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Зварювання тертям – це метод з’єднання в твердому стані. 
Його використовують для з’єднання круглого алюмінієвого 
стрижня, який важко піддаєтьсся з’єднанню. В даній статті 
наведені вимірювання межі міцності та швидкості росту втом-
них тріщин з’єднання алюмінієвих сплавів A6061 зварюванням 
тертям з безперервним приводом (ЗТБП). Процес ЗТБП прово-
дився з використанням круглого стрижня A6061, обробленого 
для формування кута скосу і з застосуванням процесу затиску 
перед етапом осадки. На нерухомому круглому стрижні обро-
блялися різні кути скосу 0, 30, 45 і 60 градусів. Для збільшен-
ня межі міцності і зменшення швидкості росту втомних трі-
щин, на з’єднання ЗТБП накладали круглі затискачі. Процес 
ЗТБП проводився зі швидкістю обертання 1100 об/хв, початко-
вою силою стиснення 3,9 кН на етапі тертя протягом 4 секунд 
і зусиллям осадки 28 кН протягом 60 секунд. Зразки фрикцій-
них зварних з’єднань піддавалися механічній обробці для фор-
мування зразків випробування на межу міцності і ріст втом-
них тріщин. Випробування на ріст втомних тріщин проводилися  
з використанням консольного ротаційного згинального верста-
та. Результати випробувань показують, що при використанні 
невеликого кута скосу і круглого затискача отримують з’єд-
нання ЗТБП, яке демонструє більш високу межу міцності, ніж 
з’єднання без скосу або затиску. Зразок з кутом скосу 30 гра-
дусів і затиском мав найвищу межу міцності і найнижчу швид-
кість росту втомних тріщин серед досліджених зразків. Даний 
результат обумовлений меншою витратою тепла завдяки вико-
ристанню невеликого одностороннього скосу з двома стадія-
ми пластичної деформації в процесі затиску і процесу осадки 
під час ЗТБП. Швидкість росту втомних тріщин також під-
тверджується макро- і растровою електронною мікроскопією 
поверхонь руйнування. Область росту втомних тріщин у зразка 
з високою межею міцності ширше, ніж у зразка з більш низькою 
межею міцності. Також на поверхні руйнування зразка з найви-
щею межею міцності і найменшою швидкістю росту втомних 
тріщин, а саме зразка, що має кут скосу 30 градусів з затиском, 
більш чітко спостерігаються борозенки

Ключові слова: алюміній, зварювання тертям з безперервним 
приводом, межа міцності, швидкість росту втомних тріщин, 
поверхня руйнування
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1. Introduction

Friction welding is one of solid-state joining methods. 
The friction welding method was first patented in the 
1890s [1]. The method utilized an opportunity to generate 
heat using friction on both surfaces of metals and to make 
metallic joint [1]. The most common form of friction welding 
is rotary friction welding; others include linear friction weld-
ing, friction stir welding, and orbital friction welding. There 
are two kinds of rotary friction welding, which are known 
as continuous friction welding or continuous drive friction 
welding and inertia friction welding. In the continuous drive 
friction welding (CDFW) method, the energy to produce 
friction at the interface is continuously supplied by an elec-
tric motor with a constant rotational speed. In the case of the 
inertia welding method, the energy to produce friction is de-
rived from a flywheel, which provides inertial energy storage, 

running at a predetermined initial speed. CDFW is a type of 
friction welding process for joining a round metal bar in the  
solid-state, which uses friction at the surface contact to gene
rate heat and produce metallic joint. The CDFW technique 
uses one rotating part together with a stationary part that 
receives a compression force. When the compression force is 
applied to the stationary part, the coalescence of the rotating 
and the stationary parts yields friction and generates heat at 
the interface. The heat that occurs at the interface softens 
both parts and produces a flash that comes out from the 
interface, which can clean the interface. As the flash formed, 
the rotating part is stopped, and a higher final compressive 
force is applied to form a metallic joint at the interface of the 
specimens [2, 3]. 

The A6061 alloy is one of the aluminum alloys that con-
tain magnesium and silicon. A6061 is usually available in 
the form of plates, round bars, and pipes. It is widely used to 
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fabricate light structures, machine components, rail trans-
portation components, and aircraft structures [4]. Joining 
round bars of aluminum alloys such us A6061 is difficult with 
the fusion welding method, due to the existence of brittle 
aluminum oxide together with the high thermal conductivity 
that prevents the heat at the interface from being sufficiently 
concentrated on melting the area to be joined [5]. A friction 
welding method such us CDFW is usually used in order to 
overcome the problems with joining aluminum. The process 
takes a short time and produces flash at the interface of 
the two specimens that have been joined [6]. Studying the 
friction welding of round metal bars is essential to produce 
stronger friction welding joints, especially for aluminum 
alloys such us A6061. 

Therefore, the studies are devoted to improving the me-
chanical properties of friction weld joint of aluminum such 
as tensile strength and fatigue crack growth by modifying 
the process of friction welding or the specimen geometry. 
The expected result of the studies is the aluminum friction 
weld joint that has a higher tensile strength compared to the 
conventional method and slower fatigue crack growth rate 
so that it can be more resistant towards static and dynamic 
loadings.

2. Literature review and problem statement

In order to produce good quality of the CDFW joint, the 
essential parameters of the friction welding process are fric-
tion time, friction pressure, upset time, upset pressure, and 
rotation speed [7]. In the paper, it is found that certain fric-
tion times and friction pressures can yield maximum tensile 
strength of friction weld joint of AISI 1040 [7]. Meanwhile, 
the use of chamfer of the specimen as another parameter of 
the friction welding process to make friction welding joint 
between Al-Mg-Si/SiC composite can increase the strength 
of the CDFW joint of the Al-Mg-Si/SiC composite [8]. Be-
sides, the geometry of the specimen, such as a double cham-
fer [9] or one-sided chamfer [10], could also increase the 
tensile and torsion strength of CDFW joints of the aluminum 
A6061. A smaller chamfer angle could increase the strength 
of CDFW joint because the use of the chamfer angle can 
decrease the initial friction area and reduce the mechanical 
heat input at the interface of the CDFW joints. The use of 
one-sided chamfer on the specimen is preferable in terms of 
shorter preparation time [10].

As well as the static strength of the friction weld joint, 
such as tensile and torsion strength, it is essential to study 
the fatigue strength and fatigue crack growth rate of the 
friction welding joint. Fatigue is a failure that occurs due to  
a fluctuating load over long periods. Under this condition, 
the failure may occur even under stress that is below the yield 
strength of the materials [11]. Under fluctuating loading, 
which causes fluctuating stress on the defects present in ma-
terials, the defects act as stress concentrators. It can initiate 
a fatigue crack that may grow until it causes a final fracture. 
Therefore, research on the fatigue of friction weld joints 
is essential. The paper [12] reported the fatigue test using 
an Ono-type of rotary bending test and a cantilever rotary 
bending test with a notch on samples of friction weld A6061. 
It is found that the specimens fractured at the softened area 
or heat affected zone in the tensile strength and fatigue test. 
It appears that the structure at the weld interface influenced 
fatigue strength in the cantilever type test. A sound friction 

weld joint could be achieved if either the deformation heat 
input in the upset stage or the upset burn-off length exceeded 
a certain value [12]. The paper [13] reported the effect of 
friction welding on the fatigue properties of dissimilar fric-
tion weld joint of AISI 2205-AISI 1020. It was found that 
friction welding parameters, such as rotation speed, friction 
time, forging time, friction pressure, and forging pressure, 
affected the strength and fatigue properties of the joint. Se-
lected parameters of the friction welding process can improve 
the fatigue properties of the friction weld joints of dissimilar 
steel [13]. In addition, the research was conducted on the 
very high cycle fatigue characteristic of the bulk amorphous 
alloy of Zr55Al10Ni5Cu30 (in at. %) by performing fatigue 
testing using cantilever rotary bending test with a frequency 
of 52.5 Hz and stress ratio of –1 [14]. The crack initiated on 
the surface of the specimen and fatigue fractures could be 
clearly observed in the zone of stable fatigue crack growth. 
Stress intensity factors were also calculated during fatigue 
crack growth, and it was found that the fracture toughness 
of the bulk amorphous alloy was around 20–29 MPa.m1/2.

As mentioned in previous research, the friction weld-
ing process is commonly conducted without a chamfer on 
the specimen and yields flash at the interface. The flash of 
the friction weld joint must be removed by a machining 
process that needs more time. It is the shortcoming of the 
conventional method of friction welding. Moreover, the use 
of no chamfer on the friction area will give high friction and 
resulting high heat input at the interface. To overcome these 
shortcomings, the friction welding process can be modified 
by using a one-side chamfer angle of the stationary specimen 
so that the initial friction area is less and can lower the initial 
heat input during friction welding. Besides, adding another 
process such as the clamping process at the interface can be 
able to reduce the flash. It is thought that a one-sided chamfer 
angle was applied to the stationary specimen. A double clamp 
driven by hydraulic power was used to press the flash at the 
interface after the friction stage, and then the upset pressure 
stage is applied along with the press of the clamp. Due to the 
double effect of plastic deformation on the interface from the 
clamping and the upset stage, it was expected that the tensile 
strength would increase and the fatigue crack growth rate 
would be slower with less flash at the interface of the friction 
weld joint. Most research is performed in no chamfer speci-
men and with the existence of the flash at the interface and 
there is no report about the effect of one-side chamfer angle 
and clamping stage on the tensile strength and fatigue crack 
growth rate. All this suggests that it is advisable to conduct  
a study on applying a one-sided chamfer angle on the station-
ary friction welding specimen and hydraulic double clamps 
at the interface to increase tensile strength and to reduce 
the flash of the weld joint. This paper reports the effects of  
a one-sided chamfer angle and a clamping process on the 
tensile strength and fatigue crack growth rate of friction weld 
joints of A6061, based on the tensile strength test, fatigue 
crack growth test, temperature measurement and fractogra-
phy of the fracture surface of the specimens.

3. The aim and objectives of the study

The study aims to obtain higher tensile strength and  
lower fatigue crack growth rate of A6061 friction weld joint 
by using a one-sided chamfer angle on the stationary speci-
men and applying an hydraulic clamp to the weld joint.
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In order to achieve the aim, the following objectives were 
accomplished:

– to perform the tensile test of the specimen with clamp-
ing and no clamping during friction welding and to prove 
that the clamping method can increase the tensile strength of 
the weld joints and remove almost all of the flash;

– to conduct testing of fatigue crack growth rate using  
a cantilever rotary bending machine on the round bar of A6061 
friction weld joint, both with clamping and no clamping;

– to make a correlation among the results of tensile 
strength test, fatigue crack growth rate testing, and frac-
tography analysis of the surfaces of fractures caused by the 
cantilever rotary bending fatigue loading.

4. Material and method of experiment

The material used in this experiment was a commercial 
round bar of aluminum alloys A6061 with a tensile strength 
of 287 MPa. The chemical compositions of A6061 are shown 
in Table 1.

Table 1

The chemical compositions of aluminum alloys A6061

Compo-
nents

Weight %
Compo-

nents
Weight %

Compo-
nents

Weight %

Al 97.95 Fe 0.272 Mn 0.020

Mg 0.808 Cu 0.171 Cr 0.065

Si 0.652 Zn 0.024 Others 0.038

The bulk round bar of A6061 with a diameter of 22 mm 
was cut using a power hacksaw and coolant. First, CDFW 
specimens were prepared according to Fig. 1–4 by machin-
ing with a CNC TU-2A machine. Fig. 1, a, b show a rotating 
specimen with no chamfer and stationary specimen with no 
chamfer, respectively. Meanwhile, Fig. 2–4 show the rotating 
specimens with chamfer angles of 30, 45, and 60 degrees, 
respectively. The term «one-sided chamfer specimen» means 
that the stationary part has a chamfer while the rotating part 
has no chamfer.

 
Fig. 2. Stationary friction-welding specimen with 30-degree 

of chamfer angle (unit: mm)

 
Fig. 3. Stationary friction-welding specimen with 45-degree 

of chamfer angle (unit: mm)

 
Fig. 4. Stationary friction-welding specimen with 60-degree 

of chamfer angle (unit: mm)

The CDFW process was performed using a lathe 
machine. The first step was to rotate the specimen 
at 1,100 rpm while applying a compression force of 
3.9 kN to the stationary specimen. After 4 seconds 
of friction time, the lathe machine was stopped, and 
the interface of the CDFW joint was clamped with 
a manual hydraulic pump for 10 seconds. Finally, 
a compressive force of 28 kN was applied to the 
stationary specimen for 60 seconds. As the CDFW 
process ended, before the specimens were removed 
from the chucks, the specimens were allowed to 
cool in air. For comparison, the clamping process 
and no-clamping stage were applied only on the 
specimen without a chamfer angle (chamfer angle 
of 0 degrees). The specimen with no chamfer is 
commonly used and is better able to demonstrate 
whether a clamped or non-clamped specimen ex-
hibits better tensile strength or other mechanical 
properties. During the CDFW process, a K-type 
thermocouple was attached to the stationary speci-
men at a distance of 20 mm from the CDFW joint to 
measure the maximum temperature of the specimen. 
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Fig. 1. The geometry of friction welding specimens: a – rotating 
friction-welding specimen; b – stationary friction-welding specimen 

with no chamfer, e. g., a chamfer angle of 0 degrees (unit: mm)
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After all the CDFW specimens were welded, the specimens 
were machined for tensile strength testing with the geometry 
shown in Fig. 5, based on the AWS standard [15]. Specimens 
for cantilever rotary bending fatigue testing were machined 
based on Fig. 6 [16].

Fig. 7 shows the schematic diagram of a cantilever rota-
ry bending fatigue test machine, with the fatigue specimen 
attached to the chuck and a bending load applied to the 
opposite end. The electric motor has a revolution speed of 
1,400 rpm for fatigue testing.

A slit with a length of 2.5 mm, a depth of 0.8 mm, and  
a width of 0.2 mm was introduced in the weld joint of the 
fatigue specimen using an electrical discharge machine. All 
fatigue specimens were polished using emery papers with 
grades of #800, #1,200, and #2,000, subsequently. At the final 
stage of polishing, the center of the fatigue specimens was 
polished using autosol.

A fatigue loading of 26.4 MPa, equal to 12 % of the highest  
tensile strength of the friction weld specimen, was used. 
A macro digital camera was used to capture the crack length 
at 1-minute intervals, and the number of cycles for each crack 
length was recorded. The crack depth was estimated from the 
fracture surface of the specimen. Fig. 8 illustrates a fatigue 
crack growth specimen with a side crack that has a length  
of 2a and crack depth of b. 

 
Fig. 8. Schematic diagram of the fatigue crack growth 
specimen with a surface crack; M : bending moment, 	

b : crack depth, 2a : crack length, d : shaft diameter [14]

The stress intensity factor range (SIFR) of the crack, DK, 
may be evaluated using Equation (1) when the stress ratio, 
R = –1, as occurs in the cantilever rotary bending fatigue 
testing machine [14].

D = ⋅ ⋅K F bI as π , 	 (1)

where sa is the stress amplitude (smaximum–sminimum), b is 
the crack depth, and the modification factor, FI is 0.66. After 
calculating the SIFR, the ratio da/dN between the crack 
propagation (da) and the number of cycles (dN) was calcu-

lated. The relationship between da/dN and DK 
was plotted in order to evaluate the fatigue crack 
growth rate.

Images of the fracture surface of the fatigue 
specimens were captured using a digital camera. 
For more in-depth analysis, a scanning electron 
microscope was used to observe the fracture 
surfaces of the fatigue crack growth specimens.

5. Results of the experiment

Fig. 9 shows friction weld joints obtained for 
various experimental conditions. The black line 
near the interface was drawn with a black marker 
for the positioning of the hydraulic clamp. The 
specimen with no chamfer and no clamping had 
flash surrounding the interface (Fig. 9, a); how-
ever, in the specimen with no chamfer, the clamp 
pushed nearly all of the flash to both sides of the 
specimens (Fig. 9, b). For the specimens with 
clamping, nearly all of the flash was removed 
to the sides of the specimen. For example, the 
specimen with a chamfer angle of 30 degrees was 
almost clean of flash (Fig. 9, c). The flash size of 
the specimens increased as the chamfer angle was 
increased. However, the flash did not surround 
the weld joint but instead was moved to the two 
sides of the weld joint, making easier to remove 
compared to the specimen without clamping.

The tensile strength test demonstrated that 
the specimen with no chamfer and no clamping 
had lower tensile strength than the one with no 
chamfer that was clamped, as shown in Fig. 10.  
The maximum tensile strength among the CDFW 
specimens occurred in the specimen with a cham-
fer angle of 30 degrees. It can be seen that the 
larger the chamfer angle, the lower the tensile 
strength of the CDFW specimen (Fig. 10). The 

 
Fig. 5. Specimen for the tensile strength testing 	

of the friction weld joint [15]

 
Fig. 6. Cantilever rotary bending fatigue testing specimen [16]

 

Fig. 7. Schematic diagram of the cantilever rotary bending test machine
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lowest tensile strength occurred in the specimen with no 
chamfer (chamfer angle of 0 degrees). Notably, the CDFW 
joints specimens that underwent hydraulic clamping had 
higher tensile strength than the specimen with no chamfer 
and no clamping.

  
 

  

а

c

b

d

Fig. 9. Friction weld joint of A6061: 	
a – no chamfer, without a clamp; b – no chamfer, using 	

a clamp; c – 30-degree chamfer, using a clamp; 	
d – 45-degree chamfer, using a clamp

The results of the temperature measurement near the 
weld joints are shown in Fig. 11. The temperatures of the 
CDFW joint were all approximately 200 °C, which is slightly 
higher than the recrystallization temperature of aluminum 
A6061. For the specimens without a chamfer, the tempera-
ture of the clamped specimen was higher than that of the 
specimen without clamping. The maximum temperature near 
the weld joint for the chamfered specimens was lower than 
that of the specimen without a chamfer. The specimen with 
a chamfer angle of 30 degrees was found to have the lowest 
temperature.

 
Fig. 10. Tensile strength of CDFW specimens with various 

chamfer angles

 
Fig. 11. Maximum temperature near friction weld 	

joint (WC: with Clamping)

Fig. 12 shows the relationship between the crack length 
and the number of cycles obtained from fatigue crack growth 
testing using a cantilever rotary bending fatigue machine. The 
graph shows that the clamped specimen with a chamfer angle 
of 30 degrees took the largest number of cycles for the crack to 
grow, followed by the specimen with a chamfer angle of 0 de-
grees, 45 degrees, 60 degrees, and 0 degrees without clamping. 
Fig. 13 shows the relationship between the calculated values 
of da/dN and DK of the CDFW specimens. Based on equa-
tion (1), the same bending stress, the same crack length, and 
depth will give the same stress intensity factor range, DK. 

 
Fig. 12. Relationship between crack length, 2a and the cycles of the fatigue crack, N
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Fig. 13. Relationship between fatigue crack growth rate, 	

da/dN and stress intensity factor range DK

Fig. 13 shows that, for the 
same magnitude of SIFR, the 
crack growth rate (da/dN) was 
the slowest for the specimen with 
an angle of 30 degrees, followed 
by 0 degrees with clamping, 45 de
grees, 60 degrees, and 0 degrees 
without clamping.

Fig. 14 shows the fracture sur-
faces of the various specimens. 
Two regions are visible: the fa-
tigue fracture region and the 
static fracture region. The fatigue 
fracture region has a smooth and 
flat appearance arising from the 
initial slit. The static fracture re-
gion occurs when the specimen 
can no longer withstand the ro-
tary bending fatigue loading and 
suffers a final fracture caused by 
the maximum bending stress. 
The fatigue fracture areas were 
measured using ImageJ software. 
The fatigue fracture area of the 
specimen with no chamfer with 
clamping and no clamping, 30 de-
grees chamfer angle, 45 degrees 
chamfer angle, 60 degrees cham-

fer angle is 4.154 mm2, 3.55 mm2, 7.45 mm2, 4.007 mm2, 
3.68 mm2, respectively. It is found that the specimen without 
a chamfer, the area of the fatigue fracture region for the spec-
imen without clamping, is smaller than that of the specimen 
with clamping. For the chamfered specimens, the widest 
fatigue fracture area is found on the CDFW specimen with  
a chamfer angle of 30 degrees. This implies that the fatigue 
crack propagated for a more extended time before the final 
static fracture occurred.

Fig. 15–17 show the scanning electron microscope (SEM)  
images of the fracture surfaces of the specimens with no 
chamfer, both without and with clamping, and the speci-
men with a chamfer angle of 30 degrees. Each figure shows 
a low-magnification image of the fracture surface and  
1000x magnification images for three locations: near the 
initial slit, in the middle, and near the end of the fatigue frac-
ture surface. The black arrow shows the direction of fatigue  
crack growth. 

  
 

   

Static Fracture 

Initial slit 
Fatigue 

Fracture 

Static Fracture 

Initial slit Fatigue 
Fracture 

Initial slit 

Static Fracture 

Fatigue 
Fracture 

Fatigue 
Fracture 

Initial slit 

Static 
Fracture 

Fatigue 
Fracture 

Initial slit 

Static 
Fracture 

c d e

ba

Fig. 14. Photos of the macro fracture surface of the specimens: 	
a – Fracture surface of 0 degrees chamfer specimen without clamping; b – Fracture 

surface of 0-degree chamfer specimen with clamping (WC); c – 30 degrees WC; 	
d – 45 degrees WC; e – 60 degrees WC

 
 

 

c 
d

b Intial slit 

 
 

 

c 
d

b Intial slit 

a cb d

Fig. 15. SEM images of the fracture surface of the specimen with chamfer angle of 0 degrees without clamping: 	
a – Overall SEM fracture surface; b – Fatigue fracture surface near slit; c – Fatigue fracture surface in the middle fracture 

surface; d – Fatigue fracture surface near static/final fracture. (Black arrow is fatigue crack growth direction)
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From Fig. 15–17, it can be observed that the specimen 
with the lowest fatigue crack growth rate has the widest fa-
tigue fracture region. In the low-magnification images, it can 
be seen more clearly that the fatigue fracture area is flatter 
than the static fracture region. Under higher magnification, 
it is evident that the fatigue fracture surface of the specimen 
with a chamfer angle of 30 degrees has a flat fracture surface 
with clearer striation (Fig. 17, c, d). Near the static fracture, 
the SEM images show dimples in the surface, which indicate 
that static fracture occurred at the site (Fig. 16, d). The fatigue 
fracture has a different appearance in every specimen. It is sup-
posed that the different microstructures in the fractured area 
appear as a result of the different friction welding conditions, 
which are affected by the chamfer and the clamping condition.

6. Discussion of the experimental results

The results of the experiments show that the use of 
hydraulic clamping can remove nearly all the flash at the 
weld joint, particularly for the specimen with a one-sided 
chamfer angle of 30 degrees. It might occur due to the use 
of two clamping blocks that formed a half-circle. When the 
hydraulic piston pushed the two blocks that press the flash 
of the weld joint, the flash was moved to the two sides of 
the weld joint, where two blocks of the die clamp meet. In 
the case of the specimen with a chamfer angle of 30 degrees, 
the presence of a valley at the interface meant that the flash 
filled the valley, and only a small volume of flash came out of 
the interface. When the two blocks of the clamp pressed the 
flash, only a very small portion of flash remained on the weld  

joint (Fig. 9, c). Thus, the chamfer angle contributes to minimiz-
ing the flash compared to the specimen without a chamfer angle.

Introducing clamping and a one-sided chamfer angle 
yielded CDFW joints with higher tensile strength. The 
clamping process was applied before the upset stage, so the 
weld joint endures two types of plastic deformation caused 
by the lateral compression from hydraulic powered clamping 
and the upset pressure. Two types of plastic deformation 
could in turn double the effect of strain hardening on the 
weld joint, increasing the tensile strength of the CDFW 
joint. Meanwhile, a smaller chamfer angle, e. g., 30 degrees, 
leads to a smaller initial friction area, so that the temperature 
of the specimen is lower (Fig. 11). The lower temperature at 
the weld joint produces less softening of the aluminum, and 
thus, the tensile strength of the weld joint increases.

Specimens with higher tensile strength also exhibited 
higher fatigue strength and resistance. Thus, the specimen 
with maximum tensile strength, with a chamfer angle of  
30 degrees, had the lowest fatigue crack growth rate. Macro 
observation of the fracture surface and SEM images confirmed 
that the fatigue fracture area of the specimen with higher ten-
sile strength was wider than that of the specimen with lower 
tensile strength (Fig. 14). It is thought that a higher degree 
of plastic deformation due to the clamping and upset pressure 
during the CDFW process produces a higher density of dis-
locations, which can increase the tensile strength of the weld 
joint. Different microstructures in the weld joint resulting 
from the CDFW process affect the appearance of the fatigue 
fracture of the joint. The CDFW joint specimen with the 
higher tensile strength had a wider area of fatigue fracture, 
and a flat fracture surface with clear striation was observed. 
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Fig. 16. SEM images of the fracture surface of the specimen with chamfer angle of 0 degrees with clamping: 	

a – Overall SEM fracture surface; b – Fatigue fracture surface near slit; c – Fatigue fracture surface in the middle fracture 
surface; d – Fatigue fracture surface near static/final fracture. (Black arrow is fatigue crack growth direction)
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Fig. 17. SEM images of the fracture surface of the specimen with chamfer angle of 30 degrees with clamping: 	

a – Overall SEM fracture surface; b – Fatigue fracture surface near slit; c – Fatigue fracture surface in the middle fracture 
surface; d – Fatigue fracture surface near static/final fracture. (Black arrow is fatigue crack growth direction)
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The friction welding using one-side chamfer, the clamping 
process before the upset pressure stage proposed in this study, 
was proved to remove almost all the flash of the weld joint and 
increase the tensile strength of the weld joint. The prospect 
that will be opened up is the opportunity to apply this method 
to increase the strength of the weld joint of other metals be-
sides aluminum. This proposed method has advantages over 
the conventional friction welding on aluminum, such as re-
ported in [9, 10, 12, 17] that produced surrounded flash at the 
weld joint interface that needs more time to remove the flash 
by machining. The proposed method can be an alternative 
solution to remove almost all the flash at the weld joint inter-
face, to increase the tensile strength and to reduce the fatigue 
crack growth rate of the aluminum weld joint. However, the 
limitation of the research is the result of the experiments still 
based on the friction welding process on A6061 aluminum al-
loy and used one variation of friction time and need a hydrau-
lic clamping tool to remove the flash. Because of the one value 
of friction time used, the result of experiments such as tensile 
strength and fatigue crack growth rate can be obtained limited 
in this condition. Therefore, friction welding using a clamping 
method with longer friction time will be conducted in the near 
future to search the higher tensile strength of the friction weld 
joint. Besides, the proposed method will be developed in order 
to remove all the flash at the weld joint interface, but it needs 
to work in designing new dies and clamping tool.

7. Conclusions

1. The tensile strength of the CDFW joint specimen 
using the round bar A6061 with a one-sided chamfer angle 
and clamping was higher than that of the specimen without 

a chamfer or clamping. The maximum tensile strength of 
220 MPa occurred in the specimen with a one-sided chamfer 
angle of 30 degrees that underwent clamping. The hydraulic 
clamping process can increase the tensile strength of the weld 
joint and remove almost all of the flash for the CDFW speci-
men with a one-sided chamfer angle of 30 degrees.

2. Weld joint specimens with the highest tensile strength, 
such as the specimen with a chamfer angle of 30 degrees and 
clamping, showed the slowest fatigue crack growth rate. 
The fatigue fracture area of the specimen with higher tensile 
strength and smaller fatigue crack growth rate is wider than 
that of the specimen with lower tensile strength and faster 
fatigue crack growth.

3. Higher tensile strength and lower fatigue crack growth 
rate in the A6061 CDFW specimen might occur, due to effect 
of small one-sided chamfer angle, which produces a lower tem-
perature near the weld joint and a double effect of plastic defor-
mation on the weld joint from the hydraulic-powered clamping 
process and upset pressure during the CDFW process. The ap-
pearance of the fatigue fracture surface was affected by the state 
during the CDFW process. The fatigue surface of the specimen 
with high tensile strength and lower fatigue crack growth rate 
was flatter, and the striations are found more evident.
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Застосування сучасних прикладних комп’ютер
них програм розширює можливість проведення много
компонетного статистичного аналізу в мате-
ріалознавстві. В роботі розглянуто процедуру 
застосування методу множинного кореляційно-ре-
гресійного аналізу для дослідження і моделюван-
ня багатофакторних зв’язків фізичних характерис-
тик у кристалічних структурах. Розгляд здійснено 
на прикладі монокристалів нелегованого арсеніду 
галію. У виконаному статистичному аналізі був 
задіяний комплекс із семи фізичних характерис-
тик, отриманих неруйнівними методами для кожної  
з 32 точок вздовж діаметра кристалічної пластини. 
Масив даних досліджувався методами множинного 
кореляційного аналізу. Була побудована розрахунко-
ва модель регресійного аналізу. На її основі з викорис-
танням програм Excel, STADIA і SPSS Statistics 17.0  
проведено статистичну обробку даних і аналітич-
не вивчення взаємозв’язків всіх характеристик. От- 
римано і проаналізовано регресійні співвідношення 
при визначенні концентрації фонової домішки вугле-
цю, залишкових механічних напружень і концент
рації фонової домішки кремнію. Була встановле-
на можливість коректного проведення множинного 
статистичного аналізу для моделювання власти-
востей кристала GaAs.

Виявлено нові взаємозв’язки між параметра-
ми кристала GaAs. Встановлено, що концентра-
ція фонової домішки кремнію пов’язана з вакансій-
ним складом кристала і значенням концентрації 
центів  EL2. Також встановлено відсутність зв’язку 
концентрації кремнію з величиною залишкових меха-
нічних напружень. Ці факти і термічні умови фор-
мування точкових дефектів при вирощуванні моно-
кристалів свідчать про відсутність перерозподілу 
фонових домішок в процесі охолодження кристала 
нелегованого GaAs. 

Використання методу множинного регресійно-
го аналізу в матеріалознавстві дозволяє не тіль-
ки моделювати багатофакторні зв’язки в бінарних 
кристалах, а й здійснювати стохастичне моделю-
вання факторних систем змінного складу

Ключові слова: кореляційно-регресійний аналіз,  
множинна регресія, арсенід галію, кристалічна 
структура
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1. Introduction

There is no doubt that in modern materials science 
modeling of the structural properties of crystals occupies 

a fundamentally important place in the process of improv-
ing the technologies for their preparation and application.  
A significant problem in the correct analysis of the structure 
and corresponding physical parameters of crystals is the  


