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The Effect of Channel Depth on Joint Quality in Cu/AISI 1040 Materials Joined by
Mechanical Locking Method

Serdar MERCAN*, Arslan KAPTAN*

Abstract: The aim of this study is to investigate a novel and environmentally friendly method that is an alternative to conventional methods in the production of bi-metallic
products. Bi-metallic products are obtained by joining materials with different physical and chemical properties. As a result, the desired properties of different materials can
be used together. Numerous conventional methods such as welding, casting and pressing are used in the production of bi-metal materials. However, Cu and AISI 1040 steel
materials are almost impossible to be joined by conventional production methods. The original value of this study is that these materials can be joined by a new method, the
Mechanical Locking Method. In the joining process, a constant speed (1400 rpm), a constant feed rate (16 mm/min) and different channel depths (10, 13, and 15 mm) were
used. The effect of the channel depth, one of the physical design parameters, on the joint quality was investigated. The mechanical and microstructural properties of the joint
were determined experimentally. In conclusion, it was determined that the Cu/AISI 1040 material pair was successfully joined by using the Mechanical Locking Method and

the most suitable channel depth was 10 mm.
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1 INTRODUCTION

Bi-metallic products are fabricated by joining
materials with different physical and chemical properties
using various methods. Welding and casting from these
methods are not always suitable for dissimilar materials.
The Mechanical Locking Method (MLM), working based
on the principle of joining materials through plastic
deformation, is an alternative, environmentally friendly
and novel method. This method is used to join different
metal pairs such as copper and steel or aluminium and steel
and also join metals with non-metallic materials such as
ceramics. Thus, different types of materials can be used
together. These bi-metallic applications bring the desired
mechanical and financial advantages of each material type
together.

In the Mechanical Locking Method, a part with high
mechanical properties is designed as mold part (MP) and
the other as reshaped part (RP) among the parts to be
joined. There is a system designed to ensure the friction of
RP at the interface in the conical channel drilled on MP.
Due to sufficient heat obtained as a result of friction as well
as increasing axial force pressure, RP joint metal is
accumulated in the channel through plastic deformation
[1]. Thus, the joint is achieved in a closed mold through
deformation similar to the hot forging process and by
converting mechanical energy into thermal energy [2].
This produces a non-detachable joint. The friction and
upset pressures used in this method are similar to those in
the friction welding method. The flanges forming during
the joining process in the friction welding method are used
for the joint in MLM. The use of waste flanges in joining
processes brings out the environmentalist aspect of the
method. There is no need for additional filling material in
joining processes, as in welding and adhesion methods. No
waste or slag forms after joining. It is a method suitable for
mass production. The method can be used in industrial
applications such as the production of thermal contacts,
thermostats, crusher hammers, and decorative products. On
the other hand, the most important disadvantages of the
method are that the materials to be joined require
preliminary preparation and there is a need for a table
depending on the size of the pieces.

Copper (Cu), designed as RP in this study, is preferred
for explosive-flammable environments due to the fact that
it is high corrosion resistant and it has a paramagnetic [3,
4] and non-sparking structure. It is a metal type whose
alloys have high mechanical properties and are suitable for
plastic deformation. Heat treatment is not applied and it
features hardening as a result of cold forming. The thermal
conductivity of copper is very high compared to steel types.
It has a wide range of application areas together with steel.
Copper and steel-based material pairs benefit from their
thermal and electrical properties in pipe joints to avoid
unwanted heating in cooling systems [5]. When the studies
on the joining of copper and steel pairs by welding and
casting are examined, it is seen that unstable joining and
irregular morphology at the interface form [6] and
mechanical strength reduces [7] in the joining process. In
fact, it is known that high stresses and consequential
damage [8] occur depending on welding defects even in
welded joints of dissimilar steels. Due to the difference in
the thermal expansion coefficients of copper and steel,
cracks occur in the weld zone [9] and the weld strength of
Cu/AISI 304 L austenitic stainless steel joined by friction
welding method is weakened at the interface due to the
presence of intermetallic layers [10, 11]. The analysis of
the welded joint in these materials joined by the diffusion
welding method confirmed the theoretical fracture
conditions [12]. Previous studies have reported that it is
difficult to join copper-steel by laser welding [13]; cracks
occur in the intermetallic layers of copper-steel tubes
joined by electromagnetic welding [14], strength
incompatibility is seen in copper-steel joined by hot
isostatic pressing [15], the coarse grain region forms the
weak point in the joining of Cu and AISI 304 through
electron beam welding [16], and differences in the physical
and chemical properties of the materials make welding
processes difficult [17]. Since the joint is not atomic in
MLM, these problems are eliminated.

The successful applicability of MLM, which was
developed to eliminate the disadvantages of conventional
joining methods, was supported by experimental studies
within the scope of this study. A comprehensive study on
joining of Cu/AISI 1040 materials by this novel and
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environmentally friendly method has not been carried out
so far. Therefore, we think that this study would make
significant contributions to the literature.

2 MATERIAL AND METHOD
2.1 Experiment

The melting temperature and strength of AISI 1040
steel to be joined using MLM are higher than those of Cu.
Therefore, AISI 1040 material was designed as MP and Cu
material was designed as RP. MP and RP were fabricated
on a CNC machine in accordance with the determined
physical design criteria. A Taksan FU 315 x 1250 V/2
milling machine was used for the friction of the samples
along the contact line and the required axial pressure. Fig.
1a shows the schematic view of the experiment and Fig. 1b
shows the experimental procedure. During the experiment,
AISI 1040 material was fixed on the machine table and Cu
was fixed to the rotary head with a clamp. Although the
melting temperature of Cu is about 1100 °C, Cu melts at
about 1400 °C due to the formation of copper oxide on its
outer surface. This requires more heat formation for the
plastic deformation on its outer surface layer. The
researcher waited for 10 s to provide temperature increase
by friction after the contact of the samples at the interface.
Then, the machine was operated at a constant feed rate until
the desired plastic deformation process was completed. At
the end of the process, the machine was suddenly stopped
to prevent possible micro-welded areas from being
ruptured. The heat obtained by converting the mechanical
energy, releasing through friction, into thermal energy was
used at the interfaces of the samples. The RP, plasticized
by the axial pressure, was shaped appropriately in the
conical channel of MP. A mechanical joint was achieved
with a narrow heat-affected zone (HAZ) without using any
additional material throughout the process.
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Figure 1 MLM processes (a) Schematic view of the experient; (b)
Experimental procedure

The joined samples were machined on the milling
machine by the machining method using the coolant up to
the axis of symmetry. Then, they were gradually ground
with 150-2500 grit sandpaper. 3-um and then 1-um
diamond paste was used to polish them. The steel side was
etched with 1% nitric acid and the copper side with 2%
hydrofluoric acid. After macro photos were analysed, the
microstructures in the joint zone were evaluated with
Tescan Mira3XMU SEM device.

Microhardness values were measured to the matrix
from three directions (a, b and ¢) shown in Fig. 2 in the
axial direction perpendicular to the contact line at the
interface of the cross-sectioned samples. The Vickers
hardness measurements were completed using HV-2000
Schimadzu device under 1 kg-f load, with 1 mm intervals
and for a waiting time of 15 s.

Hardness Measurement

Joining Metal 1 Points
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Figure 2 Microhardness measuring / mm

The samples were subjected to tensile tests. Their
mechanical test results were compared. The tests were
completed in Instron 5982 test machine using an
extensometer at a strain rate of 1 x 107 s7!. For better
comparison, the mechanical properties of the base material
(Cu) were identified by preparing a tensile sample in
accordance with DIN 50 125 standards. Fig. 3 shows the
tensile test sample of Cu and the damaged part at the end
of the experiment.

Figure 3 Tensile test sample of RP base material
2.2 Joining Parameters

The heat obtained as a result of friction had a
significant effect on the amount of the material that was
subjected to plastic deformation and on the material flow,
which affects the quality of the joint. Many results such as
the microstructure of the joint area, the defects in the joint
and the extent of these defects vary depending on the heat
and material flow. Therefore, the heat must be selected at
a sufficient level to allow material flow, which is directly
correlated with rpm as reported by the studies [17]. Given
the joining time in the preliminary tests, the experiments
were completed at a constant speed (1400 rpm). In each
sample, the parts were subjected to friction for 10 s before
the feed motion and thus the heat increased.

The feed rate would cause axial pressure. Hence, it is
needed to allow sufficient material flow at plastic
deformation temperature, without any buckling since the
heat produced on the friction materials reduces rapidly
while the materials move away from the friction zone by
forming a flange [18], so the temperature rises on the face-
to-face friction surfaces of the two materials. The RP (Cu)
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material becomes doughy, forms a flange and moves into
the channel while leaving the friction interface under the
effect of axial pressure, and thus begins to cool rapidly
outside the contact surface. Therefore, a layer of material,
which has not yet become dough and has a lower
temperature, comes out at the friction interface.
Temperature to increase requires a time in order to include
this layer in the flange. If the feed rate is kept too high at
this stage, the Cu material with a narrow cross-section in
the conical channel is buckled. Therefore, considering the
preliminary experiments carried out in the light of the
literature, the feed rate was set as 16 mm/min.

Cu and AISI 1040 materials shown schematically in
Fig. 4 were provided as @24 x 175 mm. They were
machined on CNC turning lathe in the dimensions
specified in Tab. 1. The channel depth (h) examined in the
study was prepared in 3 dimensions.

Joining Metal

The samples were damaged due to the joint metal
compressed in the mold as a result of thermal expansion.
Therefore, the height values (Hcu) of the joint metal were
gradually reduced and it was manufactured as smaller than
0.5 mm and successful results were obtained. Tab. 2 shows
the length and volume of the joint metal on Cu and Fig. 5
shows the prepared samples.

Table 2 Dimensions of the joint metal
Channel depth (4) / mm 10 | 13 | 15
Channel mouth diameter (Ja) / mm 13
Channel base diameter (Jb) / mm 18.36 | 19.97 | 21.04
Volume of Conical channel (¥) / mm? 1949.1 | 2815.4 | 3253.8
Height of joint metal (Hc,) / mm 14.7 21.2 26.2

! Re-shaping part I Mold part ]
[a] <l -] m. °
=] &' 5] Q' ‘ e
i ! VY., NSl 1040 i
f—H h -
i - | Figure 5 Dimensions of RP joint metal
Fi 4 Sample di i . .
'gure & Sample dimensions 2.3 Material Properties
Table 1 Dimensions of the samples . . .
S1 2 3 The chemical compositions of the materials were
Channel depth (4) /mm | 10 13 15 determined by spectral analysis and presented in Tab. 3.
Channel base diameter | (o3¢ | 1997 | 204 Tab. 4 shows the mechanical properties of this material
(Jb) / mm ’ ’ ’ air
Mold Part | Nominal diameter (@d) / 24 pair.
(ATST 1040) mm _ " o
Length (/) / mm 73 Table 3 Chemical composition of Cu and AISI 1040 material pair (wt.%)
Connection angle (a) / ° 15 C Mn Si | Cu S Ag P Fe
Channel mouth diameter 13 Cu - ~ - | Bal _ 0.002 } 0.09 | -
(@a)/ mm AISI1040 [ 042 [055[030] - [003] - - [ Bal
Nominal diameter size 24
. (9D) / mm Table 4 Physical properties of Cu and AISI 1040 material [19]
Reshaping ™ T ength () / mm 100 Physical property Cu AIST 1040
art (Cu) Joint metal diameter 13 Density / x 1000 kg/m® 8.94 7.84
(O4) / mm Modulus of Elasticity / MPa 132 200 x 103
Tensile Strength / MPa 300 500-620
: : : Poisson Ratio 0.35 0.28
As shown in Fig. 4, the channel mouth diameter (@) of -
the mold part was 13 mm (Tab. 1) and all samples were Yield Strength | MPa 140 413
R p . A : p Coefficient of Thermal Expansion / 340 13
machined with a joining angle (a) of 15°. To calculate the um/m°C :
volume of the joint metal at RP, the volume of the conical Thermal Conductivity Coefficient / 401 162
channel was determined using Eq. (1). W/mK
Melting Temperature / °C 1083 1454
2
N b a s 3 RESULTS
a h b’ —a inati
- ,[n 2 2 % ey = (1) 3.1 Macrostructure Examination
0 h 2 b a 24
2 2 In samples joined by MLM, a relative motion occurred

The height of the joint metal (H) to fill the frustum
volume of Cu in the mold cavity was calculated by Eq. (2).

Hoy=—— @

RP parts based on the equation were manufactured but
no successful results were obtained in preliminary tests.

between the contact surfaces of the parts by rotating one
part. The axial pressure caused local temperature increases,
as well. These events were repeated until a thermal
equilibration took place on all contact surfaces in a very
short time through thermal conduction [20]. The
plasticized material, forming a flange ring, was provided
by new flanges forming by the material flowing throughout
the channel. After the relative motion was stopped, it
compressed in the mold part and took the shape of the
channel geometry. Fig. 6 shows a macro photo of the
molded samples. The HAZ forming as a result of friction
was more pronounced and wider on the side of AISI 1040
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due to the greater difference between the thermal
conductivity coefficients of the joined metals and the
physical design of the joint. Since the conical channel on
the AISI 1040 side and the Cu joint metal were shaped by
friction on these channel surfaces, a wider HAZ on the side
of AISI 1040 is an expected consequence. This actually
indicates that the HAZ affected the whole of the joint
metal.

The channel depth was 10, 13, and 15 mm in the
samples S1, S2, and S3, respectively. HAZ expanded in
each sample based on the increasing channel depth due to
the increase in the heat generating depending on the
machining time as a result of the increase in the channel
depth. It is known that although the increased channel
depth increases the load-bearing cross-section in the joint,
it also increases the negative effect of HAZ on the
materials.

Figure 6 Macro photos of the sample S1, S2, and S3

The interfacial macro photographs of the samples
showed that all of the plastic deformations occurred on the
Cu side as expected (Fig. 7). The lower melting
temperature and mechanical properties of Cu were the

determinant effects for the deformation zone [21]. During
the plastic deformation process, porosities occurred in all
three samples due to material flow (Fig. 7). This is due to
the fact that the flanges forming the joint metal rapidly
cooled down while moving away from the friction interface
and the desired flow cannot be achieved. Porosities were
visible at the corners of the samples S1 and S3 and in the
inner parts of the sample S2. The interruptions of the flange
flow due to various reasons and the dense mixture caused
by the high rotational speed were the main causes of the
formation of porosities at different points.

Figure 7 Macro photos of the Interface

The samples were progressively machined in 1 mm
passes up to the symmetry axis on the milling machine in
order to examine the distribution of porosities on the joint
metal in detail. The interface macro photos of the sample
S1 (Fig. 8) show the porosities on the surfaces machined
from 8 mm to 12 mm (symmetry axis). The porosities
appeared in different sizes and different regions at each
stage. These porosities were mainly due to the fact that the
Cu material tended to form a circular flange with the
pressure effect, as in friction welding, and thus the material
flow to the sharp corners cannot be fully achieved. They
formed at different points due to a high rotational speed, a
dense mixing, and an irregular flow.

8 mm 9 mm

10 mm 11 mm

12 mm

S1

(Axis of symmetry)
3 Vi ¥

Figure 8 S1 numbered sample joint metal step-section photographs

It has been reported in the literature that in the joining
of dissimilar materials by MLM, cracks appear in the
region where the cross-section becomes narrower and
damage processes begin [22]. However, it was found that
there were no micro and macro cracks in those zones in the
Cu/AISI 1040 material pair. This was considered to be
caused by the lower rates of thermal expansion and
shrinkage depending on the high plastic deformation
capability and high thermal conductivity coefficient of Cu.

However, the differences in thermal expansion
coefficients make it very difficult to weld Cu and AISI
1040 material pair without any crack [9]. The cracks
adversely affect the damage processes of the welded joints
and bring the safety perception into the foreground. It is
considered that safer joints can be achieved in MLM
compared to other joining methods when the parameters
and physical design variables are harmonized with each
other in the investigations due to the low heat input used in
MLM.
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3.2 Microstructure Examination

Fig. 9 shows SEM images of friction and joint
interfaces of all three samples. SEM images clearly show
some porosities that were not identified in macro photos.
The regions with porosity on RP (Cu) in all three samples
were marked. In the literature, it has also been reported that
insufficient thermal and metal flow in friction stir welding
causes porosity in the stirring zone [23]. Similarly,
insufficient/incompatible heat and axial pressure caused
these porosities. The flanges moving away from the
friction interface and progressing in the conical channel
lose heat rapidly, which makes the movement of the
following flanges difficult. This is confirmed by the
relatively less amount of porosity in the sample S3, where
more heat is generated compared to the samples S1 and S2
(Figs. 7, 8, and 9). On the other hand, the structural
complexity caused by the corner points for material flow
caused porosity in these regions of all three samples.
However, it was clearly determined that increased channel
depth increased the amount of porosity for the corner

seu

s

points. The expansion and shrinkage amount of the copper
material clearly increased due to the high thermal cycle
caused by the increased channel depth.

As aresult, the cavities forming at the friction interface
where the heat peaked were 0.2, 0.6, and 1.1 mm in the
samples S1, S2, and S3, respectively. Increasing channel
depth increased larger defective area. Shrinkage in the joint
metals forming the side surfaces in all three samples was at
similar rates since these surfaces were composed of
relatively colder flange layers.

L]

0,2 mm 0,6 mm 1,1 mm

= &
& DS CullifAIs! 1040 oISt 1040

Fige 9 SEM photographs of mples S S and S3 o

AISI 1040 main metal[g

Figure 10 SEM images of Cu and AISI 1040
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Figs 10a, b, and ¢ show SEM images taken from
different points of the joint metal (Cu) in the sample S1.
Fig. 10a shows that its microstructure was very close to the
base metal microstructure. Fig. 10b shows that its
microstructure was partially smaller than the base metal
and was composed of grains orientated due to pressure.
Fig. 10c, shows grains that were excessively subjected to
plastic deformation and orientated. The thermal cycles at
points a and b were sufficient for the Cu material to regain
its original grain structure. However, the flanges forming
the joint metal at point ¢ were the last flanges. Since there
were no other flanges that followed the last flanges, rapid
cooling and sudden solidification caused the grains to form
a finer structure. Similar results were observed in the other
samples.

Figs. 10d and e show SEM images of Cu and AISI
1040 base metal. The average grain size of Cu was
measured as 30 um. Figs. 10f, g, and h show SEM images
of the samples S1, S2, and S3 taken from the same point. In
all three samples, the grain sizes consisted of smaller grains
depending on the increasing channel depth. The average
grain sizes were 23.47, 19.21, and 12.14 pm, respectively.
This difference between the grain sizes was caused by the
thermal cycles described above.

Fig. 11 shows detailed (100, 50, and 20 pum) SEM
images of the sample S3. The images clearly show the grain
orientations caused by plastic deformation.

Figure 12 SEM images a), b) and c) of thé interface of the sanipfe SZ
Elemental change d) Diffused Cu material

In MLM, high diffusion between material pairs is not
expected due to the joint design. However, some diffusion
is possible with the effect of heat and pressure. Fig. 12
shows SEM images of the regions with diffusion in the
sample S2. In the marked areas in the images (Fig. 12d),
the material diffused from Cu to the AISI1040 side was

seen as a layer. Diffusion was more intense at the friction
interfaces compared to the other surfaces (Figs. 12a, b, and
¢). Despite the varying heat amount, it was determined that
the diffusion was similar in the samples S1 and S2, and a
partial increase was observed in the sample S3. This was
caused by the rapid removal of the heated material from the
interface.

" | AISI1040

*Fe

Figure 13 EDX analysis of the sample S2

Fig. 13 shows the EDX analysis done on the sample
S2 to determine the diffusion rate. The amount of mutual
diffusion between both materials was low and partial.
AISI 1040 material contained a low amount of Cu
material due to diffusion.

3.3 Microhardness Measurement

The mean hardness values of the base material were
measured as 186 and 404 HV for Cu and AISI 1040,
respectively. Fig. 14 shows the microhardness
measurements in three directions (a, b, and c). The
hardness in the joint zone was inhomogeneous as stated in
the literature [24].
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Figure 14 Microhardness distributions of the samples S1, S2, and S3

In all three samples, there was no significant change in
the hardness value on the AISI 1040 side compared to the
base material. The slight reduction observed especially in
the sample S3 was caused by the increased Cu diffusion
due to high temperature.

On the side of Cu, the hardness value was close to the
hardness of the base material approximately 8 mm after the
friction interface in the channel. In general, it has been
reported in the literature that a change in the hardness
profile is caused by thermal cycles depending on the
joining parameters [25]. Depending on the thermal input, it
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was clearly noticed that the hardness values measured in
three directions on the side of Cu in the samples S1 and 52
were close to each other and reduced slightly compared to
the base material. This reduction persisted as it was getting
closed to the friction interface. The reduction in hardness
was caused by recrystallization process. In the sample S3,
the hardness of the joint metal increased as it was getting
closed to the friction interface. The heat on the joint metal,
which was excessively subjected to plastic deformation, in
the same sample was higher than the heat of the other
samples. Therefore, the orientated fine grain structure in
the microstructure forming by the flanges (Fig. 11), the
higher mixture compared to the other samples and the
diffusion of AISI 1040 material into some Cu material due
to the rising heat as stated in the literature increased the
hardness values [9].

3.4 Results of Mechanical Test
Fig. 15a shows macro images of the parts which were

joined by MLM and damaged as a result of the tensile test
in this study. Fig.15b shows results of the tensile test.
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Figure 15 Tensile test results a) Macro photo of tensile test results; b) Tensile
test results

Damage on the Cu side, having lower tensile strength,
is an expected outcome. Previous studies have reported that
the damage is associated with fracture in the region where
the cross-section becomes narrower [26]. However, the
damage in all three samples joined in the study was not
associated with fracture, but removal of the Cu sample out
of the channel (Fig. 15a). The time for the complete
removal of the joint metal from the mold varied in parallel
with the depth of the channel.

The lowest stress value was obtained as 138 MPa in
the sample S3 and the highest stress value was obtained as
236 MPa in the sample S1 (Fig. 15b). It was determined
that the mechanical properties of the three samples
degraded by approximately 22%, 27% and 54%,
respectively, based on the base material’s tensile strength
(301 MPa). The primary cause for this degradation was
inhomogeneous flow [27]. On the other hand, the rapid
cooling rate and residual stresses resulting from a large
temperature gradient are known to adversely affect
mechanical properties [28].

Mechanical properties reduced as the channel depth
increased. Although the increased channel depth increased
the volume of the load-bearing joint metal, the load-
carrying capacity reduced with increasing channel depth.
This was due to the fact that the high and irregular thermal
cycles caused by the increased channel depth caused
degradation in the microstructure of the material (Fig. 10).
More Cu material was reshaped with increased channel
depth and higher heat. The sample S3 had the highest
volume of joint metal and relatively less porosity than the
other samples. However, its mechanical properties were
lower than those of the samples S1 and S2. This confirmed
that the degradation in mechanical properties depended on
the microstructure. It is reported in the literature that
porosity is the most important action mechanism in the
occurrence of damage [27]. However, the amount of
volume reshaped in the study was the most effective
variable on mechanical properties.

The behaviours of materials under the heat effect are
different; therefore, the optimum channel depth should be
determined separately for each material type in order to
improve the mechanical properties of the joint. According
to the data from the literature, increased heat values
improved the mechanical properties in dissimilar material
pairs from the materials used in the study [24]. In fact,
many metallurgical parameters such as melting
temperature during casting, solidification conditions and
casting speed are effective on the quality and mechanical
properties of Cu. During the recrystallization process of Cu
due to thermal cycles and pressure, it is inevitable to
change some metallurgical properties and thus mechanical
properties. The mechanical values obtained in this study
could not be reported by the previous studies in the joining
of Cu and steel materials [21]. This revealed that MLM can
be used successfully in the joining Cu and AISI 1040
materials. It is considered that analysing the MLM
parameters as compatible with each other and together with
the physical design parameters would affect the joint
quality even more positively.

4 CONCLUSION

In this study, Cu and AISI 1040 materials were joined
using Mechanical Locking Method. The effect of different
values of the channel depth, one of the physical design
parameters, on the joint quality was investigated. The
results are given below.

(1) Cu and AISI1040 materials were successfully
joined using the MLM method. It was determined that the
joint quality can be enhanced by making the joining
parameters and the design parameters compatible among
themselves.
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(2) The increase in the channel depth led to an increase
in the heat and amount of reshaped material with undesired
grain structure.

(3) While the hardness values decreased at the friction
interface in the samples S1 and S2, they increased slightly
in the sample S3 due to increased heat and pressure values.
It was found that the change in hardness values varied
depending on thermal cycles and diffusion.

(4) The highest joint strength was found to be 236 MPa
in the sample S1 with a decrease of 22% compared to the
base material. The lowest joint strength (138 MPa) was
observed in the sample S3 and the increase in the channel
depth affected negatively the mechanical properties.
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