
111

INTRODUCTION

Heavy alloys, apart from many other appli-
cations, are used among other to the cores for 
sub-calibre ammunition (Kaczorowski, et al., 
2006). To avoid the ricochet, sub-calibre am-
munition cores are supplied in bonnets ballistic 
(Fig. 1) made   of Al alloy. So far, a combination 
of the WHA – aluminum alloy is a combination 
of a screw which significantly increases not only 
the manufacturing process but also makes it more 
expensive due to the necessity of machining ex-
tremely inconvenient tungsten alloy.  

One might expect that the problem of combin-
ing doesn`t exist and indeed it is so in the case of 
conventional materials, especially when it comes 
to combining similar materials. Very high melting 
point of tungsten, reaching up to 3420°C causes 
the tungsten heavy alloys are generally prepared 
by sintering with liquid phase – LPS. This re-
sults in a specific microstructure of these alloys, 
which are is often referred as tungsten compos-
ites. Quite different with the issue of joining is 
the WHA alloy aluminum. They vary in mechani-
cal properties, melting point, the coefficients of 
linear thermal expansion, etc., which negatively 

affects the combination of these materials (Am-
broziak, et al., 2007) (Ambroziak, 2011) (Am-
broziak, 1998) (Kaczorowski, 2002). However, 
preliminary attempts to combine WHA – AlMg3 
alloy friction welding method has shown that it is 
prospective, it allows to make connections with 
tensile strength at close-strength aluminum alloy 
(Kaczorowski, et al., 2008).

MATERIAL FOR TESTING AND METHODS

To complete the connectors used: tungsten 
heavy alloy is obtained in the laboratory of heavy 
alloys Warsaw University of Technology of pow-
der metallurgy with a density of 17.5 Mg/m3 and 
AlMg3 (BS EN 573–3:2009) in the form of a rod. 
Details of the manufacturing process of tungsten 
alloy are specified in (Kaczorowski, et al., 2008). 
Welding was performed with different setting val-
ues   using the clamping force of friction and the 
friction time, maintaining a constant value of the 
upset force and the time of upsetting of respec-
tively: FS = 50 kN and tS = 5 s (Table 1).

Samples AlMg3 were prepared for weld-
ing in the form of rods having a diameter of  
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Table 1. The parameters of friction welding process 

Sample number
Friction time Strength in the 

period friction
tt  [s] Ft  [kN]

1 7 10.0

2 10 20.0

3 7 20.0

4 10 10.0

5 3.5 20.0

6 6.5 30.0

7 3.5 30.0

8 6.5 20.0

9 6.5 12.5

10 9.5 22.5

11 6.5 22.5

12 9.5 12.5

13 4.5 12.5

14 7.5 22.5

15 4.5 22.5

16 7.5 12.5

17 4.5 12.5

18 7.5 22.5

19 4.5 22.5

20 7.5 12.5

21 4.5 12.5

22 7.5 22.5

23 4.5 22.5

24 7.5 12.5

25 4.5 15.0

26 7.5 25.0

27 4.5 25.0

28 7.5 15.0

29 0.5 12.5

30 3.5 22.5

31 0.5 22.5

32 3.5 12.5

20 mm and a length 100 mm. A total of 32 pairs 
of connectors made   WHA-AlMg3 welding pa-
rameters for variables according to the plan 
two-level theory of experiment planning. After 
welding process, samples cooled in air. Collect-
ed connectors (Alves, et al., 2010) (Gregson & 
Harris, 2002) were tested in order to designate 
tear strength, and microscopic observations were 
performed of the WHA and AlMg3. Tests were 
performed on a testing machine on mini-samples 
of two kinds. The mini-samples were brought 
from the fragments obtained after cutting the 
rods welded along their axes into four quadrants, 
and the second full-sized samples, which had a 
diameter of the gripping portion about 20 mm, 
and accordingly the lower part of the connector. 
In addition, tests were performed in the hardness 
distribution function of distance from the plane of 
the connector. 

TEST RESULTS 

Figure 2 shows examples of connections 
samples WHA – AlMg3 for friction welding, us-
ing the variables of the process. The flash con-
nectors are characterized by a cone-shaped or 
cup-size-dependent friction welding parameters. 
The shape of the bead also due to non-similarities 
joined materials. Burrs were removed on the lathe 
before tearing strength tests. 

The results of mechanical properties

The results of tensile strength

The results of tensile strength tests are given 
in the table 2. Table 2  shows that in the case of 
the three calls were obtained stress values   burst 
above 200 MPa, which is similar as the yield 
strength of the alloy AlMg3. It is also worth not-
ing that the scatter of tensile strength test results, 
in most cases, is not large.

The results of hardness measurements

Vickers hardness tests performed using a load 
F = 1N. Figure 3 is an exemplary plot that illus-
trates the change of hardness as a function of dis-
tance from the plane of the welding part made the 
WHA and aluminum alloy.

Figure 3 shows that friction welding does 
not affect the course of changes in the hardness 

Fig. 1. Schematic diagram of APDS projectile
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a)

b)

Fig. 2. The examples of friction welded WHA-AlMg3 joints obtained for:  
a – FS = 22.5kN and tS = 0.5s, b – FS = 20kN ant tS = 10s

Table 2. The results of tensile strength experiment on selected of mini samples

Sample 
number

Welding parameters Tensile strength Stress bursting The average value of the stress burst
tT  [s] FT [kN] Fmax. [kN] σr  [MPa]  sśr r  [MPa]

1a 7.0 10 4.49 144.04 146.61b 4.68 149.18
3a 7.0 20 5.03 177.01 163.63b 4.78 150.22
4a 10.00 1.00 5.18 195.38 202.64b 6.00 209.75
5a 3.50 20.0 5.44 190.49 192.45b 5.27 194.40
6a 6.50 30.0 4.20 158.15 141.06b 2.00 123.82
7a 3.50 30.0 4.15 162.92 166.67b 4.27 170.31
8a 6.50 20.0 4.13 192.61 175.68b 4.35 158.57

10a 9.50 22.5 4.24 140.21 138.510b 3.76 136.83
11a 6.50 22.5 3.78 137.10 135.011b 3.60 132.80
12a 9.50 12.5 6.71 228.48 231.512b 7.15 234.55
14a 7.50 22.5 3.63 138.34 131.514b 3.64 124.76
15a 4.50 22.5 3.35 147.09 145.815b 4.33 144.59
20a 7.50 12.5 4.53 175.06 175.020b 4.52 174.98
25a 4.50 15.0 4.34 156.88 155.025b 4.55 153.17
26a 7.50 25.0 3.42 131.25 134.126b 3.95 136.95
29a 0.50 12.5 2.87 98.53 97.029b 2.81 95.52
30a 3.50 22.5 4.59 171.65 172.530b 4.17 173.30
32a 3.50 12.5 6.52 230.98 234.332b 6.81 237.67
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of the alloy WHA, and observed fluctuations are 
an intrinsic characteristic of microhardness tests. 
In contrast to the chart for the WHA, the course 
changes the hardness of the alloy AlMg3 (Fig. 
3b) shows a clear influence of the welding pro-
cess on the distribution of hardness as a function 
of distance from the plane of the connector. The 
strengthening layer can be seen near the joints, 
for which, in the range of 10 – 20 mm.

The next diagrams show the distribution of 
the hardness of the alloy as a function of distance 
from the axis of pooled samples of measured par-
allel to the plane of the connector at a distance 
from the x = 1, 2, 4 and 6 mm. Their goal was to 
determine how it affects all the time to change 
the hardness of the friction in the joints, which is 
a reflection of changes in structure (in the work 
presented only the results of which reached the 
highest tensile strength). Friction welding process 
causes the heating of the materials to be joined, 
the amount of heat generated depends on the 
welding parameters, so the clamping force Ft and 
the time tt friction. Due to the fact that the periph-
eral speed is connected on the periphery of the 
largest samples, therefore heat is primarily gen-

erated in these areas and then forwarded in the 
direction of their axis. 

ANALYSIS OF RESULTS

Obtained by using various experimental tech-
niques are valuable burrs visual observation ge-
ometry, and the measurement of changes in the 
dimensions for the various parameters bead fric-
tion welding process. The first is they will be dis-
cussed, because the size of burrs is a reflection of 
the volume of material deformed under the influ-
ence of the work done during the welding process. 
Figure 5 lists  the shape of the connections func-
tion of time in frictional clamping force Ft = 12.5 
kN and 22.5 kN. Although it would seem logical 
that the Ft = constant, the volume of material de-
formed (bead diameter) should increase steadily 
with increasing friction time Fig. 5 does not con-
firm this (e.g., sample No. 13 and 12). There is 
mistake in reasoning, and only shows the influ-
ence of disturbances, which can not be avoided 
during the welding process and the reasons did 
not manage to identify. In the fact that they were 

a)

b)

Fig. 3. The example of microhardness variation in friction welded WHA-AlMg3 specimen as a function of dis-
tance from joint plane: a – in WHA and b – in AlMg3 alloy
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not the result of contamination of the samples, 
since before the beginning of the process of com-
bining welded surfaces were thoroughly cleaned 
and degreased with alcohol.

In Figure 6 a chart illustrating the variation 
of the average cumulative volume of the bead as 
a function of the product of the clamping force 
during the friction and friction time – Ft×tt. How-
ever, the measurement points are characterized 
by a considerable scatter, resulting from the dis-
ruption of the process, as mentioned earlier (Fig. 
5), however, the graph shows a systematic in-
crease in the volume of the bead with the increase 
of product Ft×tt. 

A product may be regarded as a reflection 
of the amount of heat produced during friction, 
which causes heating of the volume the greater 
the greater the friction work was done. Gradual 
reduction of the diameter of the bead increase 
with an increase in the product of Ft×tt due to 
the fact change the geometry of the bead as you 
can see on Figure 7. As shown in Figure 7 at the 
beginning of the flash is the nature of the cone, 
which cross section can be approximated by a 

triangle. With the increase of friction work very 
clearly the cone changes shape in the direction 
of the cup, followed by the eversion occurs. If 
one considers that, in all welding trials upsetting 
force Fs = 50kN and upsetting time ts = 5s were 
always the same, therefore, discloses a deformed 
volume the volume of material that has reached 
a high enough temperature to under the force of 
the plastic deformation was Fs “softened” mate-
rial. It is obvious that the larger the volume the 
greater the shortening of the bead sample, which 
is undesirable.

Another point of discussion is an attempt to 
find a relationship between the strength of joints 
WSC- AlMg3 tear and friction work represented 
by the product of Ft×tt. Suitable tensile strength 
graph Rr = f (Ft×tt) is shown in figure 8. 

In Figure 8 shows that the strength of the con-
nections WHA – AlMg3 tear depends the product 
of melting and  Ft has a maximum in the region 
between 60 and 140 kN·s. From the graph you 
can see that, for several combinations of param-
eters of friction welding, resistance to tearing 
connector exceeds the yield strength of the alloy 

a) b)

c) d)

Fig. 4. HV0 hardness distribution, 1/15 frictionally welded PA2 melt at Ft = 12.5 kN and tt = 9.5 s as a function 
of distance from the axis of the sample measured in the plane of the remote from the plane of the connector: 

a – x = 1mm, b – x = 2mm, c – x 4mm and d – x = 6mm
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AlMg3, which was about 200 MPa. In such cases, 
the side surface of the aluminum alloy specimens 
connector forming the WHA – AlMg3 tensile 
characteristic was observed puckering caused by 
rotation of the surface of the grains (Fig. 9), and 
sometimes also parallel strands, which may be in-
terpreted as steps of departure formed by the free 
surface of the sample to a series of moving dislo-
cation slip systems (Fig.9b).

The constriction can be seen Fig. 9c undercut 
area AlMg3 of the sample alloy, while on the sur-
face of larger diameter is shown “wrinkling”. Fig. 
9d shows an example of the neck formed at a con-
siderable distance from the plane of the connec-
tor in the samples without undercut, used during 
the first stage of research WHA friction welding 
alloy AlMg3. The latter image shows that the ten-
sile connectors WHA – AlMg3, after exceeding 
the yield strength, the aluminum alloy is strength-
ened by deformation to the stress level, which 
turns out to be greater than the tear strength of the 
joint. It should be recognized that there is a con-
nector in the plane of a complex state of stress, 
because, in addition to axial tensile stresses, shear 

stresses acting there over five times due to the 
linear expansion coefficient difference. During 
the cooling portion of the stress is relaxed by the 
plastic deformation of the alloy AlMg3 at a time 
when the temperature is high enough to allow 
plastic flow under low load (creep), it is part of 
them remain in the material to give a contribution 
to the prevailing state of stress in the joint. They 
argue that attempts to WHA with steel welding, 
during which there have to “self-destruct” call 
WHA – steel during relatively free samples free 
cooling after welding [10].

Another issue to be discussed are a little clos-
er to the hardness as a function of the welding 
process parameters. Comparing the graphs HV 
as a function of distance from the plane to the 
terminal clamping force of friction Ft = 22.5 kN 
and Ft = 12.5 kN you will see that although they 
are similar, but the maximum hardness at the in-
terface just after the time of friction tt ≥ 3.5 s is 
clearly higher (Fig. 3). It is noteworthy that the 
hardness as a function of the distance from the 
connector for Ft=22.5 kN is most pronounced for 
the time of friction of 3.5 and 4.5 s, and further 

Pressing force Ft = 12.5kN
tt = 0.5s tt= 3.5s tt = 4.5s tt = 6.5s tt = 7.5s tt = 9.5s
Time pressure  [s]

Pressing force Ft = 22.5kN
tt = 0.5s tt= 3.5s tt = 4.5s tt = 6.5s tt = 7.5s tt = 9.5s
Time pressure  [s]

Fig. 5. Summary geometry burrs for a fixed clamping force Ft = 12.5 kN and  
Ft = 22.5 kN for variable time pressure
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Fig. 6. Chart bead volume as a function of the product of the pressure force Ft  and the friction time tt  (bright 
dots indicate measurement values clearly deviate from the trend line)

a) b) c) d)

Fig. 7. Changing the geometry of the bead as a function of clamping force: a – Ft = 10kN (tt =7s), b – Ft = 
12.5kN (tt = 6.5s), c – Ft = 20kN (tt = 6.5s), and d – Ft = 30kN (tt = 6.5s).

Fig. 8. Graph of tensile strength relationships of tensile joints in the product dependence Ft clamping force and 
friction time tt
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become barely visible. However, compared to the 
relatively large scatter measurement points this 
observation may seem subjective, however, the 
welding time of 9.5 s leads to local “weakness” 
alloy AlMg3 at a distance of 5 – 15mm. A similar 
effect can be observed in the case of welding with 
a clamping force of 12.5 kN of friction during the 
friction time 3.5 s and 9.5 s. Phenomena strength-
ening or weakening of the local alloy AlMg3 are 
the result of complex interactions of thermo – me-
chanical. Phenomena which take place during the 
entire welding cycle include:
 • frictional heat generation in a plane between 

the WHA and AlMg3,
 • heat transfer from the parting line toward the 

WHA and AlMg3 followed by heating so that 
the two joined elements to a depth dependent 
the coefficients of thermal conductivity of 
WHA and AlMg3,

 • reduction of the strength properties, in particu-
lar melt AlMg3, proportional to the degree of 
heat in the area (temperature), and also as a 
result of the processes taking place in the base 
material, such as recovery or recrystallization,

 • severe plastic deformation during a step upset-
ting of 50kN force by the time 5s,

 • possibility of recovering and / or recrystalliza-
tion certain volume, depending on the density 
and temperature of that area.

The processes mentioned above occur in a 
predetermined sequence and may overlap under 
certain conditions at different distances from the 
plane of the connector, causing locally strength-
ening or weakening of the material which is re-
flected in an increase or decrease respectively, 
the hardness, which is directly related to the yield 
strength of the material.

a) b)

c) d)

Fig. 9. Photographs illustrating the free surface of samples after testing on the testing machine: A – area of the 
sample before and after testing on the testing machine, b – faults on the side surface of the sample AlMg3 within 
a single grain, c – narrowing in the part between the terminal and the bold portion of the sample and d – the neck 

located at a considerable distance from the surface of the
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The aim of the hardness test carried out in 
parallel to the plane of the connector at a distance 
of x = 1, 2, 4 and 6 mm was to obtain a profile 
of the change in the area near the joint plane 
WHA – AlMg3

Comparing the graphs in the first place ob-
tained with 22.5 kN clamp force with the force of 
12.5 kN for readily be seen that the hardness of 
the course changes along the radius, for all dis-
tances x from the plane of the connector is flat for 
more strength than 12.5 kN to 22.5 kN . This is 
probably due to slower and more even heating of 
the sample using a lower clamping force.

From the point of view of nature of the 
change of hardness as a function of radi-
us – r distance from the plane connectors – x 
may be more complex and interesting are graphs  
HV = f (r, x) for the force Ft = 22.5 kN for weld-
ing obtained by 0.5 sec (Fig. 10).

Analyzing these changes should be noted that 
in the case of a relatively short period of friction 
in the range of distances from the connector r = 
0.5 – 4mm clear minimum is observed for x = 1 
mm (Fig. 10a) and x = 2 mm (Fig. 10b). A sec-
ond minimum value of the hardness of the alloy 
corresponds to the “native”, that is, AlMg3 melt, 
from which the samples for testing friction weld-
ing. It is interesting that in the case of the welding 
time of 0.5 s at a distance of x = 4 mm is clearly 
visible corresponding to maximum hardness ex-
ceeding 90HV (Fig. 10c). At a distance of x = 6 
mm from the plane of the connector, the change 
of hardness as a function of radius – r has a more 
benign course and its value fluctuates in the range 
of 80–90HV0, 01 It can be noted that approxi-
mately 6 mm from the axis is slightly lower hard-
ness compared to the central portion and the sur-
face of the sample. 

a) b)

c) d)

Fig. 10. Working hardness changes as a function of distance from the axis of the sample: a – for x = 1 mm, b – x 
= 2mm, c – x = 4mm and x = 6mm for welded the sample for 0.5 s at a force Ft = 12.5
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Finally, it can be concluded that in the case of 
welding with the force Ft = 22.5 kN:
 • friction short time (tt = 0.5 s) results in a rather 

complex hardness distribution as a function of 
distance from the axis of the sample, in par-
ticular a short distance from the plane of the 
weld, 

 • complex structure hardness changes with dis-
tance from the axis of the sample revealed a 
local minimum of the hardness of the cylindri-
cal sample in the axis of the joint distance from 
the plane x = 2 mm; this distance is above the 
“reversal” of extremum appears as a peak on 
the axis of the sample, 

 • prolongation of welding leads to ho-
mogenization of the hardness of both  
as a function of distance from the axis of the 
sample – and the distance r from the plane of 
the connector – x

Depending observed HV = f (r, x) are the re-
sult of the gradual heating of the sample, which 
begins in the zone most distant from the axis of 
the sample, which is confirmed by the simulation 
results of the element distribution. The longer 
the time the friction heat is transferred into the 
welded components, both along the radius and 
the axis of the cylindrical sample. When you stop 
upsetting AlMg3 deformed by cold work in those 
places that were heated enough to yield stress has 
been exceeded. In the case of a very short time 
friction, eg 0.5 s central portion alloy AlMg3 
(near the axis) was not heated enough, and that is 
probably why there was no strain hardening. This 
confirms that the hardness of the sample in the 
axis of the rod material such as that used for test-
ing. In the case of friction welding alloy WHA- 
AlMg3, as previously mentioned, the hardness as 
a function of distance from the axis and the plane 
of the sample as the connectors are much milder.

 CONCLUSIONS

At the outset, we would like to note that in-
cluded in the working relationship of the results 
are not yet completed tests designed to verify the 
thesis about the possibility of replacing the cur-
rent method of combining bonnets ballistic alumi-
num alloy core WHA method of friction welding. 

Consider the process of friction welding is 
easy to see that combining materials with differ-
ent mechanical properties as the greatest effect on 

the item with much less resistance, in this case 
aluminum alloy. Figure 2 shows that a rod made   
of a WHA is pressed into the aluminum alloy, re-
sulting in the shortening. Such a large reduction 
of the sample is not preferred. The size depends 
on reducing the friction welding process param-
eters, especially during the clamping force and 
friction from the time of friction. This is due to 
the fact that the temperature directly in the region 
of the join is slightly lower than the melting point 
of AlMg3 alloy, resulting in a significant reduc-
tion in strength properties to enable very intense 
plastic deformation. This temperature, in relation 
to the AlMg3 alloy, constituting only a small frac-
tion of the absolute melting temperature of tung-
sten is sufficient for this to lead to a plastic defor-
mation of the tungsten grains in the plane of the 
connector. However, the images do not illustrate 
this fact, it is the plastic deformation of the tung-
sten grains have been seen in the plane of the con-
nection, even though the welding time does not 
exceed 10 seconds. The most interesting from the 
point of view of the performance of the connector 
WHA – AlMg3 are some changes in the Al. 

During the friction welding the aluminum al-
loy is subject to a specific heat treatment – form-
ing, by which the changes take place in it lead-
ing to changes in the microstructure, and thus 
the mechanical properties. Changes that can be 
expected are:
 • possibility of a narrow diffusion zone on both 

sides of the plane of the connector, i.e. in the 
matrix aluminum and nickel-based alloy in the 
WHA,

 • the possibility of secretion of intermetallic 
phases, such as phase b – Al8Mg5 or NiAl3,  

 • very strong plastic deformation, the ef-
fects of which can be and are probably re-
moved by the action of heat, or recovery and 
recrystallization.

Without going into at this stage in the detailed 
analysis of the phenomena taking place during 
friction welding authors focused on the relation-
ship between welding parameters and joint resis-
tance to tearing.

With the test results presented in Table 2 were 
prepared according charts tensile strength (break-
ing strength) of the clamping force for a prede-
termined time Ft friction and friction from the 
time tt a fixed value for the clamping force, which 
are posted on the graphs in Figure 11. In the first 
one (Fig. 11a) shows that for a constant clamping 
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force Ft = 22.5 kN increasing friction time leads 
to a reduction of the breaking stress. In turn, in 
the case of double reduce the clamping force to 
the value of 12.5 kN Ft breaking stress tends to 
increase the strength of the joint over a range of 
times of friction (Fig. 11b). From the graph on 
Fig. 11c that the time constant friction amounting 
tt = 3.5 s, increase downforce reduces the value of 
breaking stress. From the above superficial con-
siderations that joint strength WHA – AlMg3 de-
pends both on the clamping force during the time 
of friction and friction. It can be assumed that the 
greatest strength of the joint can be obtained for 
downforce located in the range between 12.5 kN 
and 22.5 kN using a friction time of 3.5 – 5 sec-
onds. Effects on the strength of the joint depend 
on the complex phenomena which are a function 
of both time and temperature. 

These processes are associated with both dif-
fusion and its subsequent secretion process, and 
the reconstruction of the microstructure after 
strong cold-working. Excessive overheating of 

the material, which may be the result of a very 
large frictional force or pressure during a long pe-
riod of friction will facilitate secretion processes 
of brittle intermetallic phases. Most Spin-offs are 
formed at the grain boundaries, and thereby weak-
en the joint. Very high temperature in the region of 
the join, not only promotes the restoration of the 
microstructure after cold-working and removes 
strengthening, deformation, but also promotes 
the proliferation of grains, which is not preferred.
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