tests in industrial conditions according to designed technology 
were carried out. Good quality of drop forgings were obtained. On the basis of conducted research, it was stated 
that hammer forging of lever drop forging from AZ31 magnesium alloy is possible.
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INTRODUCTION

The basic advantage of magnesium alloys is small 
mass density and good mechanical properties at the 
same time. This causes that they are very attractive e.g 
for aviation industry. Works, which results are presented 
in the following paper and aiming at implementing a 
lever from magnesium alloy AZ31 in light planes de-
sign, seem to be within this tendency. It was assumed 
that due to resistance reasons the lever will be made 
from a semi-fi nished product in the form of a drop forg-
ing. Technologies of drop forgings manufacturing from 
magnesium alloys described in specialist literature are 
based on forging with small velocities in conditions 
close to isothermal [1 - 7]. Special devices are usually 
used for tools heating.

The authors of the paper tried to make a lever forg-
ing by means of forging on die hammer without special 
devices for tools heating. The hammers advantages re-
sult from their universality, which is especially crucial 
in the case of elongated forgings manufacturing.

Mastering this technology in relation to magnesium 
alloys will widen number of plants, potential manufac-
turers of forgings form magnesium alloy.

DESCRIPTION OF RESEARCH WORKS

The scope of research works included designing of a 
forging on the basis of fi nished part, designing of forging 
technology, theoretical and experimental verifi cation of 
assumed solutions. Figure 1a shows a model of a fi nished 

lever. On the basis of this model a forging was designed, 
assuming all necessary allowance (Figure 1b).

The next stage was designing of hammer forging 
technology, in which the most important operations 
are:

–  cutting of billet in the form of bar into dimension 
∅ 40 mm × 210 mm,

–  billet material heating to the temperature of forg-
ing beginning equal 410 °C,

–  bending and initial forging (it was assumed that 
bending operation will be made with application 
of one stroke, yet, initial forging operation with 
application of 2 - 4 strokes),

–  manufacturing allowance trimming,
–  preform heating to the temperature of forging be-

ginning equal 410 °C,
–  fi nal forging (2 strokes assumed),
–  trimming.
Next stage of research works was theoretical verifi -

cation of the worked out forging technology. In order to 
do that numerical simulations were made with the ap-
plication of software Deform 3D basing on fi nite ele-

 a) b)

Figure 1  Models of part (a) and forging (b) of lever from 
magnesium alloy AZ31
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ment method. The analysis was conducted assuming 
three dimensional state of strain. Material model was 
worked out on the basis of literature data [8,9]. Friction 
conditions were described by means of constant friction 
model. On the basis of own research works it was as-
sumed that friction factor corresponding to conditions 
of grease lubrication in form of tallow-graphite was 
m=0,24 [10]. Moreover, it was assumed that heat trans-
fer coeffi cient between the deformed material and tool 
was assumed equal 11 000 W·m-2·K-1, and between the 
material and the environment 20 W·m-2·K-1 [6]. Tools 
rigid material was assumed. 

Experimental research works were planned after 
theoretical verifi cation. It was assumed that they would 
be made in one of Polish forging plants. Drop forging 
dies were designed and constructed. In order to lower 
costs fl ash was cut by means of band-saws, due to which 
there was no necessity of blanking die manufacturing. 
Electric box-type furnace was used for billet and pre-
form heating. Forging tests were made on die steam-air 
hammer of stroke energy equal 63 kJ and mass of the 
falling part 2 100 kg.

THEORETICAL ANALYSIS RESULTS

Figure 2 presents results of simulations of particular 
forming operations. Bending of billet heated to the tem-
perature 410 °C was made applying one stroke of ham-
mer ram (Figure 2a). Next, it was placed in die impres-
sion rotating at 90 ° and forged with unfi lling equal 3 
mm (Figure 2b). After preform cooling allowance was 
cut (Figure 2c) and after reheating to the temperature 
410 °C it was forged in die impression until fi nished 
forging was obtained (Figure 2d).

The analysis of fi nished forming shape showed that 
it does not contain faults connected with improper fi ll-
ing of the impression. However, detailed analysis of 
fl ow kinematics indicates the possibility of overlapping 
in the initial forging operation. The stage of the process 
in which overlapping appears is shown in Figure 3. 
Faults are located in the area of rounding of internal rib 
part. The cause of these faults appearance is material 
fl ow in two opposite directions. It should be considered 
that in initial forging operation overlapping will appear, 
and its depth is relatively large. It was assumed that if 
this fault appears in experimental tests it will be neces-
sary to introduce additional initial impression. In present 
technology this impression is omitted due to the neces-

sity of additional die usage, which will considerably 
increase the product cost by piece.

Unfavorable phenomenon in forging process on 
hammer, concerning especially magnesium alloys, can 
be material cracking. In software for forming processes 
simulations are available numerous criteria for cracks 
analysis. The normalized Cockroft-Latham criterion is 
often applied, described by dependency [11,12]:
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where:
σ1 – the largest main stress,
σi – equivalent stress,
ε – strain.
C – integral value. 

It results from own experience that precise forecast-
ing of cracking beginning is very diffi cult, yet this crite-
rion can be applied for qualitative evaluation, that means 
pointing at areas where the danger of material cracking 
is the biggest. Because of that damage criterion accord-
ing to Cockroft-Latham was analyzed. Figure 4 presents 
distribution of integral C characterizing this criterion at 
fi nal stage of initial forging operation, in which it reach-
es the largest values. As it can be observed they are up-
per ribs parts and lever hub (without fl ash considering). 
Hence, they are areas in which the danger of cracks is 
the largest.

Large strain rates, characteristic in hammer forging 
processes, can cause excessive increase of the material 
temperature and overheating, in consequences. The 
analysis of temperature distribution in forging volume 
showed that the largest temperature was noticed in fl ash, 
where the temperature increased above 500 °C (Figure 
5). Flash is removed so this result will not have infl u-

 a) b) c) d)

Figure 2  Results of numerical simulation presenting particular forging operations: a) bending, b) initial forging, c) preform after 
allowance trimming, d) fi nished forging

Figure 3  Overlapping appearance (marked by circle) in initial 
forming operation
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ence on the forging quality. Large increase of the tem-
perature was also present in fl at bottom of the forging 
ribbed part in the fi nal forging operation. Calculated 
distribution of this parameter shows that overheating is 
possible in some places.

On the basis of simulations results it was stated that 
bending operation can be made applying one stroke, 
initial forging operation can be made with four strokes, 
and however fi nal forging operation can be made with 
two strokes. This confi rms appropriate choice of the 
hammer size of stroke energy 63 kJ.

EXPERIMENTAL TESTS RESULTS

First forging tests were conducted according to the 
designed technology. The applied number of strokes in 
convergence with simulations was appropriate for forg-
ing manufacturing. The product shape at particular stag-
es of forging is presented in Figure 6. Qualitative evalu-
ation of the fi rst series of preforms and forgings show 
that they contain overlapping (Figure 7). Its localization 
is consistent with theoretical model (compare Figure 3). 
Faults appear during initial forging operation in the area 
of rounding of cavity in the product head part, at its both 
sides. Because of that the initial forging operation was 
made by means of eight strokes (instead of four) of 
smaller energy. It occurred that material fl ow improved 
considerably. Products of good quality without faults 
were obtained (Figure 8). Application of larger number 
of strokes results, in consequences, in decrease of the 
deformed material temperature. Because of that, this 
parameter should be thoroughly controlled. In case of 

necessity, preforms were heated in order to fi nish initial 
forging operation, which is crucial in the aspect of over-
lapping presence.

It should be added that some fi nished forgings had 
cracks at ribs base. Conditions favorable in this fault 
presence are: lowering of the temperature and large 
stroke energy in the fi nal forging operation. Larger 
number of strokes with smaller energy should be used. 
Improvement of forming conditions can be also reached 
by increasing rounding radius from 3 mm to 5 mm, 
which will be applied in the case of series production. 
Apart from limiting phenomena, retaining appropriate 

Figure 4  Distribution of damage criterion according to 
Cocroft-Latham at fi nal stage of initial forging 
operation

Figure 5  Temperature distribution in the drop forging at fi nal 
stage of fi nal forging operation

 a) b) c) d)

Figure 6 The product shape after the following forging stages: a) bending, b) initial operation, c) trimming, d) fi nal operation

Figure 7  Overlapping present in the product after initial 
operation

Figure 8 Lever drop forging 
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process course and application of given corrections will 
allow for obtaining proper products.

CONCLUSIONS

On the basis of conducted theoretical- experimental 
research, it was stated that forging of the analyzed lever 
forging from alloy AZ31 with application of die ham-
mer and without tools heating is possible. Although the 
temperature and velocity conditions are not favorable, 
products of good quality can be obtained by means of 
this technology.

It should be highlighted that application of numeri-
cal simulations at the stage of forging technology work-
ing out allowed for verifi cation of correctness of the 
process parameters and tools design, as well as for 
choice of forging machine. Because of that it is possible 
to lower experimental research costs.

One of the limitations of the lever forging process is 
overlapping. The application of larger number of strokes 
of smaller energy acted on the improvement of material 
fl ow and allowed for elimination of this fault. It can be 
supposed that the application of initial die impression 
will also limit overlapping presence.

The next limitation noticed in some products are 
cracks localized at ribs base. In this case, the application 
of initial die impression will improve forming condi-
tions and limit this fault presence as well. However, the 
key parameters seem to be the temperature and strain 
rate. Hence, the process should be realized applying 
larger number of strokes with smaller energy and, more-
over, the temperature requirements should be fulfi lled.
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