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Abstract
The article focuses on the Direct Drive Rotary Friction Welding of ultrafine-grained copper rods, which feature increased 
mechanical properties and good electrical properties, yet are limited in size. The use of UFG metals is often limited by the 
too small dimensions of semi-finished elements produced by SPD methods. Therefore, the production of finished machine 
parts from UFG metals is currently economically unjustified. Dismissal of dimensional limitations can be done by intro-
ducing joining to technological processes. The proposed joining method does not lead to a melting of the material in the 
joining zone or excessive degradation of the UFG microstructure. To obtain the best results, the research used the method 
of low-energy welding of two kinds of specimens: with a flat or a conical contact surface. In the article, the authors present, 
by means of metallographic microsections and microhardness measurements, the influence of rotational speed, welding 
pressure and conical shape contact surface on the quality of the obtained joints. The conducted research made it possible to 
obtain good quality joints whose microhardness is reduced only by about 10% in comparison with the base material and the 
tensile strength dropped from only 397–358 MPa.

Keywords Friction welding · DD-RFW · UFG · Copper · ECAP

1 Introduction

In recent years, there has been significant interest in the man-
ufacturing of ultrafine-grained (UFG) metals, i.e., those with 
an average grain size of less than 1 μm. The main advantage 
of such metals is their improved mechanical properties that 
results from a combined effect of strain hardening and an 
increase in the number of grain boundaries [1]. UFG metals 
can be fabricated by virtually any metal forming method 
that imposes extremely large plastic deformations in a sub-
stantial material volume. This group of processes is known 
as Severe Plastic Deformation (SPD), and on such method, 
Equal Channel Angular Pressing (ECAP), is notable for 
making it possible to achieve a significant grain refinement 
due to the fact that the plastic deformation takes place in a 

simple shear deformation mode. ECAP proposed by Segal 
[2] is one of the most commonly used and recognized SPD 
techniques [3] to produce submicrometer grain sizes [4], 
especially for barstock [5], and has been extensively studied 
by many researchers [6]. In [7], a new die design has been 
proposed for processing of materials using equal channel 
angular extrusion. Parameters and recommendations for the 
ECAP process were discussed in [8]. ECAP can be applied 
for the electronics and aerospace industries [9] and electri-
cal contact wire production [10]. Nonetheless, it is not pos-
sible to manufacture long rods using a conventional ECAP 
process, which limits opportunities for commercialization. 
A possible alternative would be to develop joining methods 
through which shorter bars could be put together with no 
deterioration in their properties. One of the most popular 
joining methods, welding is believed to be detrimental to 
UFG materials, because the heat generated causes recrystal-
lization, thereby reversing the process of grain refinement. 
To avoid such a loss of the enhanced mechanical properties 
of UFG stock, other joining methods are applied to UFG 
materials, such as Friction Stir Welding (FSW), Rotary 
Friction Welding (RFW) [11] or Linear Friction Welding 
(LFW) [12] during which the melting temperature of the 
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base material is not reached, and its unique mechanical prop-
erties are, therefore, preserved.

In the literature, there are reports on joining UFG mate-
rials using friction welding [13], such as RFW for joining 
UFG aluminum alloys [14]. For these kinds of reports, 
tensile test and microhardness are usually carried out [15]. 
However, the number of these reports is limited. The avail-
able tests have shown that a material with a poorly devel-
oped UFG structure is highly susceptible to friction welding. 
Although a significant decrease in the material’s hardness 
was observed in the joint area, its tensile strength signifi-
cantly exceeded the joint strength of the base material. Other 
published reports on RFW tests were carried out on 316L 
UFG steel rods and showed quite a significant deterioration 
in mechanical properties, where the microhardness in the 
weld area dropped by 40% [16]. Other attempts at joining 
UFG copper were made using FSW [17], where significant 
grain growth and an associated decrease in hardness in the 
heat-affected zone were observed.

SPD techniques are extremely effective in enhancing the 
mechanical strength of pure copper. Processing copper using 
ECAP results in a significant drop in grain size, from several 
dozen µm to less than 1 µm after 3 passes, whereas after just 
4 or 5 passes, depending on the type of copper, the tensile 
strength and hardness of the material increases from sev-
eral dozen for 99.95% [18], 99.98% [19] and oxygen-free 
post-ECAP annealed 99.99%, OFCA [20] pure copper up to 
almost one hundred percent in the case of pure oxygen-free 
99.99% copper, OFC [21]. During processing, after exceed-
ing a specific accumulative strain, the mechanical property 
values saturate, and further passes only result in fluctuations 
of the properties by a few percent. After 8 passes, the tensile 
strength, depending on the type of copper (99.98% pure [19], 
commercial purity level 99.90% [22] and electrolytic tough 
pitch (ETP) [23]) increases by at least 60% in comparison 
with the coarse-grained material. Subsequent operations 
may cause a slight decrease in the mechanical properties 
of 90.77% [24] and 99.44% [25] UFG pure copper, as fur-
ther processing no longer causes a noticeable drop in grain 
size [19]. However, 2–3 min of annealing at a temperature 
of about 160 °C causes a decline of several percent in the 
mechanical properties of the UFG material [21]. Annealing 
at a temperature above 200 °C leads to a significant decrease 
in microhardness in the case of 99.99% [26], 99.98% [27] 
pure copper and electrolytic tough pitch copper [23]. The 
energy accumulated in the material during SPD process-
ing leads to a faster onset of recrystallization processes. 
The higher the temperature and the longer its duration, the 
greater the decrease in the mechanical properties of UFG 
copper caused by grain recrystallization. Only properly 
selected friction welding parameters make it possible to 
obtain a connection that does not feature a large deteriora-
tion of mechanical properties in the joint area for a material 

with a well-developed UFG structure. For 316L steel, the 
decrease of ultimate tensile strength UTS = 1250 MPa was 
29% [16] or 33% [28].

Apart from good mechanical properties, UFG copper fea-
tures excellent electrical conductivity, which, however, is 
affected by SPD processing. The electrical conductivity of 
UFG copper after 5 ECAP passes decreases by only 8% [23] 
and starts to increase slightly with subsequent passes [25], 
but never reaches the value of the initial material. In [29], it 
was proven that short-term annealing at low a temperature 
after ECAP processing results in relatively high electrical 
conductivity and while preserving the beneficial mechani-
cal properties. These results indicate that ECAP processing 
makes it possible to manufacture a high-strength material 
whose electrical conductivity is only slightly lower than that 
of the initial, coarse-grained material. A material character-
ized by such properties constitutes an attractive product for 
use in electrical applications. The only limiting factor is the 
necessity of joining small billets into larger objects, which 
can cause deterioration of the mechanical properties caused 
by grain recrystallization during friction welding. Therefore, 
it is necessary to use the lowest possible temperature and 
joining time so as to reduce the deterioration of the mechani-
cal properties in the joining zone.

The aim of the article is to establish optimal parameters 
for the friction joining of UFG copper rods using DD-RFW 
to acquire a joint having the largest possible total coverage 
degree, and whose mechanical properties are as close as pos-
sible to those of the base material.

2  Direct drive rotary friction welding

DD-RFW (direct drive friction welding, i.e., with a continu-
ous drive) is a modification of RFW, one of the most popular 
friction welding (FW) methods, whose common feature is 
the use of heat generated by friction in a joining area to 
induce plastic deformation in a controlled manner. The aim 
of exerting pressure on and mixing the plasticized metal is 
to obtain a stable connection of the elements in the solid 
state by creating a metallic bond. In typical RFW, there are 
two important technological phases: the friction phase and 
the forging phase, where several technological parameters 
can be distinguished: rotational speed n, pressure in the fric-
tion phase PT, pressure in the forging phase PS, friction time 
tT and forging time tS. Normally in RFW, a shortening ST 
of the welded rods (burn-off) is inevitable. This is a result 
parameter, although in some welding machines it is possible 
to set the value of the initial shortening ST. In this research, 
a DD-RFW welding process was applied, as it offers wide 
possibilities for setting the process parameters. The heat-
ing time and upset distance are pre-set, but forging phase 
can be controlled by adjusting the braking time, axial force 
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and forging time [30]. When determining the values of DD-
RFW technological parameters, shown in Fig. 1a, both the 
cross-section diameter d of the joined rod and the type of 
material from which it is made must be taken into considera-
tion, since friction torque is dependent on the diameter and 
maximum allowable friction pressure on the yield strength.

Research on welding new materials requires full control 
of the process parameters. As already mentioned, DD-RFW 
has such capabilities, which makes it the most frequently 
chosen method of rotary friction welding. Parameter control 
is especially important when welding UFG materials, which 
are very susceptible to the amount of energy supplied to the 
weld area. The correct welding of such materials requires a 
minimal energy supply, which in turn requires precise con-
trol over the welding rotational speed and time. The use of 
DD-RFW makes it possible to conduct research aimed at 
determining a parameter window that permits the lowest 
possible deterioration of the properties of the UFG material 
in the joint area.

There is little information in the literature on RFW low-
energy welding. This is because most conventional materials 
can be welded at higher temperatures and times, without 
serious deterioration of their properties, unlike UFG met-
als, which are particularly sensitive to processing condi-
tions. Moreover, their use is often limited by the restricted 
dimensions of semi-finished products manufactured with the 
SPD methods. Welding is crucial for joining single parts in 
the production of semi-finished elements by obtaining long 
UFG bars and tubes. Nevertheless, there are only few arti-
cles dealing with Rotary Friction Welding of UFG materi-
als. Attempts at welding UFG copper with this method have 
not been discussed in the literature, which makes this work 
innovative in this field.

Welding UFG copper seems to be a promising solution 
for joining rod sections in the future. Only after obtaining 
sufficient length, it is possible to produce copper elements 

with high strength and good conductivity in an economically 
justified manner using multi-position machines (mass) or 
CNC machines (unit). Long bars made of ultrafine-grained 
material retain the ability to plastic deformation and can be 
transformed by metal forming methods into machine parts 
or semi-finished products with high strength properties used, 
among others, in the energy or automotive industry (elec-
tric cars). The research presented in this article is the first 
attempt to achieve this goal.

3  Experimental

The DD-RFW tests were carried out on an HWH RSM200 
machine (Hamburg, Germany) (Fig. 2), where such process 
parameters as the pressure in the friction phase (PT) and 
forging phase (PS), the duration of the friction phase (tT) 
and forging phase (tS), and the rotational speed (n), were 
adjusted. The HWH machine is a typical modular fric-
tion welding machine equipped with the RSM200 model 
head. It allows for welding objects with a diameter of up to 
12 mm. The basic parameters of the mentioned device are 
the maximum rotational speed of 23,300 rpm, the engine 
power of 1.8 kW and the maximum pneumatic pressure of 
10.7 kN. The pressure in the forging phase  PS was set at 
5.5 bar, the friction time tT was 20 ms, and the forging time 
was 3000 ms. During the tests, two process parameters were 
changed, i.e., n and PT. The rotational speed n was altered in 
a range of 13,000–20,000 rpm, and the pressure in the fric-
tion phase PT in a range of 2.0–4.5 bar. One of the samples 
was clamped in the collet of the “ER20” system (CMT type 
according to DIN 6499), and the other in a pneumatic vice. 
Both jaws of the vice have a semicircular recess which, when 
closed, creates a hole of a size matching the diameter of the 
clamped object.

Fig. 1  Technological charac-
teristics of DD-RFW operation 
with a flat (a) and a conical (b) 
contact geometry; specimens 
with a conical or flat contact 
surface (c)
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To compare the welding results for rods with variously 
shaped contact surface, the welding was carried out on two 
kinds of specimens having either a flat or a conical con-
tact face (Fig. 1c). The use of a conical surface required 
the introduction of a new parameter, which was the angle 
of inclination of the conical surface α, as shown in Fig. 1b. 
The introduction of a conical surface meant that, during the 
welding, friction and temperature were initially generated 

at the point of contact, i.e., near the sample axis. A properly 
selected angle ensured a gradual increase in the weld surface 
from the axis of the rod to its periphery while overheated 
material was removed outside the rod. The gradual devel-
opment of the joint with the simultaneous use of extremely 
short heating times prevented the material from overheating 
at the weld zone, avoiding a deterioration of the beneficial 
properties of the UFG metal. A slant angle of α = 8° was 
chosen. Based on the experimental research, it was shown 
that this angle allows its maximum shortening to the base 
at the maximum used rotational speed of n = 20,000 rpm.

The parameters used for the DD-RFW process were 
selected so as to obtain the widest possible range of results 
for the two kind of specimens (flat or conical contact geom-
etry). The parameters for the welding trials are presented 
in Table 1.

The material used for the tests was ultrafine-grained elec-
trolytic tough pitch copper rods with a diameter of 11.5 mm. 
EBSD maps measured in the transverse and longitudinal 
planes are shown in Fig. 3. To achieve a UFG microstruc-
ture, coarse-grained copper rods were subjected to 6 passes 
of multi-turn ECAP [31] processing, which resulted in a 
total strain of 9.2, an average grain size of 0.66 ± 0.10 µm 
and 0.51 ± 0.39 µm, and a high fraction of High Angle Grain 
Boundaries (HAGBs), equal to 56% and 59% for the longi-
tudinal and transverse planes, respectively. The specimens 
for EBSD examinations were polished using sand paper up 
to 4000 grit and then electrochemically polished using a per-
chloric acid–ethanol solution (1:4). Carl Zeiss Axio Scope 

Fig. 2  Working area of the HWH machine (a) and specimens during 
the welding process recorded by a high-speed camera (b), 1—rotat-
ing specimen holder, 2—still specimen holder, 3—rotating specimen 
(conical surface), 4—still specimen (flat surface)

Table 1  RFW parameters window for UFG copper

Specimens with flat contact surface Specimens with conical contact surface

№ tT, [ms] tS, [ms] n, [rpm] PT, [bar] PS, [bar] № tT, [ms] tS, [ms] n, [rpm] PT, [bar] PS, [bar]

R106 20 3000 13,000 4.0 5.5 S105 20 3000 13,000 4.5 5.5
R501 20 3000 21,000 4.0 5.5 S101 20 3000 20,000 4.5 5.5
R502 20 3000 21,000 2.0 5.5 S109 20 3000 13,000 2.0 5.5

Fig. 3  Colored maps obtained from EBSD analysis of transverse (a) and longitudinal (b) planes of UFG copper used for the RFW
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optical microscope was used for metallographic micro-
graphs, for which specimens were mechanically prepared 
using sand paper up to 4000 grit, diamond suspension up 
to 1 µm and etched using hydrochloric acid–ferrite chloride 
ethanol solution.

Just before the friction welding process, the contact sur-
faces of the specimens were sanded with 400 grit emery 
paper, degreased, and blown with compressed air to remove 
the oxide layer.

4  Results

4.1  Specimens with a flat contact surface

To assess the quality of the obtained joints, Vickers micro-
hardness measurements were made under a load of 200 g, 
and the microstructure of the joints was examined under an 
optical microscope. In addition, the total coverage degree 
(TCD) and joint coverage degree (JCD) were determined 
from an analysis of the cross-section areas, and expressed as 
% TCD and % JCD by the following equations:

where Lw is the length of the welded material, d is the 
specimen diameter, and Lj is the distance between the joint 
edges.

Figure 3a presents a cross-section of the sample R106 
with a flat contact surface obtained at n = 13,000 rpm and 
PT = 4.5 bar. These parameters resulted in best connection at 

(1)%TCD= LW∕d × 100

(2)%JCD=LW∕Lj × 100,

the bar periphery that constituted only a part of the surface 
of the face of the sample.

Despite using a wide range of parameters, none of the 
attempts was fully successful, as it was not possible to pro-
duce a joint without discontinuities in the weld, as reflected 
by the low JCD values of 70%, 39% and 50% for the R106, 
R501 and R502 samples, respectively, and by the TCD val-
ues (44%, 31% and 45%). This was attributed to the very 
short welding time chosen to prevent an excessive tempera-
ture increase and an associated degradation of mechanical 
properties. Due to the short time and low rotation velocity 
around the specimen axis, the samples could not be joined 
properly. Increasing the friction time caused the material 
to overheat around the specimen’s circumference. Despite 
the incomplete connection of the rods, microhardness tests 
(Fig. 4b) were conducted in the connection area, marked by 
vertical dashed line in Fig. 4a. These were aimed at assess-
ing whether the parameters used during the welding process 
significantly degraded the UFG microstructure. The tests 
showed that the decrease was about 20 HV0.2, which is 
about 15%. The obtained result indicates a correct selection 
of process parameters in respect of maintaining the proper-
ties of the UFG material; however, these parameters did not 
lead to a full connection of the flat-face bars.

Due to unsuccessful attempts to connect flat-face rods 
with n = 13,000 rpm, welding tests were carried out at an 
increased rotational speed and various pressure values. The 
change in these parameters was aimed at increasing the tem-
perature generated, and consequently, at achieving a con-
nection over the whole area. All attempts to join specimens 
with a flat contact surface using the given parameters were 
unsuccessful. Figure 5 shows metallographic micrographs of 
rods from welding tests R501 (Fig. 5a) and R502 (Fig. 5b). 

Fig. 4  Microstructure in axial 
cross-section of the R106 sam-
ple with a flat contact surface 
(a) and microhardness HV0.2 
profile recorded along a selected 
line parallel to the axis of the 
joint (b), red rectangle shows 
the position of EBSD map
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Despite the use of different sets of parameters, numerous 
discontinuities in the material occurring along the weld can 
be observed on all of the specimens. The discontinuities are 
visible in the discoloration caused by the etching fluid flow-
ing from the voids in the joint. The differences in the discon-
tinuity system of the welds can be explained by the longer 
friction time, which depended on the rotational speed n and 
the pressure value PT. The final friction time was affected 
by braking the rotation, which must be especially carefully 
investigated and taken into account when designing a pro-
cess using extremely short welding times. Higher rotational 
speeds cause a longer braking time, as well as a reduction 
in pressure, which reduces friction due to there being less 
pressure on the contact surface. Finally, when using very 
short welding times, the effect of other process parameters 

on friction time must be taken into account, which ultimately 
results in discrepancies between the friction time set on the 
machine and the actual value.

4.2  Specimens with a conical contact surface

To acquire better joint quality, specimens with a conical 
contact face were used, which resulted in acquiring joints 
without discontinuities in the weld area, as shown in Fig. 6. 
The use of a conical surface meant that, in the initial phase, 
the weld formed at the rod axis. During the process, as the 
cone shortens the weld expands toward the rod periphery, 
such that the material in the final joint is not overheated, and 
the first layers of the cone material are pushed outside the 
joint as a weld flash.

Fig. 5  Microstructure in axial 
cross-section with longitudinal 
hardness measurement of the 
joints for two specimens with 
a flat contact surface: a R501, 
b R502

Fig. 6  Microstructure in axial 
cross-section of the joints for 
specimens S105 (a), S101 (b) 
and S109 (c) with a conical 
contact surface-dimension for 
burn-off, red rectangles indicate 
the position of EBSD maps
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The rotational speed in Fig. 7 makes it possible to pre-
cisely determine the moment of contact of the rods, since 
then its value is clearly reduced due to frictional resistance. 
The first vertical, dashed line introduced at the point of rota-
tional speed reduction indicates the time value at which the 
bars came into contact, and the second horizontal line indi-
cates the end of the friction stage after the machine spindle 
stopped and the rotational speed dropped to n = 0.

Figure 7a shows the rotational speed and pressure as a 
function of time for specimen S105 welded at n = 13,000 rpm 
and PT = 4.5 bar. The friction time determined is compara-
ble to Fig. 7b, which shows the process for specimen S101, 
despite a much higher rotational speed set at the machine 
control. The graphs show that the real times of friction are 
much greater than those determined by the machine con-
trol. With a set value of tT = 20 ms, the machine needs much 
more time for deceleration, which extends the friction time 
to about 200 ms. Figure 7c shows the course of the welding 
parameters for specimen S109. During this test the pressure 
was reduced, which resulted in a visible increase in the fric-
tion time to about 270 ms despite the low rotation speed of 
13,000 rpm. The real pressure, as well as the friction time, 
were not identical to the values set at the machine control. 

A very short friction phase means that the pressure was not 
able to reach the set value. Only the use of low pressures can 
approximately achieve the desired value during the friction 
process.

The height of the cone before welding was about 0.8 mm, 
and a dimensional analysis of the microstructure in axial 
cross-section of the joints, presented in Fig. 6, showed that 
the shortening of the samples was different in all cases. The 
greatest shortening was observed for sample welded at a 
high rotational speed (S101). The least shortening occurred 
in the sample welded at a lower rotational speed (S105), 
while an additional pressure reduction at a lower rotational 
speed resulted in an extension of the friction time, and thus 
in an increase in shortening (S109).

The TCD was substantially higher than for specimens 
with a flat contact surface, and was equal to 93%, 70% and 
76% for samples S101, S105 and S106, respectively (Fig. 8). 
The JCD was equal to 100% in all cases.

To check the quality of the joints obtained, microhard-
ness measurements were carried out along the specimen 
axis in the weld area and compared with the value of 
the initial UFG copper, which was 130 HV0.2. The best 
result was obtained for the welded specimen S105 with 

Fig. 7  Rotational speed and pressure as a function of time for trials S105 (a), S101 (b) and S109 (c)
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parameters n = 13,000 rpm, PT = 4.5 bar, as the hardness 
drop in the weld area was only 14 HV0.2 in comparison 
with the base material, or 11.5% (Fig. 9a), and the tensile 
strength dropped from only 397 to 358 MPa. The most 
significant deterioration of the properties was obtained 
for specimen S101 welded at n = 20,000 rpm, in which 
the decrease in hardness was 38% (Fig. 9b). A compari-
son of the microhardness diagrams shows that increasing 
the rotational speed led to a significant degradation of the 

mechanical properties. The hardness in the joint dropped 
almost to the level of the coarse-grained material.

The results of the microhardness measurements car-
ried out for the S109 test, in which the same speed was 
used as in the S105, but a lower pressure, are shown in 
Fig.  10a. Microhardness measurements showed a 30 
HV0.2 decrease in microhardness in the weld area com-
pared with the S105, despite the use of the same rotational 
speed. The result was, therefore, affected by the low pres-
sure, which increased the deceleration time and caused 
an increase in the number of rotations during the friction 
time, consequently decreasing the hardness.

In addition, a microhardness measurement was per-
formed along the weld to check the effect of changing 
welding time and speed; the results are shown in Fig. 10b. 
The microhardness along the weld oscillated ± 5 around 
the value of 130 HV0.2, and only in the central region of 
the weld did it drop to a value of 110 HV0.2. These results 
show that the weld material underwent partial degradation 
only near the sample axis, where the heat was generated 
for the longest time, due to the use of a conical surface, 
which may explain the largest decrease in microhardness.

Fig. 8  Coverage degree JCD and TCD for the investigated joints

Fig. 9  Microhardness HV0.2 distribution in the cross-section of the weld, recorded along the axis for specimens S105 (a) and S101 (b) (flat to 
cone surface)

Fig. 10  Microhardness HV0.2 distribution in the cross-section of the weld, recorded along the axis for specimens S109 (a) and along the joint 
(radial direction) for specimen S105 (b) (flat to cone surface)
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4.3  Microstructural changes in the weld zone

Microstructural investigation of the changes in the weld 
zone was conducted using EBSD technique and Channel 5 
software, due to which it was possible to calculate recrystal-
lized fraction of the grains, which are marked by blue color 
in Figs. 11 and 12. Yellow color indicates substructured 
grains defined as having misorientation between 1 and 3°. 
The red color shows grains of misorientation angle > 3° and 
is described as ‘Deformed’ on the column graph. Figure 11 
presents the weld zone of the S101 specimen, in which the 
decrease of the microhardness was the most significant. 
It is evident that the frequency of the recrystallized, sub-
structured and deformed grains changes with the growing 
distance from the weld center indicating changes in the 
microstructure. The fraction of recrystallized grains exceeds 
30% for zone 2, whereas for zone 1 is lower than 20%. In 
addition, fractions of grains marked as substructured and 
deformed also change. In zone 1, fraction of the deformed 
grains is twofold larger than in zone 2. As part of the grain 
boundaries, i.e., Low Angle Grain Boundaries (LAGBs), 
are thermally and mechanically unstable [32], they can 
undergo changes under the heat induced by friction weld-
ing. Thus, the closer to the weld center, the higher the frac-
tion of grains marked as substructured. This is confirmed by 
grain size, as in zone 1 d = 1.88 ± 0.75 µm, whereas in zone 
2 d = 1.9 ± 0.81 µm. Fraction of HAGBs also changes and 
is equal to 47 and 28% for the zone 2 and 1, respectively.

Joints characterized by the slightest change of microhard-
ness acquired using conical and flat contact surface are S105 
and R106, respectively. In Fig. 11a and c, maps are shown 
for those joins in the same manner as in Fig. 11, whereas 
Fig. 12b and d shows standard IPF coloring. EBSD map-
ping was performed in the center of the joints as marked in 
Figs. 6 and . Joints S105 and R106 present different micro-
structural features, as in S105 the grains defined as deformed 
are dominant, marked by red color, whereas in R106 the 
substructured, marked by yellow. Well-developed UFG 
microstructure is evident in Fig. 12d, where close to equi-
axed ultra-fine grains with HAGBs marked by black lines 
are visible. The average grain size acquired in the joint S105 
is d = 0.51 ± 0.02 µm and fraction of HAGBs reaches 51%, 
whereas for R106 the values are 0.81 ± 0.42 µm and 36%, 
respectively. This explains the changes of microhardness, 
which are almost negligible or S105 and more substantial 
for R106.

5  Discussion

5.1  Influence of processing setup

UFG copper is prone to recrystallization, and so there is a 
need to minimize the energy supplied to the joint during 
welding. This can be guaranteed by extremely short weld-
ing times and the lowest possible rotational speed n that 

Fig. 11  EBSD map of the weld zone of S101 specimen. The exact position of EBSD maps is marked in Fig. 6 by red rectangle
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will still permit a connection to be made. During the trials 
conducted on conventional rods with a flat contact surfaces, 
it was impossible to achieve a proper joint, as the weld was 
only created close to the periphery of the rod, whereas the 
area close to the axis remained unconnected (see Fig. 1a). 
This phenomenon can be explained by the change in linear 
velocity, which increased together with the distance from 
the rod axis at a constant rotational speed. At the axis of 
the rod, the linear velocity equalled zero. Therefore, if the 
forging time was extremely short, i.e., 20 ms, it was not pos-
sible to increase the temperature and plasticize the material 
to achieve a proper weld. To acquire a good quality joint, it 
was necessary to generate a high temperature over the whole 
surface of the rod, starting from the axis and ending on the 
periphery. Some of the best results were obtained for the 
conical surfaces, in which a much more even temperature 
distribution was observed in the joint cross-section than on 
the flat surfaces [33]. In [34], it was proven that altering the 
contact surfaces of the joined rods not only improved the 
connection, but also deteriorated the mechanical properties 
of the joint to a lesser extent. The influence of contact sur-
faces geometry is as visible in RFW as the influence of tool 
design in FSW [35]. Such a beneficial effect joint quality 
was also observed in this study, as the TCD and JCD were 
much higher for the samples with a conical contact geometry 
than for those with a flat contact surfaces.

The tests carried out on the specimens with a conical con-
tact surface showed the lowest decrease in the UFG copper 
microhardness after the welding of sample S105. For this 
sample, the rotational speed n was 13,000 rpm. The greatest 
decrease in microhardness was observed for sample S101, 
which was welded at a speed of 20,000 rpm. The above com-
parison shows that rotational speed n has a significant impact 
on the properties of the UFG material in the joint area. Addi-
tionally, the impact of pressure on the resulting joint was 
also tested. Specimen S109 was welded at the same speed 
as S105, but at a lower pressure. A microhardness test in 
the area of the joint showed that the resulting hardness was 
between the results of specimens S105 and S101. To explain 
the above relationship, the number of rotations made by the 
specimens during friction was calculated on the basis of the 
changes in rotational speed recorded by the machine. The 
rotations were counted from the moment of intra-specimen 
contact until the machine spindle stopped. The result showed 
that the lowest number of rotations (25.8) was assigned to 
the specimen with the best joint parameters (S105). Increas-
ing the speed up to 20,000 rpm in the S101 trial increased 
the number of rotations to 37.3. As expected, the specimen 
with intermediate joint properties (S109) made more rota-
tions (34.4) than specimen S105. In this test, the lower pres-
sure reduced the friction torque, and consequently increased 
the friction time. In conclusion, there is a clear relationship 

Fig. 12  EBSD maps showing recrystallized fraction (a) and (d) IPF coloring (b, e) and frequency of recrystallized  (c, f), substructured and 
deformed grains of, respectively, joints R106 and S105
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between the number of rotations and the decrease in micro-
hardness in the joint area. Increasing the number of rota-
tions performed during friction reduces the microhardness 
in the joint area. The tests conducted showed that, for short 
friction times, both the real friction time and the number of 
rotations performed by the specimens are the result values, 
and depend mainly on the rotational speed and pressure set.

During friction welding, the heat is generated in the stir 
zone and adjacent material inducing certain microstructural 
changes. The processes taking place in the material are usu-
ally attributed to dynamic recrystallization and recovery 
[36]. The latter phenomenon is also considered to be respon-
sible for softening of the material in the weld zone, as due 
to relatively high stacking fault energy of the copper it is 
likely to occur. Moreover, due to recrystallization, the grain 
coarsening is observed, which lowers mechanical proper-
ties. Such softening of the materials was observed in all the 
welds investigated, yet depending on the processing condi-
tions and geometry of contact surface, to various extent. 
In terms of preserving high mechanical properties, shorter 
friction time and lower number of rotations is beneficial, 
as joint S105 and R106 are characterized by significantly 
smaller decrease of microhardness than others. Those pro-
cessing parameters proved to be also of utmost importance 
for sustaining UFG microstructure. The S105 specimen weld 
zone, exposed to lower number of rotations, is characterized 
by equiaxed ultrafine grains with high fraction of HAGBs, 
whereas of S101 specimen the grain size increases without 
significant reducing of HAGBs, which indicates that due to 
heat activated processes dislocations creating LAGBs are 
annihilated. Similar microstructure was observed in other 
studies and was attributed to the continuous dynamic recrys-
tallization and recovery, caused by the heat supplied during 
welding [37].

5.2  Comparison with other studies

In Fig. 13, the percentage of microhardness reduction is 
shown for FSW processes carried out on pure coarse-grained 
or UFG copper. In every study presented, the values that 
result are strongly dependent on the processing condi-
tions, which have a decisive influence on the properties of 
the joints obtained, which is also visible in this study. The 
higher the energy input during welding, the more significant 
the microhardness change. In the present study, a high rota-
tional speed n lead to a drop in the microhardness of UFG 
copper in the joint area to a value approaching that of the 
conventional, coarse-grained material. Decreasing rotational 
speed resulted in an increased microhardness of the joint.

The lowest decrease in microhardness obtained in the 
present study, as well as in those cited, was about 10%. 
These results indicate that DD-RFW is an attractive method 
for joining rods, since it makes it possible to obtain results 

similar to those from FSW, currently considered to be one 
of the most promising methods.

6  Conclusions

The results obtained indicate the great potential of the RFW 
method in UFG copper welding, since they prove that, using 
DD-RFW, it is possible to produce joints without a signifi-
cant deterioration in the mechanical properties of the mate-
rial. Using extremely short welding times, it is possible to 
acquire continuous joints with a hardness loss of about 10%. 
Based on our research, the following conclusions on achiev-
ing good quality joints can be formulated:

• The classic strategy for friction welding needs to be 
changed when a UFG metal is welded on a conventional 
DD-RFW machine

• Due to the extreme parameters of the welding process, 
the use of UFG copper rods with a flat contact faces pre-
vents (limits) their full connection.

• To properly connect such rods, conical contact sur-
face should be used. For such specimens, microhard-
ness measurements taken along the joint indicate that it 
deteriorates only near the axis of the sample, the region 
affected by heat for the longest time.

• Changing the initial contact geometry to a cone with slant 
angle of 8° enabled a comparison to be made between the 
impact of rotational speed on the shortening of the cone 
and the changes that resulted in the properties of the UFG 
material.

Author contributions Not applicable.

Fig. 13  Decrease in hardness in the stir zone in comparison with the 
base material (1): [38], (2): [39], (3): [40], (4): [41]
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