INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

Behavior of steel, Al and Mg alloys when thermal drilling
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Abstract: The article deals with determinatin the optimum parameters for thermal drilling of selected Al, Mg and steel alloys to be
subsequently used for joining with thermoplastic matrix composites reinforced with bidirectional continuous fibers. The optimum thermal
drilling parameters will be considered to be those which produce a bushing of sufficient length and thickness to penetrate the composite

material to a thickness of 1.5 mm.
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1. Introduction

Thermal drilling is a specialized drilling technique that involves
the use of heat to create holes in a variety of materials, including
metals, plastics and composites, without cutting, just forming the
material. Instead of conventional drilling methods, thermal drilling
uses friction-generated heat to warm, form and penetrate the
workpiece. [1]

The thermal drilling method gives the possibility to produce a
smooth cylindrical or conical bushing in materials such as sheet
metal, tubes or hollow profiles, to form threads in it and to use a
fastener. The quality of the hole is influenced by the power of the
machine and its technical condition, the number of revolutions, the
axial force and the appropriate choice of tool. [2]

The process usually involves three phases, Fig. 1:

=  Phase 1: Friction heating: a specially designed heat drill is
brought into contact with the workpiece. As the drill
turns, it generates heat through friction at the point of
contact.

=  Phase 2: Material softening: The heat generated raises the
temperature of the workpiece, causing the material to
soften locally.

= Phase 3: Hole Formation: As the drill advances into the
softened material, it creates a hole by moving the soften
material and forming a bushing into which threads can
then be formed and a fastener can be placed. [1]
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Fig. 1 Thermal drilling procedure [3]
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In the production of tailored parts in automotive production, or
in the aerospace industry, or in the production of parts for sports
equipment, the challenge is to combine materials of different
chemical composition, different internal structure, or different
thicknesses. In this respect, the joining of metals and composites
has a special position, as these are materials of completely different
nature and internal structure, which can only be joined in two ways
- adhesive bonding and mechanical joining. [4-8]

For fiber and polymer matrix composites, the fibers must absorb
the load of the component. This requires high stiffness and strength
and the lowest possible density. Experience shows that most

118

materials exhibit much better mechanical properties in fiber form
than in compact form. Glass and carbon, although not really
considered conventional structural materials, have found their
unique application just in the form of fibers reinforcing polymer
matrices.

If the matrix is thermoplastic, this is very advantageous in terms
of processing (moulding) the composite into the final component.
Thermoplastic matrices require short production cycle times. They
can be combined with other thermoplastics and processing methods.
A wide range of component designs can be achieved in this way.
The resulting properties of the composite are strongly determined
by the properties and arrangement of the fibers. [9-10]

The matrix (most commonly PA 6, PA 6.6, PA 12, PP,
thermoplastic polyurethane, PPS, PC) performs the following key
functions:

= provides force transfer to the fibers

= provides force transfer from fiber to fiber

= protects the fibers from environmental influences

= keeps the fibers in the desired geometric arrangement

= absorbs mechanical loads acting mainly perpendicular
to the direction of the fibers and shear loads

The most commonly used reinforcing fibers are glass and
carbon continuous fibers oriented in one or two perpendicular
directions simply or in the form of a fabric.

The composite has optimum properties only if the applied
forces are efficiently transferred from the matrix to the fibers, and
from fiber to fiber. This requires a good bond between the fiber and
the matrix by a targeted choice of surface treatment tailored to each
polymer and applied to the fibers after manufacture, or by the
addition of a coupling agent to the thermoplastic.

If these conditions are met, the composite can operate
efficiently, with the mechanical properties - toughness, strength and
impact resistance - mainly provided by the fibers, while the matrix
mainly determines the electrical properties, thermal and chemical
resistance, corrosion behaviour and workability of the resulting
composite.

Joining metals and composites to a thermoplastic matrix using
thermal drilling technology is advantageous for several reasons:

= no chipping - waste-free technology

= heating the composite at the drilling point reduces the
viscosity of the matrix and allows the fibers sufficient
freedom of movement to deflect out of the future hole
location without compromising their integrity, Fig. 2. The
fibers can thus continue to perform their reinforcing
function.
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Fig. 2 Disruption of fiber continuity in conventional drilling (left) and fiber
deflection in thermal drilling (right)

The aim of this article is to determine the optimum parameters
for thermal drilling of selected Al, Mg and steel alloys to be
subsequently used for joining with thermoplastic matrix composites
reinforced with bidirectional continuous fibers. The optimum
thermal drilling parameters will be considered to be those which
produce a bushing of sufficient length and thickness to penetrate the
composite material to a thickness of 1.5 mm.

2. Used materials

Optimal thermal drilling parameters were determined for 3
basic materials:

=  Material No. 1 - aluminium alloy AISilMgMn (EN AW
6082 T6), thickness: 1 mm, next designation: Al

= Material No. 2 - magnesium alloy AZ91, thickness: 2
mm, next designation: Mg

=  Material No 3 - Uncoated low carbon deep drawing steel
DCO04, thickness: 0.8 mm, next designation: DC

The chemical composition of the materials is given in Table 1.

Table 1: Chemical composition [%] of Al, Mg and DC materials
n Mg Zn Al C P

Elem. Si Fe Cu M S Fe

Al 1.0 0.4 0.06 0.44 0.7 0.08 Bal.

Mg 0.09 0.004 0.02 0.14 Bal. 0.93 8.9

DC 0.25 0.04 0.009 0.008 Bal.

The mechanical properties of the individual materials were
determined by static tensile testing in the rolling direction.

3. Technique of thermal drilling of materials

Because of the need to heat the composite materials (and the
fixture) during drilling, we chose a TOS V 10 A bench drill and a
Flowdrill long ¥5.3 mm tool for the experiments, Fig. 3. The tool
speed was constant and the feed rate was achieved manually. The
tool was lubricated with FDKS 100 grease during drilling. The
drilling machine parameters are given in Table 2.

Table 2: Technical parameters of the drill TOS V 10 A

Number of spindles 1

Drilling depth 100 mm
Diameter of drilling spindle 18/20 mm
Base plate clamping surface 250 x 300 mm

Spindle speed number of stages 10

Range RPM 500 — 6000
Feed Manual
Total power input of the machine | 0,65 kW

Fig. 3 Bench drill machine TOS V 10 A and tool Flowdrill long @ 5.3 mm

In order to investigate the behaviour of the selected materials
during thermal drilling in terms of the shape and size of the
resulting bushing, thermal drilling was carried out at two
significantly different rotational tool speeds and two significantly
different tool feed rates. ldeally, the optimum parameters would
have been sought with the help of CNC process control, however,
due to the heating of the materials and the need to maintain the
temperature at the desired value, it was not possible to carry out the
drilling on CNC machines at this stage. The tool speed of a 5.3
mm diameter tool can range from 1800-3300 min™* according to the
tool manufacturer's recommendation, with 2400 min? being
considered the optimum speed when drilling steel. When drilling
non-ferrous alloys, the manufacturer recommends using a speed
50% higher than the optimum speed for drilling Fe alloys.

For the experimental drilling of Al, DC and Mg, the tool speeds
of 2400 and 4800 min™* were chosen. The feed rate was manual -
slow (approx. 60 mm.min™) and fast (approx. 240 mm.min™).

The aim of drilling only metal sheets of Al, DC and Mg alloys
is to investigate the effect of the selected tool speed and feed rate on
the shape of the resulting bushing. The shape will be assessed
metallographically by cutting through the axis of the hole. It is
necessary to determine the drilling parameters at which a
sufficiently long bushing with sufficient thickness is produced,
suitable for subsequent joining with composite materials.

4. Static tensile test of base materials

Fig. 4 shows the stress-strain diagrams of the tested materials
and Table 3 shows the mechanical properties of the Al and Mg
alloys in the rolling direction found by this test as an average of five
measurements.

stress [MPa]

0 0.15 02 025 03 038
strain [%]

—Al —Mg —DC

Fig. 4 Tensile diagram of tested materials Al, Mg, DC

Table 3: Mechanical properties of the tested materials in the rolling
direction

Material | Rpo2[MPa] | Rm [MPa] | Ag[%] | At[%] | A80 [%]
Al 290.3 3385 10.1 16.6 16.5
Mg 197.2 270.6 14.8 243 24.1
DC 197.3 322.1 24.0 26.2 26.2
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The results of the static tensile test show that the Mg and DC
materials have the same yield strength, but with further loading the
DC steel strengthen more significantly and also exhibits the highest
ductility of all the materials. Precipitation hardened Al alloy has a
higher yield strength and tensile strength compared to DC and MG
and the lowest ductility of the materials tested, but still sufficient to
form the bushing properly.

5. Geometry of hole bushings prepared by
thermal drilling

Table 4-5 shows the metallographic sections of holes made in metal
sheets by thermal drilling at selected parameters.

Table 4: Metallographic cuts through the axis of holes created at 2400 min™

RPM [min™] / feed rate [mm.min*]

2400/240

2400/60

Al

Mg

DC

Table 5: Metallographic cuts through the axis of holes formed at 4800 min™

RPM [min™] / feed rate [mm.min*]

4800/60 4800/240

Al

Mg

DC

From the metallographic sections, the lengths and thicknesses of
the individual bushings were measured; the results are shown in
Table 6.

From the above results, it can be concluded that the shape of the
resulting bushings varies for different materials as well as within a
single material at different thermal drilling parameters. For the
purpose of future bonding, it is advisable that the resulting bushing
should be as long as possible (to penetrate through the composite in
its entire thickness) at a sufficient thickness. The thermal drilling
parameters and the thickness of the base material will influence the
proportion of material that is displaced from the plane of the sheet
into the bushing area and against the direction of tool movement -
into the rim.

6. Calculation of the proportion of material
displaced into the bushing area

In thermal drilling, the material originally placed in the plane of the
sheet metal, at the location of the future hole, is displaced to form
the rim and bushing. The volume of the material forming the
bushing can be calculated using the relationship for the volume of
the rotating elementary region M around the y-axis:

b
v = 2n [ alf) - gl
a
The equations of the functions f(x) and g(x) are determined by
measuring  metallographic ~ sections and  simplified by
approximation. The curves of f(x) and g(x) were described using
constant and linear functions, Fig. 5. In case the described region
was not elementary, it was divided into several elementary regions,
Fig. 6.
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Fig. 5 Elementary region determined by the approximation of the shape of
the bushing
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Fig. 6 Non-elementary region determined by the approximation of the shape
of the bushing

Table 6 shows the % of material that contributed to the bushing
formation for the applied tool speed and feed rate.

Table 6: Length and thickness of bushing formed and proportion of material
displaced into the bushing area for the thermal drilling parameters tested

Material RPM [min™] | Bushing Bushing Percentage of
and feed rate length thickness material displaced
[mm.min] [mm] [mm] to the bushing area

[%]

2400/ 60 1.0 0.3 47.83
2400/ 240 25 0.63 97.83

Al
4800/ 60 82 0.61 69.90
4800 / 240 2.46 0.54 81.76
2400/ 60 2.96 0.96 53.53
2400/ 240 2.8 0.96 68.65

Mg
4800/ 60 82 0.8 70.34
4800 / 240 2.8 1.0 70.32
2400/ 60 2.86 0.5 93.12
2400/ 240 2.56 0.56 74.09

DC
4800/ 60 2.86 0.43 70.49
4800 / 240 2.7 0.43 71.05
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From Table 6, taking into account the proportion of material
forming the bushing and at the same time taking into account the
thickness and length of the formed bushing, it is possible to
recommend a speed of 4800 min and a slow manual feed rate, at
which the proportion of material forming the casing is about 70%
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and at the same time the highest bushing length is achieved at a
relatively sufficient thickness.

The metallography of the resulting joints of metals with the PP-
GF composite material is shown in Fig. 7.

Al-PPGF

Mg-PPGF

DC-PPGF

Fig. 7 Metallography of the resulting joints of metals with PP-GF composite
material

7. Conclusions

The above study brought a new perspective on the use of
thermal drilling for joining thin-walled lightweight metal-based
materials with composites. By studying the shape of the formed
holes in metallic materials by thermal drilling, the recommended
parameters for joining with a composite with a thermoplastic
polypropylene matrix and bidirectional glass fiber reinforcement
were determined. For joining without CNC support, a speed of 4800
min? and a slow manual feed rate are recommended. At these
parameters, joints with sufficient bushing length were formed
which, after hemming, formed a closed joint with the composite
without delamination.
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