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Novel Electrical Joints Using Deformation
Machining Technology Part I: Computer Modeling

Lyudmila Solovyeva, Nikolay Zubkov, Bohdan Lisowsky, and Alaa Elmoursi

Abstract— This paper explores the use of deformation
machining technology (DMT), originally developed at Bauman
Moscow State Technical University, to make electrical joints
and compare their performance to bolted and welded electrical
joints. The DMT process is used to generate tooth-like profiles
on two opposing surfaces that make the electrical joint, which
are later joined by applying a mechanical load. To optimize
the interfacing surface tooth-like profiles, a computational finite
element model is developed. The model is used to simulate
the mechanical joining of both Cu and Al DMT joints. The
model is able to predict the most important parameters that
contribute to enhancing the teeth interlocking and increasing the
contact surface area. The model is successfully used in optimizing
Cu-DMT joints; however, for Al-DMT joints the model predicted
an unreliable electrical joint attributed to a spring-back effect
that occurs after the mechanical load for making the joint is
removed.

Index Terms— Deformation angle, deformation machining,
filling, locking interference, modeling, slenderness ratio, spring
back, tooth geometry.

I. INTRODUCTION

ELECTRICAL joints for high-current applications (current
carrying capacity for Cu-10A/mm2; for Al-7A/mm2) are

typically made using bolting, welding, brazing, and swaging
[1], [2]. This paper explores a novel joining technology for
making electrical joints using deformation machining tech-
nology (DMT). DMT is based on using a specially-designed
cutting tool [3] that undercuts and lifts (mechanically deforms)
the machined surface to form a tooth-like structure, such as
shown in Fig. 1. The DMT process can be applied to flat
surfaces as well as cylindrical surfaces, also shown in Fig. 1.
The literature reports of using this technology for multiple
applications, such as thermal management, electrical joints,
filters, frictional surfaces, and others [4]–[7].

This paper explores the use of DMT technology to fabricate
electrical joints made using Cu and Al materials. Success-
ful implementation of DMT electrical joints for high-current
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carrying structures (exceeding 100 A) could possibly provide
maintenance-free electrical enclosures, by displacing bolted
joints. The integrity of the DMT joints will be assessed
through computational modeling; the modeling is expected to
enable the optimization of the DMT profile and the selection
of suitable mechanical joining load required to achieve best
electrical and mechanical performance. In a later paper, we
use the optimized DMT profile to prepare experimental DMT
joints of Cu and Al, and compare their performance to bolted
and welded joints.

II. FABRICATING A DMT ELECTRICAL JOINT

In this paper, we examined two electrical geometries: a lap
joint and an edge joint; both are typically used in high-current
applications. Fig. 2 shows the lap joint with the DMT along
the flat surface of the bar. Fig. 3 shows the edge joint with
the DMT profiled across the thickness of the bar.

There are some key considerations regarding DMT as it
applies to joints.

1) Tooth geometry can be quite variable in dimensions of
tooth height, tooth spacing (pitch), and tooth thickness.
A parameter of “slenderness ratio,” a ratio of tooth
height to tooth thickness, is a characteristic used in
evaluation of the impact of different geometries on joint
characteristics. Fig. 4 shows tooth geometries that could
affect electrical joints. The tooth width and the groove
width can be a variable based on the capabilities of fin
generation and assembly equipment, which would allow
easy engagement prior to force application and, which
would allow for automated assembly. The incomplete
fin formation at the start of DMT needs to be con-
sidered during joint design to assure joint strength and
conductivity.

2) Incomplete tooth formation at the start of fin cutting, as
observed in Fig. 4(b), is a result of unavailable material
to form a complete tooth. This phenomenon cannot be
corrected and must be accounted for in the joint design.

3) Tooth forward deformation is a characteristic of the
DMT process, and is created by the tool force and
friction between the tool and the material during the
DMT process. This phenomenon can only be partially
corrected on the tool exit side by initial chamfering of
the plate in the amount of tooth overhang. However, this
is not practical for materials thinner than about 6 mm as
the forward lean takes away from the tooth engagement
area for DMT joints. This can be observed in Fig. 5
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(a) (b)

Fig. 1. Principle of (a) DMT and (b) schematics of flat and cylindrical DMT
surfaces.

Fig. 2. Lap joint showing the DMT profile on the flat surface of the bar
20 mm wide and 4 mm thick.

Fig. 3. Edge joint with the DMT profile across the 6.35-mm thickness of
the bar.

where a DMT profile was generated on 6.35 mm thick
copper plate, and it shows a forward deformation of
2 mm and an overhang of 1.8 mm.

4) Proper orientation of opposing teeth prior to joining is
critical so that the tooth tip is in contact with the incline
at the opposing root. This orientation causes the teeth
to slide down the root ramp, generate a curvature, and
if there is a gap between the teeth, to initially upset
the tooth thus creating a jigsaw-puzzle locking feature,
which would be important for permanent joints.

III. MODELING DMT ELECTRICAL JOINT

Modeling of electrical joints for strength and reliability
has been done in bolted and welded joints [8], [9]. To
develop a finite element model for DMT fin deformation, the

(a)

(b)

Fig. 4. DMT profiles used for joint evaluation. (a) Similar geometry to
M-Cu-1 with slenderness ratio of 3.33. (b) Geometry with interference fit
with aspect ratio of 3.5% and 18% interference.

Fig. 5. Forward DMT tooth deformation on 6.35 mm thick copper plate.
Tool motion is from right to left.

DMT geometry was defined, and a reasonable approximation
utilizing standard machined teeth was developed to quickly
generate and assess the accuracy of the model under specific
conditions. Although there are some differences between the
standard machined and DMT profiles, as shown in Fig. 6, the
machined approximation proved to be sufficient for assess-
ing and understanding the effect of different parameters on
the joint geometry. In addition, the model, developed using
standard ANSYS 11 classic software 2-D [10], required large
plastic deformation capability to accommodate modeling of
tooth deformation under various constraints and loads.

The nomenclature for the DMT simplified profile is shown
in Fig. 7 with the parameter nomenclature as shown in Table I
for modeling of lap joints. Mechanical properties for the
specific alloys used were experimentally measured, and are
reported in Table II. We used homogeneous material properties
(annealed Cu and solution heat treated Al), since DMT and
machining processes have negligible cold work effect.
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TABLE I

TOOTH PROFILE VARIATIONS AND ASSEMBLY LOADS FOR MACHINED COPPER AND ALUMINUM PLATES USED FOR COMPUTER MODELING

DMT parameter Dimension Units
Profile variation

M-Cu1 M-CuA12 M-Cu2 M-Cu3 M-Cu4 M-Cu5 M-CA1

Joint length L mm 20 20 20 20 20 20 20

Joint width D mm 20 20 20 20 20 20 20

Tooth pitch P mm 1.28 1.28 1.28 1.28 1.28 1.28 1.27

Groove width w mm 0.73 0.73 0.73 0.73 0.73 0.73 0.75

Tooth height h mm 1.83 1.83 1.83 1.83 1.33 1.33 1.88

Tooth angle θ degrees 90 90 90 90 90 90 90

Tooth tip angle α degrees 45 45 50 45 45 45 45

Root angle β degrees 45 45 45 45 45 30 45

Tooth width Ref mm 0.55 0.55 0.55 0.55 0.55 0.55 0.52

Assembly load M-tons 17 10 17 17 17 17 10

Slenderness ratio h/tooth width 3.33 3.33 3.33 3.33 2.42 2.42 3.62

Note: For M-Cu3, the angle θ for top plate is 100° and for bottom plate it is 80°. Aluminum assembly load changed
to 10 tons.

(a)

(b)

Fig. 6. (a) Machined DMT-like profile and (b) actual DMT profile.

TABLE II

APPROXIMATIONS OF TRUE STRESS-STRAIN PROPERTIES FOR

COPPER AND ALUMINUM ALLOY 6101-T651

Property Units Copper Aluminum

Elastic modulus GPa 117.211 70.326

Tensile strength MPa 238.5 159.0

Yield strength MPa 185.0 116.5

Elongation % 47 18

Poisson’s ratio – 0.33 0.33

The fin contact (before deformation) was an area contact.
Sharp corners (singularity) were eliminated by flattening.
The initial algorithm we used caused a lot of deformation at
the tips of the fins. At that time, we used a friction coefficient
of 1.00.

We changed the algorithm friction condition (coefficient
of friction) to allow fin tip to slide to the bottom of the

θ

α

p

w

β

h

D

L

Fig. 7. Parameter nomenclature for DMT profile used in computer modeling.

groove while bending and before any fin upsetting takes place.
This was based on our experimental observations. We changed
the friction coefficient to 0.1 but still had difficulties with
the fins from the bottom plate. By changing the top surface
rigidity, we were able to get proper deformation. We again
changed the friction coefficient to 0.3 and used rigid top and
bottom surfaces achieving proper fin deformation. This was
the final contact condition, at least for the copper joints.

Initially, the mesh elements were distorted beyond their
limit at only 44% of the load. Then, we refined the mesh
further and also changed friction coefficient to have the
model accommodate the full load without excessive element
distortion.

All copper, M-Al, and M-Al2 models had the same con-
straints as shown in Fig. 8, which represent lap joint geometry.
There is a uniform pressure on the top surface, and the bottom
surface is fixed. Note that there is no lateral constraint. Also,
the friction between the tooth tip and the tooth root ramp was
set at 0.3 to allow smooth tooth sliding during deformation
as observed in experiments. Automatic meshing was done to
properly track deformation and establish certain measurements
on finished modeled joints.

The assembly forces were determined experimentally to
avoid deformation of the plates and applied to the model.
For copper, that force was 17 metric tons and for aluminum
it was 10 metric tons as noted in Table I. A majority of
the modeling focused on copper with variations of tooth
height, tooth width, and tip and root angles to determine the
degree of fin upset, which enhances locking of the fins. The
width and height can be combined into a ratio, which was
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TABLE III

MEASUREMENTS OF JOINT PARAMETERS FOR MODELED JOINTS

Model
Deformation angle

Tooth thickness
Locking interference Root to root height Joint height

Ft Ft

(degrees) (mm) (mm) (mm) (mm) (mm)

M-Cu1 23.85 0.687 0.613 0.074 2.31 2.044

M-Cu2 17.13 0.672 0.629 0.043 2.15 2.026

M-Cu3 N/A 0.559 0.554 0.005 2.51 2.079

M-Cu4 19.01 0.702 0.623 0.079 1.83 1.707

M-Cu5 15.91 0.706 0.628 0.078 1.41 1.356

M-A12 26.87 0.644 0.591 0.053 2.37 2.765

M-A1 25.16 0.638 0.6 0.038 2.28 2.082

Fig. 8. Orientation and constraints of simulated DMT geometries prior to
assembly.

Fig. 9. Finished joint parameters developed during modeling.

termed as a “slenderness ratio.” For permanent joints, which
were of primary interest in this paper, tooth tip upsetting
and the resulting interlocking along with deformation angle
are important. Tooth interlocking is defined as the difference
between the tooth thickness near the top of the tooth and the
tooth thickness at the root, as shown in Fig. 9. Various other
joint parameters were developed as a result of modeling and
they are graphically defined in Fig. 9 with values shown in
Table III.

It is observed that for copper, the most attractive model is
that of M-Cu1 due to the favorable combination of deformation
angle and the locking interference in addition to the complete

(a)

(b)

Fig. 10. Total deformation of (a) M-Cu1 and (b) M-Cu4 showing the effect
of slenderness ratio on joint geometry.

contact of teeth from joined bars. In model M-Cu2, where
the tip angle is different from the root angle, the deformation
angle is much reduced along with the locking interference.
Model M-Cu3 does not generate a joint curvature of the teeth
since the mating teeth are already at 80° and 100°, and are
flattened by the assembly forces without any upsetting of
teeth. Because of that effect, the permutation of the effect
of tooth angle was modeled only once as the fabrication
of such mating geometries and assembly would be much
more expensive needing two sets of fine machine tools, and
there was no value of that permutation to pursue other off-
90° fin angle permutations. Therefore, all other parameter
permutations have the fin angle of 90°. For models M-Cu4 and
M-Cu5, where the slenderness ratio is reduced from that of M-
Cu1, there is a slightly greater tooth upsetting as evidenced by
greater locking interference, but the deformation angle is much
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TABLE IV

ADDITIONAL ALUMINUM GEOMETRIES AND MODEL BOUNDARY CONDITIONS

EVALUATED TO IMPROVE JOINT SOUNDNESS

DMT parameter Dimension Units
Profile variation

M-A12 M-A13 M-A14 M-A14 M-Al5

Joint length L mm 20 20 20 20 20

Joint width D mm 20 20 20 20 20

Tooth pitch P mm 1.28 1.28 1.28 1.28 1.28

Groove width w mm 0.73 0.73 0.73 0.73 0.73

Tooth height h mm 1.83 1.83 1.83 1.83 1.83

Tooth angle θ degrees 90 90 90 90 90

Tooth tip angle α degrees 45 45 45 45 45

Root angle β degrees 45 45 45 45 45

Tooth width Ref mm 0.55 0.55 0.55 0.55 0.55

Assembly load M-tons 10 10 11 10 10

Slenderness ratio h/tooth width 3.33 3.33 3.33 3.33 3.33

Notes: M-Al2 - Same as M-Cu1.

M-Al3 - Same as M-AL2 with added lateral constraint on bottom plate

M-Al4 - Same as M-Al3 but assembled at 11 metric tons force.

M-Al5 - Same as M-Al3 with fixed top plate.

M-Al6 - Same as M-Al5, no lateral constraint, extra teeth on lower plate.

(a)

(b)

Fig. 11. Incomplete joint contact at the tooth tips in M-Al2 having the same
geometry as (a) M-Cu1 and (b) incomplete contact in M-Al showing the effect
of groove/fin gap and spring-back due to lower elastic modulus of aluminum.

reduced. The effect of that slenderness ratio on joint geometry
is shown in Fig. 10 for copper. Note that deformation units
are in meters in Figs. 10 and 11.

The simulations for copper, regardless of tooth geometry
clearly showed complete intimate contact between the teeth of
the mating plates. However for aluminum, there is incomplete
contact for the two permutations described in Table I. Table III
shows that the amount of interlocking for M-Al2 and M-Al
is much lower than for M-Cu1, which is the most attractive

Fig. 12. Boundary conditions used for M-Al-3 and M-Al4 by adding lateral
constraints and for M-Al5 by further adding the rigid top face/plate.

geometry for copper as stated above. However, the deformation
angle for both aluminum geometries is larger than for M-Cu1
indicting that the DMT aluminum joint may have sufficient
strength. On the other hand, there is significant amount of
spring-back due to lower modulus of elasticity for aluminum,
and this DMT mechanical joint does not appear to be as
good electrically and environmentally as that for copper.
Fig. 11 shows the appearance of tooth/groove gap on the
aluminum joint. Because the tooth upsetting does not take
place as readily as it does in copper, the gap between the
mating teeth is not filled by plastic deformation, and spring-
back is more clearly observed. This effect is critical to the
joint soundness and also impacts gap tolerance.

In the effort to improve the aluminum joint, additional
models were generated as shown in Table IV. All of the
geometries are identical to M-Al2 (which is identical to
M-Cu1) but the boundary conditions were changed as shown
in Fig. 12 and further identified in the notes below Table IV.
In one case, M-Al4, the assembly load was increased by 10%.

For model M-Al3, the effect of adding lateral constraint to
the lower plate resulted in an inferior joint to that obtained in
M-Al2 showing less filling of grooves, less interlocking, and



1716 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 2, NO. 10, OCTOBER 2012

Deformation
angle

16°

Deformation
angle

17.5 °

(a)

(b)

Fig. 13. Experimental results for joining (a) copper and (b) aluminum.

smaller joint angle. Increasing the load to 11 tons in the model
M-Al4 and maintaining the lateral constraint on the lower
plate brought the joint to the same deformation appearance as
M-Al2, but that constraint reduces both the deformation angle
and the amount of interlocking. In addition, that increased
assembly load causes the joint to bulge laterally. All these
effects make the model M-Al4 unacceptable. Changing the
constraint on the top plate from uniform pressure to rigid
plate with centrally located assembly load generated very
similar results to M-Al2, thus providing an option for the
assembly to be either done with uniform pressure or rigid plate
centrally loaded. When lateral constraint on the bottom plate
was replaced with additional teeth on each side of the upper
plate, the deformation angle was reduced but the interlocking
was reduced to that of M-Al3 and lacked full groove filling.

To verify that the model was generating acceptable results,
actual geometries of M-Cu1 and M-Al were machined from
the specific alloys and joined using 17 metric tons and
10 metric tons, respectively. Fig. 13 shows actual experimental
results for the two permutations. It is observed that the fins are
curved as predicted by the model but there is a slight shift of
the upper plate with respect to the lower plate. The predicted
deformation angle for M-Cu1 was 23.85°, experimental was
16°. For M-Al, predicted deformation angle was 25.16°,
experimental –17.5°.

The microstructures show that the copper joint shows
some incomplete contact of teeth at the bottom of the lower
plate. The aluminum joint shows incomplete contact in both
plates coupled with larger tooth/groove gap, as both of these
effects were predicted by the computer simulation. Despite
these small differences, the model is fairly accurate for the
assessment of the various DMT geometries and their effect

on joint geometry. Large scale processing of DMT electrical
joints is possible; it has the potential to fabricate several joints
per minute. We have explored the opportunity to develop an
automated DMT line for electrical joints in busbars. However,
more cost effective technologies, such as TIG welding [11],
or friction stir welding [12], are more attractive.

IV. CONCLUSION

Using ANSYS 11 Classic software, we developed a fairly
accurate model that is capable of predicting the deformation
that occurs when joining DMT profiles to fabricate electrical
joints. The model provided insight into filling DMT grooves,
quantifying tooth interlocking, and determining deformation
angle, all being necessary for a reliable electrical joint. The
model results showed that the preferred tooth orientation is
90° to the plate surface. For copper joints, the slenderness
ratio was determined to be the most important parameter in the
design of the DMT joints as it is critical to joint interlocking
and gap filling. For aluminum, in addition to the slenderness
ratio, the gap between the mating teeth is also critical due to
decreased interlocking and spring-back. Aluminum joints were
anticipated to provide a less desirable electrical joint compared
to copper due to reduced gap filling and material spring-back
associated with the lower elastic modulus of aluminum.
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