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3eaproeanns mepmam — ue memoo 3’cOHAHHS 6 MEEPOOMY CMAHI.
Hozo eurxopucmosyiomv 0na 3’cOHaHHA KPYen020 AnOMiNiI€8020
cmpudcns, aKuil eaxcko niddaemocca 3’eonannto. B oaniii cmammi
Hagedeni BUMIPIOBAHHA MeNHCi MIYHOCME Ma WEeUOKOCMI pOCmY 6MoM-
Hux mpiwun 3’conanns amominiceux cnaaeie A6061 zeaprosannam
mepmsam 3 6esnepepenum npusodom (3TBII). Ilpouec 3THII nposo-
Juecs 3 suKOpUCMAHHAM KpYy2a020 cmpuxcns A6061, o6podrenozo
013 popmyseanis Kyma ckocy i 3 3acMoCY8anHHAM NPOUECY 3AMUCKY
neped emanom ocaoxu. Ha nepyxomomy xpyenomy cmpusicui oopo-
onsnucsa pisni kymu cxocy 0, 30, 45 i 60 epadycis. s 30invmen-
HA MeNHCi MiYHOCME | 3MEHUEHHS WEUOKOCMT POCIY 6MOMHUX MPi-
wun, na 3’conanns 3TBII naxaadanu xpyeni samucxaui. Ipoyec
3THBII nposooduscs 3i weuoxicmio odepmanns 1100 06,/x6, nouamxo-
6010 cunoro cmucnenns 3,9 kH na emani mepms npomsizom 4 cexyno
i sycuanam ocaoxu 28 kH npomszom 60 cexyno. 3pasxu Ppuruyii-
Hux 3eapnux 3’conanv nidoasanucs mexawiuniii oopoodui oaa gop-
MYBAHHA 3PA3KI6 UNPOOYBAHHA HA MedHcYy MiuHocmi i picm emom-
Hux mpiwun. Bunpo6yeanns na picm emomuux mpiuwgun npoeoounucs
3 BUKOPUCMAHHAM KOHCOJIbHO20 POMAUINH020 32UHANBLHO20 6epCma-
ma. Pesyavmamu eunpodyeans noxasyiomv, w0 npu 6UKOPUCMAHHI
HeGeqUK020 Kyma cKocy i Kpyano20 3amuckaia ompumyroms 3’°co-
nanns 3TBII, saxe demoncmpye Givu 6UCOKY MedHCY MIYHOCMIE, HIdC
3’cOnanns 6e3 cxocy abo zamucky. 3pasox 3 kymom cxocy 30 epa-
0ycie i 3amucKom mMae HAUGUWY MeHCY MIUHOCMI | HATHUNCHY WEUO-
Kicmo pocmy émomHux mpiuiun ceped docaioxcenux 3pasxie. JJanui
pesyavmam 00YMoeJLeHUI MEHUL0T0 6UMPAMOI0 MEeNJLA 3A60AKU 6UKO-
PUCMAHNIO HeeAUK020 00HOCMOPOHHL020 CKOCY 3 080MaA CmMAdisi-
Mu naacmuunoi depopmauii 6 npouyeci samucky i npouecy ocaoxu
nio wac 3THII. Illeudxicmo pocmy 6mMOMHUX MPiwWUH MAKONC Ni0-
meepoNCYeMvCs MAKpo- i pacmpoeoio eneKmpoHHol0 MIKPOCKONielo
nosepxons pyiinyeanns. 06aacmv pocmy 6MoOMHUX MPIUUN Y 3paA3Ka
3 BUCOKO010 Medicero MIYHOCMI wupuie, HIJC Y 3pA3Ka 3 GLbU HUZBKOTO
Mmedcero miynocmi. Taxosc na noeepxui pyiinyeanmns 3paska 3 Haueu-
wero mexHcero MiuHOCmI i HAUMEHWOI0 WEUOKICMIO POCMY 6MOMHUX
mpiwun, a came 3pasxa, wo mae kym cxocy 30 epadycie 3 samuckom,
Oinbw wimxo cnocmepizatomocs 6oposenku

Kmouoei croea: amominiil, 36aprosanis mepmam 3 6eanepepenum
npueoooM, MeHca MIUHOCMI, WEUOKICHb POCMY GMOMHUX MPIUUH,
noeepxHs pyunyeanns
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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



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 AIST 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 AIST 2205-AIST 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 ZrssAl1NisCugy (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.m'/?,

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.



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
CI?CI?IIE:_ Weight % CS;E‘E:_ Weight % Cr(l);?t): 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.
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Fig. 2. Stationary friction-welding specimen with 30-degree
of chamfer angle (unit: mm)
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Fig. 3. Stationary friction-welding specimen with 45-degree
of chamfer angle (unit: mm)
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g. 4. Stationary friction-welding specimen with 60-degree
of chamfer angle (unit: mm)

The CDFW process was performed using a lathe

1510

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

&2010.1

of friction time, the lathe machine was stopped, and
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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
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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
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b

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)

of 0degrees). 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.



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 AW 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.
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Fig. 5. Specimen for the tensile strength testing
of the friction weld joint [15]
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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, AK,
may be evaluated using Equation (1) when the stress ratio,
R=-1, as occurs in the cantilever rotary bending fatigue
testing machine [14].

AK =F,-c,\1-b, (1)
where 6, is the stress amplitude (Gmaximum—Cminimum), & 1S
the crack depth, and the modification factor, Fyis 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 AK
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
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1+0.05  specimens (Fig. 9, b). For the specimens with

15010.2

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

Electrical Motor
Flexible Coupling Fatigue
Bearing Chuck Specimen
Shaft

Load

Fig. 7. Schematic diagram of the cantilever rotary bending test machine

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, ¢). 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

Bearing



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.

i 7

c d

Fig. 9. Friction weld joint of A6061:
a — no chamfer, without a clamp; 6 — no chamfer, using
a clamp; ¢ — 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.
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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 AK 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, AK.
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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 Image] software.

fer angle is 4.154 mm?, 3.55 mm?, 7.45 mm?, 4.007 mm?
3.68 mm?, 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.

The fatigue fracture area of the ¢ ? ¢
specimen with no chamfer with Fig. 14. Photos of the macro fracture surface of the specimens:

clamping and no clamping, 30 de- a — Fracture surface of 0 degrees chamfer specimen without clamping; b — Fracture
grees chamfer angle, 45 degrees surface of 0-degree chamfer specimen with clamping (WC); ¢ — 30 degrees WC;

chamfer angle, 60 degrees cham-

d— 45 degrees WC; e — 60 degrees WC

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; ¢ — Fatigue fracture surface in the middle fracture
surface; d — Fatigue fracture surface near static/final fracture. (Black arrow is fatigue crack growth direction)



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; ¢ — Fatigue fracture surface in the middle fracture
surface; d — Fatigue fracture surface near static/final fracture. (Black arrow is fatigue crack growth direction)

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; ¢ — Fatigue fracture surface in the middle fracture
surface; d — Fatigue fracture surface near static /final fracture. (Black arrow is fatigue crack growth direction)

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, ¢, 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, ¢). 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.



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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3acmocysanns cywachux nPuKIAOHUX Komn’iomep-
HUX NPOZPAM POSWUPIOE MONCTIUBICIG NPOBEOEHHS MHO20-
KOMNOHEmMH020 CMAMUCMU1H020 AHANI3Y 6 Mame-
pianosnascmei. B pobomi posensnymo npouedypy
3acmocyeannss mMemooy MHONMCUHHOZ0 KOPeAsuiliHo-pe-
epecitinozo ananizy 0Ons 00CHioNcenHs i modentoean-
Ha 6azamoaxmoprux 36’°a3xi6 Qizuunux xapaxmepuc-
mux y xkpucmaniunux cmpyxmypax. Posensno 3oiiicueno
HA NPUKAA0i MOHOKPUCMAJIE HeNe208aH020 apceHioy
eanito. Y 6uxonHamomy cmamucmuuHoOMy aHanizi 0ye
3adianuil Komnaekc i3 cemu Qizuunux xapaxmepuc-
mui, OMpuUManux HepYUHIHUMU MemOOAMU O KONCHOT
3 32 mouox 6300621 diamempa KpucmanitHoi naacCmunu.
Macue danux 00Cai0ICYBABCA MEMOOAMU MHONCUHHOZ0
Kopeasuiinozo ananisy. Byna nodydosana pospaxynxo-
6a Mooeas peepeciiinozo ananizy. Ha i ocrosi 3 euxopuc-
mannam npoepam Excel, STADIA i SPSS Statistics 17.0
npogedeno cmamucmuuny o0pooKy Oanux i ananimuu-
He 8UBUEHHS 63AEMO36°A3Ki6 6Cix xapakmepucmuk. Om-
puUMano i nPoananizoBaro pezpeciiini CnieeiOHOUWEHHA
npu eusHauenHi Konyenmpauii ponoeoi domimxu eyzne-
U0, 3ANUWKOBUX MEXAHIMHUX HANPYICEHbL | KOHUeHm-
pauii gonosoi domimxu xpemniro. bByna ecmanoene-
HAa MOJNHCUBICM KOPEKMHO20 NPOBEIEHH MHONCUHHOZO
CMamucmuuHo20 aHanizy 07 MO0eN06AHHS 6AACMU-
eocmeil kpucmana GaAs.

Busisneno Ho8i 63aem038’a3Ku Midic napamempa-
mu xpucmana GaAs. Bcmanoeneno, wo xonuenmpa-
uin porosoi domiwxu Kpemniro noe’szana 3 eaKamcii-
HUM CKIA0OM Kpucmana i 3HA4eHHAM KOHueHmpauii
uenmie EL2. Taxoosc écmanosneno giocymmuicmo 36°43ky
KOHUeHmMpayii KpemHito 3 GeIUMUHOI0 3ATUMKOBUX MeXa-
Hiunux nHanpyxcens. Ii paxmu i mepmiuni ymosu op-
MYGaHHs MouKoBGuUx dedexmie npu sUPoOUYEanHi MoHO-
Kpucmanie ceiduamv npo eidcymuicmo nepepo3noodiny
Qonosux domiwox 6 npoueci 0xon00xcenna Kpucmaia
Henezoganozo GaAs.

Buxopucmanns memooy MHONCUHHO20 peepeciiiio-
20 ananizy 6 mMamepiano3Haécmei 00360J€ He Milb-
Ku modentosamu dazamoaxmopii 36’a3xu 6 OiHapHux
Kpucmanax, a i 30ilicH06amu cmoxacmuiie Mooenio-
8aHH PAKMOPHUX cUCTeEM 3MIHHO20 CKAA0Y

Kmouoei cnosa: xopensyiiino-pespeciiinui ananuis,
MHOJNCUNHA pezpecii, apcenid eanito, Kpucmanitna
cmpyxmypa
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1. Introduction

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



