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Investigation of metal powder filled, glass fiber reinforced resin,
used as slot wedges in electrical engineering industry.

comparative investigation of
,Slot wedges*

Report by Dr. Horst Simbtirger with data obtained by ,Institute of Materials Science
and Technology”, Non-Metallic Materials, Vienna University of Technology (TU-Wien)
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3 Introduction and problem definition

3.1 Material

The work is focused on the mechanical properties of metal (i.e. iron) powder filled,
glass fiber reinforced resin. This material is primarily used as (magnetic) slot wedges
in rotating electrical machines (i.e. stators and/or rotors). In German language this
material is known as Magnetkeile (“magnetic slot wedges”).

3.2 Advantage of magnetic slot wedges

Magnetic slot wedges reduce starting current, improve cos phi and load current, and
lead to reduced iron loss (core loss). Typical reduction of iron loss is in the range of
some kW depending on the type of machine. This means a corresponding value of
some thousand Euros, when calculating the machine prize. So it is obvious that
additional costs for high performance slot wedges clearly pay off.
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3.3 Problem

Slot wedges are holding the coil in place, therefore the mechanical properties must
surpass the acting forces but furthermore the magnetic properties of the missing
sheets in this area should be compensated with magnetic material as good as
possible to minimize iron loss, and to achieve the other advantages described in
chapter 3.2. For that reason magnetic slot wedges contain as much iron powder as
possible and they should fill the slot section with as much volume as possible (see
chapter 3.5.2). The iron loss for example can be several thousand watts, or in terms
of money due to increased performance figures of the machine some thousand
Euros.

Because of that high iron powder content in the magnetic slot wedges they are
loosing much of its mechanical strength. Compared with unfilled material they are
that weak that they often are not fulfilling the mechanical needs, so that fractures
lead subsequently to a complete failure of the electrical machine. This is known to be
common. It has to be mentioned that a single defect slot wedge is able to damage
the entire machine, because the loose coil in this area will damage the wedges in the
vicinity because of the electromagnetic forces.

Hence some companies meet this problem by replacing magnetic slot wedges by
non-magnetic one, being aware of the fact, that the advantages described earlier
(chapter 3.2) are not available any longer.

Picture 1: Laminated magnetic slot wedge with poor adhesion between the layers, so
that even small forces lead to delamination.

3.4 New manufacturing Technology

Over the last two decades it was common to use slot wedges which were milled out
of plates of laminated material. The plates itself are produced by pressing resin (B-
stage) impregnated glass fiber cloth. Due to the high content of iron powder the
mechanical stability is that poor that the mechanical properties are not satisfactory at
all. And above all, the adhesion between the layers is also poor.

The company SPIndustries has invented magnetic slot wedges — SPInduwedge —
with excellent mechanical properties. The production process of this SPInduwedge
slot wedge is a break through and completely new. A rolled glass cloth is used, which
is pressed with a resin iron powder mixture in a specific press. The rolled cloth is
responsible that SPInduwedge material has virtually the same mechanical stability in
all directions. This is not the case in conventionally produced magnetic slot wedges,
because of their anisotropy due to the laminated material.

Compared to laminated material SPInduwedge material has nearly no anisotropic
property. Laminated material of course shows a very strong anisotropy. This is the
main issue of laminated material: The glass cloth layer marks a bounding surface,
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which leads to many weak points in the material and is responsible for its anisotropy.
On mechanical stress one ore more weak points may not withstand the force and
lead to a cleavage between the layers. This cleavage may propagate throughout the
whole length of the (laminated) wedge which subsequently means a cleavage of the
wedge in two halves and complete destruction in succession when this happens in
an operating machine.

The mechanical properties of SPInduwedge are surpassing that of conventional
magnetic slot wedges (made out of laminated material) by far and it is to mention that
they are not far beyond that of not magnetic (i.e. unfilled) glass fiber reinforced
material. Hence these wedges are in the required stability range.

The results of this investigation verify the mechanical advantage of SPInduwedge
compared to conventional magnetic slot wedges made out of sheet material. In
chapter 5 you will be able to prove the advantage of SPInduwedge material to
laminated material when comparing the figures of the different tests.

Considering the new wedge generation, SPInduwedge with rolled glass cloth, the use
of magnetic slot wedges is now safe again.

For many years companies are testing SPInduwedge in electrical machines
(generators as well as motors) up to the 20 MW range and this machines are running
without problems. Companies, which have tested SPInduwedge thoroughly are using
it generally and have forbidden the usage of laminated magnetic wedges.
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3.5 Variety of shapes of magnetic wedges, pros and cons

3.5.1 Conventional shapes, pros and cons
Conventional cross-section shapes

Trapezoidal wedge, single edge wedge

/ \ Most typical wedge design (angle 60°or 709. Simpl est way to
mill out of plates.

Double edge wedge

< > When milling out of plates double the time is needed
compared to trapezoidal wedges, and it is more difficult to get
angles in perfect tolerance.

Only few designs are common, due to the fact that wedges were milled out of plates,
especially the trapezoid design is very common, because the milling process is the
easiest. The double edge wedge is much more difficult to mill out of plates because it
is difficult to obtain a perfect angle. Very often it happens that wedges are slightly
unsymmetrical.

There is one reason why single edge wedges are often preferred: If wedge and/or
slot is not perfectly in tolerance the wedge fits in the slot cut anyway — because the
edge will lie in the slot cut lower or higher by touching the sheet stack on the whole
length of the edge. In the past slot wedges could not be made in the requested
tolerance and the punching burr could also not reach the tolerance of 0,2 or max. 0,3
as possible today. So it was common practice to produce the slot wedges when the
lamination stack was finished, so that the milling process of the wedges could be
adjusted by trying the fit into the slot on the finished lamination stack. This of course
is not up to date anymore.

When using a double edge wedge, the tolerances of slot wedge and slot (punching
burr) have to be quite accurate, otherwise the wedge will not touch the slot cut on the
whole edge and therefore will be stressed much more and this could be a severe
problem to wedges made out of laminated material.

Therefore double edge wedges are used specifically when the slot teeth would be
weakened too much by a trapezoidal design. Knowing the advantage of
SPInduwedge, when setting up a new production machine, a double edge wedge or
even another possible cross-section is considered because of its advantages.
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3.5.2 Modern shapes, pros and cons

With the new manufacturing technology of SPIndustries it is possible to carry out
every section shape without thinking over excessive production costs (see next page
for examples). Primarily on new production machines, which are not constructed on
the basis of old (available) slot cuts, the design of the wedge should be reconsidered.
Optimization of the slot wedge can lead to savings in production costs but also to
improvement of electric properties.

The amount of magnetic material in the slot can be raised, if a pedestal (base) is
added to the bottom of the slot wedge as shown below. This feature is available for
SPInduwedge only. The advantage of this design is that filling material between Coll
and slot wedge is no longer required. This means better electrical properties and
savings in production time. Slot wedges are available with laminated insulation
material too. If there is enough space between slot wedge and air gap a small
pedestal may be added on the upper side of the wedge. Slot wedges with a base
have the advantage that the danger of tilting of the wedge is reduced significantly.

A semicircular slot has some advantages, but was used very seldom in the past,
because it was difficult and expensive to produce appropriate semicircular slot
wedges.

If someone is not happy to abandon trapezoid slot wedges, then it could be a
agreement to use slot wedges with a unsymmetrical trapezoid section shape or a
trapezoid shape with rounded edges (see figure below). So this will lead to the
advantage of less weakening of the slot tooth and simultaneously improving electrical
properties due to the absence of sharp edges in the stack.

——y \
—

Q( :
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Some considerations about slot section are not up to date anymore and therefore
innovative designs should be considered to fall not behind to the competitors.

Modern cross-section shapes of slot wedges

C )

Semicircular wedge

A wedge without sharp edges has electrical advantages!
Sometimes this section shape was used in the past, but the
milling process is complex and costly. Very often a small edge
is obtained when milling parameters are not perfect.

Double edge wedge with flattened edge

This wedge is less weakening the slot tooth and not having a
sharp edge has electrical advantages.

Trapezoidal wedge with a straight section

Especially if the straight section is small, it is difficult to obtain
this by a milling process.

Unsymmetrical double edge wedge

Trapezoid shape with rounded edges

Pedestal shaped wedge, wedge with basement(s)

It is possible to add a pedestal to any cross-section shape.
This type allows to insert as much magnetic material into the
slot as possible and therefore to improve electrical properties
even further. Another advantage is, that lateral buckling of the
slot wedge is less likely because the pedestal is prohibiting this
movement. Therefore this shape improves the level of safety
further.

The pedestal on the ground fills the space between wedge and
coil, where often spacers are used, which are no longer
required, so that working time for producing and inserting
spacers is saved and moreover the electric properties are
improved because much more magnetic material is present.
The pedestal on the top fills the place to the air gap.
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3.5.3 Slot wedges for machines with core ducts

Machines with core ducts (air gaps) can be set up with continuous wedges, because
core duct slots can be pressed into the wedges. The core duct slot may be square-
cut or semicircular. Because the core duct slots are pressed on, there is no damage
of the glass fibers and therefore the stability remains unchanged and the edges are
not sharp-edged.

\ A\ \ N\
| I | I N— N—
\ \ \ \

Until now the slots of machines with core duct were filled with a huge number of very
short slot wedges to keep the ducts free of material, which would block the air flow.

With SPInduwedge it is possible to use long continuous slot wedges with pressed
core duct slots, one meter would be no problem. This leads to a reduction in working
hours. The amount of reduction lies, depending on the machine type, in the range of
1000 minutes. But the greatest advantage is the much better stability. Because the
core duct slots are pressed (and not milled) the glass cloth is not broken and
therefore the wedge has the same stability like a wedge without core duct slots.
Furthermore there is no glass dust on the surface (employment protection).

Example for reduction in working hours: A Stator with 72 slots and a length (of punch
of coil) of 840 mm and with 16 core ducts, this means 17 sections lead to a reduction
of approx. 1150 minutes of working hours. Two slot wedges of 420 mm length are
inserted from each side of the machine instead of inserting short wedges (45 mm
length) for 17 sections, which leads to a reduction of approx. 650 min. The other 500
minutes of reduction comes from the missing milling process, which would take 350
min for milling, 50 min for setting up the miller and 80 min for washing the wedges.

3.5.4 Slot wedges with laminated insulation materia |

Magnetic slot wedges are available with laminated insulation material. Investigation
on such material is currently in progress.

PE-Felt A felt is used if there is much space to be leveled
(e.g. if the coil is slightly bend)

PE-Fleece If there is little space between coil and wedge

Nomex 410 (calendered Nomex) For class H

Nomex 411 (non-calendered Nomex) | For class H

TufQuin Alternative solution to Nomex 410, For class H
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3.6 New criteria and benchmark test

There are poor data available for comparison on existing slot wedges. Some data are
available at room temperature only, some data are based on obsolete tests and
standards. This is not satisfactory. The material properties at elevated temperature,
which occur in operation, are the point of note, especially for aged material but no
data were available so far.

For that reason this investigation was carried out, so that on the one hand the
superior mechanical data of the SPInduwedge slot wedges could be approved and
on the other hand the obtained values of the mechanical properties can be directly
compared to slot wedges of competitors. For that reason slot wedges from three
different European competitors were measured exactly the same way, which assures
that the comparability of the data is accurate. There will be no inaccuracy because of
different methods of measuring or uncertainty of different equipment or laboratory.

4 Experimental

The slot wedges are used at elevated temperature continuously. This circumstance
changes the values of the mechanical properties and is known as ageing. In
particular the effect of post curing improves the mechanical properties in nearly all
cases. For that reason all wedges were also investigated after ageing in a suitable
heating cabinet at 210C for 14 days. This procedure seemed to be most
appropriate, because further altering should barely be expected after this time.
Therefore it is reasonable that the obtained data of these altered materials are the
same as in a continuously running machine.

Two types of investigated slot wedges are class H (i.e. appropriate for use at 180C
continuously) but were also measured at 155C (i.e. class F temperature) because of
comparability. Mechanical data at 180C are planned but not available yet.

Test conditions are to be found in the appendix.

4.1 Bending test (flexural strength and module of e  lasticity)

All materials were measured at room temperature (23<C) and at 155C according to
ISO 14125 with a bending test using a Zwick Z050. This standard is suitable for fiber
reinforced resins. Frequently in literature or data sheets the standard 1SO 178 is
applied instead, which is in particular for non fiber reinforced materials. Both
standards are very similar, so the values are comparable.

Pictures were taken from the surface of fracture by a scanning electron micrograph
(SEM).
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4.2 Delamination test

When the slot wedges are inserted into the slot they are driven in by using a hammer
to overcome the friction force, which increases when wedges are very long. This
action has the ability to damage the wedge. Very often the damage is not recognized,
but can lead to destruction of not only the wedge itself but the entire machine.

To characterize the stability an investigation according to standard DIN 53464 was
chosen.

The test samples were cut out of slot wedges with a thickness of max. 5 mm, there-
fore it was not possible to obtain samples according to DIN 53464 which states
samples to be 10 mm by 10 mm. Due to the fact that so far no such values about slot
wedges are available and that all materials in this investigation are compared the
same way this fact has no meaning at all.

Pictures were taken from the surface of fracture by a scanning electron micrograph
(SEM) too.

4.3 Heat deflection temperature (HDT)

The heat deflection temperature was measured according to ISO 75-3, but different
to the standard the slot wedges (thickness 4mm) were measured with a length of
80 mm instead of 120 mm, which calculates by a support-thickness-proportion of 30
according to ISO 75-3.
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5 Results

5.1 Bending test

In Table 1 the obtained values of the bending test according to ISO 14125 are
summarized. The values are rounded to a significance of 2 and 3 respectively.

Flexural Strength Flexural Strength Module of elasticity Module of elasticity

Material (thickness 4mm) @ 23C[Mpa] @ 155C[Mpa] @ 23T [Mpa] @ 155 [Mpa]
SPInduwedge H HP, Class H 230 + 20 200+10  18200+500 13500 + 300
rolled and pressed 14 d heating @ 210C 230 + 10 200+20 18500 +900 16000 * 500
Competitor 1, Class H 130 + 10 130 + 10 15600 + 400 7900 + 500
pressed laminated sheets 14 4 heating @ 2120 170 + 10 160+20  15200+400 11100 * 400
SPInduwedge F HP, Class F 370 £ 50 210+10 24600+ 1300 14400 + 400
rolled and pressed 14 d heating @ 210C 370 + 20 290+20 23900 + 1400 18200 + 1500
Competitor 1, Class F 130 + 10 110+ 10  13400+300 8800 + 100
pressed laminated sheets 14 4 heating @ 210C 110 + 10 120+10 13500 +400 10900 * 100
Competitor 2, Class F 200+ 10 150 + 10 18000 +£ 500 10600 + 700
pressed laminated sheets 14 4 heating @ 220c 200 * 20 180+10 19000 +800 12100 * 600
Competitor 3, Class F 170+ 10 55+5 13600 + 800 4300 £ 400
rolled and pressed 14 d heating @ 210C 170 + 20 140+10 13400 +550 10000 + 400
Competitor 4, Class F 380 + 10 100+ 10 21000 +600 8700 + 400
pressed laminated sheets 14 4 heating @ 210C 380 + 20 541 23700 + 400 8200 + 600

Table 1: Obtained values of the bending test (ISO 14125). The values are rounded to its significance.

For comfortable interpretation see diagram 1 and 2 where the baseline of the bars —
for a clear representation - is at 100 MPa (flexural strength) and 10000 MPa (module
of elasticity) respectively. Moreover the mechanical values for slot wedges should not
fall below these values, therefore bars pointing downwards indicate poor properties.

It is shown that ageing (heating at 210C for 14 days) does barely influence the
mechanical properties at room temperature, but very well at elevated temperatures.
At 155 the material shows — as expected — in gene ral lower mechanical properties
compared to room temperature, but due to a post curing effect the aged material
shows improved properties at this temperature except for materials of competitor 4,
where properties decrease for some reason.

Diagram 1 and 2 shows without dispute that slot wedges SPInduwedge
manufactured from SPIndustries show highest rigidity and stiffness far above
average at room temperature and at elevated temperature. Diagram 3 and 4 shows
the measured values with error limits.
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Flexural Strengh

400
T

N

350

300

250

MPa
200

Flex. Str. @ 23C
Flex. Str. @ 23T, aged
Flex. Str. @ 155C
Flex. Str. @ 155<C, aged

SPInduwedge H HP
Competitor 1, Class H
SPInduwedge F HP

Competitor 1, Class F
Competitor 2, Class F

Competitor 4, Class F -,

Competitor 3, Class F

Diagram 1: Flexural Strength

The dark blue bars in the last row show the values of the flexural strength of slot wedges at room
temperature (23<) in the condition as delivered. T he second row from behind (light blue bars) shows
the flexural strength of aged slot wedges. Ageing took place at 210C for 14 days. You can see that
these two rows are quite identical, this means ageing does barely affect properties at room
temperature. The third row from behind (dark red bars) shows the value of the flexural strength at
elevated temperature (155<C). The values are lower than at 23T due to known softening effects of
polymers but show very different due to different resin system and combination. The front row (orange
bars) shows the value of the flexural strength of aged slot wedges at elevated temperature (155C).
You can see that ageing leads to a post curing effect (cross linking of unreacted polymer chains)
which improves the properties once again except for material of competitor 4 where properties
decrease after ageing for some reason. The values of the front row (orange bars) are the most
relevant, because these properties occur in continuous operation.

Class F Material Value (155¢C, aged)* Rating
SPInduwedge H HP, Class F 290 MPa excellent
Competitor 2, Class F 180 MPa good
Competitor 3, Class F 140 MPa good
Competitor 1, Class F 120 MPa good
Competitor 4, Class F 54 MPa below average

Class H Material Value Rating
SPInduwedge F HP, Class H 200 MPa excellent
Competitor 1, Class H 160 MPa good

* see also Table 1 on Page 12.
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Module of elasticity

250007
-]
20000
MPa 15000
od. of elasticity @ 23T
Mod. of elasticity @ 23C, aged

Mod. of elasticity @ 155C
Mod. of elasticity @ 155<C, aged

SPInduwedge H HP
Competitor 1, Class H
SPInduwedge F HP
Competitor 1, Class F
Competitor 4, Class F

Competitor 2, Class F
Competitor 3, Class F

Diagram 2: Module of Elasticity

The dark blue bars in the last row show the values of the module of elasticity of slot wedges at room
temperature (23<C) in the condition as delivered. T he second row from behind (light blue bars) shows
the module of elasticity of aged slot wedges. Ageing took place at 210<C for 14 days. You can see that
these two rows are quite identical, this means ageing does barely affect properties at room
temperature except competitor 2 show slightly higher values and competitor 4 show clear increasing of
the value, this could mean that the specimen are not fully cured. The third row from behind (dark red
bars) shows the value of the module of elasticity at elevated temperature (155C). The values are
lower than at 23T due to known softening effects o f polymers but show very different due to different
resin system and combination. The front row (orange bars) shows the value of the module of elasticity
of aged slot wedges at elevated temperature (155C). The post curing effect shows more definite as in
the values of the flexural strength (diagram 1) except competitor 4 shows a decrease of the module of
elasticity at 155C and is considered therefore as less suitable. The values of the front row (orange
bars) are the most relevant, because these properties occur in continuous operation.

Class F Material Value (155, aged)* Rating
SPInduwedge H HP, Class F 18,2 GPa excellent
Competitor 2, Class F 12,1 GPa good
Competitor 1, Class F 10,9 GPa good
Competitor 3, Class F 10,0 GPa good, curing recommended
Competitor 4, Class F 8,2 GPa below average
Class H Material Value Rating
SPInduwedge F HP, Class H 16,0 GPa excellent
Competitor 1, Class H 11,1 GPa good

* see also Table 1 on Page 12.
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Diagram 3 and 4 show the values of unaged slot wedges at 23 and aged wedges
at 155 including error bars. The blue bars are ac cording to the backmost dark blue
row, the red bars are according to the orange front row of diagram 1 and 2.

Flexural Strength
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SPInduwedge H  Competitor 1, SPInduwedge F Competitor 1, Competitor 2, Competitor 3, Competitor 4,
HP, Class H Class H HP, Class F Class F Class F Class F Class F
Diagram 3: Flexural strength with error limit of unaged slot wedges at room temperature
(23<C) and aged slot wedges at elevated temperature (155<C), values see table 1.
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Diagram 4: Module of elasticity with error limit of unaged slot wedges at room temperature
(23<C) and aged slot wedges at elevated temperature (155%C), values see table 1.
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Scanning electron micrograph pictures from the surface of fractures show the
difference in the construction. The slot wedges SPInduwedge (Picture 2 and 3)
consist of rolled glass fiber cloth and therefore stiffness is equal in all directions and
explains the excellent flexural strength. Surface of fractures from conventional,
laminated material is shown in picture 4 to 7.

SPInduwedge F HP, Cl ass F
23 C 155 C

AccV SpotMagn Det WD Exp b——{ 2mm
10.0kV 50 30x SE 163 1 0KV 50 30x

Picture 2 Picue3

Competitor 1, Class F

23 C

: BT
Acc.V SpotMagn Det WD Exp
10.0kV 50 30x SE 2251

Acc.V SpotMagn Det WD Exp b————{ 2mm

— 2mm
10.0kV 50 30x SE 1921

Picture 4 Picture 5

Competitor 2, Class F
23 C

AccV SpotMagn Det WD Exp b— | 2mm
100kv 50 30x SE 196 1

Acc.V SpotMagn Det WD Exp b 2mm
100 kv 50 30x SE 191 1

Picture 6 Picture 7
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Slot wedges of competitor 4 show good mechanical values at room temperature, but
at elevated temperature the mechanical properties are decreasing dramatically.
Looking at the scanning electron micrograph pictures (picture 8 and 9) of the fracture
it is noticeable that the pattern is different to the other fractures already seen in
picture 2 to 7, there are much more free glass fibers especially in cross direction.

23 C

Competitor 4, Class F

Acc.V  Spot Magn Det WD Exp |—| 2 mm
100 kv 50 30x SE 182 1

Picture 8

5.2 Cleavage test

Picture 9

155 C

10.0kv 5.0 30x SE 196 1

In table 2 the values of the cleavage test are summarized.

AccV SpotMagn Det WD Exp b 2mm

F(max) @ 23T F(max) @ 155C
Material (thickness 5mm) [N] [N]
SPInduwedge H HP, Class H 4500 + 500 2600 + 300
rolled and pressed 14 d heating @ 210C 4600 *+ 200 3200 + 200
Competitor 1, Class H 2900 + 100 1400 + 100
pressed laminated sheets 14 d heating @ 210C 2600 + 100 1600 + 100
SPInduwedge F HP, Class F 4000 + 100 1800 + 300
rolled and pressed 14 d heating @ 210C 4700 * 500 2500 + 200
Competitor 1, Class F 1800 + 100 990 £+ 50
pressed laminated sheets 14 d heating @ 210C 1700 + 200 980 + 90
Competitor 2, Class F 3200 + 100 1600 + 40
pressed laminated sheets 14 d heating @ 210C 2700 + 300 1740 + 20
Competitor 3, Class F 2800 + 400 560 + 30
rolled and pressed 14 d heating @ 210C 2900 + 400 1760 + 40
Competitor 4, Class F 2300 + 100 480 + 50
pressed laminated sheets 14 d heating @ 210C 2300 + 200 380 + 80

Table 2: Results of the cleavage test. The values are rounded to its significance.

Diagram 5 shows the delamination load of all conditions, whereas the most
interesting ones are condition (1) the slot wedge in condition as delivered measured
at room temperature and condition (2) the slot wedge after ageing measured at
elevated temperature (155C), both conditions are s hown additionally in diagram 6
with error limits.
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For inserting the slot wedges into the stator or rotor the relevant properties are of
condition (1) the slot wedge in the condition as delivered. To overcome the friction
force when inserting into the slot, especially with long wedges, a more or less huge
force has to be applied when inserting the wedge, namely with a hammer. It is well
known, that this action consistently leads to damages. If damage is obviously, the
wedge will be replaced, but the damage is not always evident, so that it happens
regularly that damaged wedges remain in the machine, which can lead at last to a
complete failure of the machine, especially if additional factors are present such as
vibration, overload, etc.

Condition (2) is the interesting one for operation. Continuous operation takes place at
elevated temperatures (mostly) which leads to the post curing effect described
elsewhere and therefore the property of the aged wedge at elevated temperature is
relevant. And of course a machine in operation produces various forces such as
vibration, oszillation, forces of current, etc. and therefore an adequate stability is
recommended.

delamination load

5000 ]
4500
4000

3500

3000 - =

F[N] 2500 H I
2000 l r I r
~1ad ' |
1500 ‘ -
7 Force @ 23T (1)
1000 4. ‘ c J ‘ Force @ 23T, aged
Force @ 155C
500 Force @ 155, aged (2)

0,

.

SPInduwedge H HP
Competitor 1, Class H
SPInduwedge F HP
Competitor 1, Class F
Competitor 2, Class F

Competitor 3, Class F
Competitor 4, Class F

Diagram 5: Delamination load of all conditions, the most interesting ones are denominated with (1) and
(2), for explanation see text above. For comfortable interpretation the bars are starting at a force of
1000 N, so that values below 1000 N are bars pointing down. Further explanation on page 18 to 20.
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delamination load

4750
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3000 -

FIN]

2000 -

1000 -

Aged Material, Measurement at 155C

SPInduwedge H  Competitor 1, SPInduwedge F Competitor 1, Competitor 2, Competitor 3, Competitor 4,
HP, Class H Class H HP, Class F Class F Class F Class F Class F

Diagram 6: Delamination load with error limits of condition (1) i.e. unaged slot wedges at 23C
and (2) i.e. aged slot wedges at 155<C.

Slot wedges SPInduwedge are the most solid ones at all conditions and show the
highest values, therefore they have the best safety for inserting them with a hammer.

Conventional slot wedges show tearing on the cleavage test, sometimes the tear is
propagating on the whole length of the wedge (see picture 12) and the glass cloth is
laid open as seen on the scanning electron micrograph picture 10.

AccY SpotMagn Det WD Exp b— 2mm AccV SpotMagn Det WD Exp |— 2mm
100KV 5.0 16x SE 3791 500 kv 50 16x SE 392 1

Picture 10: Scanning electron micrograph picture of a fracture face after the cleavage test of a
conventional slot wedge (laminated material). (left: Competitor 1 Class F, right: Competitor 4 Class F).

The fundamental difference of the slot wedges SPInduwedge to other wedges is not
only the fact that they endure the highest cleavage forces but also that a damage by
a cleavage force leads to a completely different kind of fracture. The force effect, as
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seen in picture 11, is deviated nearly in a right angle to the side. This means that the
damage is limited to a small area and that the internal structure of the wedge remains
intact. So the stability remains almost unaltered. This leads to the situation that no
scanning electron micrograph picture can be taken because the fracture face cannot
be uncovered. This can be seen very clearly in Picture 11 and 12; Picture 11 is
according to SPInduwedge and Picture 12 is according to laminated material.

SPInduwedge F HP, Class F

Picture 11: Specimen SPInduwedge F HP, Class F after cleavage test at room temperature. F = 4000
N

from left to right: Condition as delivered, cleavage test at 23C and at 155C, aged Specimen,
cleavage test at 23T and at 155<C.

Competitor 1, Class F

Picture 12: Specimen Competitor 1, Class F after cleavage test at room temperature. F = 1800 N
from left to right; Condition as delivered, cleavage test at 23C and at 155C, aged Specimen,
cleavage test at 23T and at 155<C.
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5.3 Heat deflection temperature

The obtained values of the heat deflection temperature are summarized in Table 3.

fresh material aged material
Material (thickness 3mm) 1 2 3 1 2 3
SPInduwedge H HP, Class H 189 176 > 190 > 190
Competitor 1, Class H 146 148 187 186
SPInduwedge F HP, Class F > 190 > 190 >190
Competitor 1, Class F > 190 > 190 > 190
Competitor 2, Class F 139 139 151 172 156
Competitor 3, Class F 105 111 191 187
Competitor 4, Class F 140 130 112 129

Table 3: Values of the Heat deflection temperature T;in .

It was not possible to obtain sufficient valid values, because the testing machine
turned out to be limited appropriate.

But the values obtained so far are good enough to give a finding. The HDT values of
the SPInduwedge slot wedges are at 190C and above, especially aft er ageing, and
therefore are far beyond the values of the competitors, except Competitor 1, Class F
which HDT values are also above 190 but its mecha nical data is only average (see
Table 1 and 2)

6 Summary

Slot wedges SPInduwedge manufactured by SPIndustries show, both Class F and
Class H, the best mechanical properties in comparison to slot wedges of competitors,
which are manufactured by milling out of plates of laminated material. The following
properties were compared: Flexural strength, module of elasticity and delamination
force (see diagrams 1, 2 and 5).

One of the advantages of the slot wedge SPInduwedge is that a damage is limited to
a small area only and that the internal structure of the wedge remains intact even if a
very high cleavage force is applied (see picture 11). On the contrary a damage of a
laminated material leads to a tear sometimes propagating on the whole length of the
wedge (picture 12), which means a complete destruction and therefore a great
danger if undetected. And actually a small tear remain unseen frequently. The force
needed to actually damage the SPInduwedge slot wedge is far beyond that of the
competitors (see diagram 5).

The slot wedges SPInduwedge are manufactured out of rolled glass cloth and are
pressed with resin, therefore no glass dust is present on the surface of the slot
wedge. The material of the competitors is covered with fine glass dust because the
wedges are milled out of plates. This glass dust is hazardous to skin and eyes and is
also a very dangerous respirable dust for lungs.
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Protection of civilian employment is becoming more important than ever, therefore
attention should be paid to this fact. Furthermore the slot wedge SPInduwedge is
sliding more easily into the slot because of the smooth surface, this enables the
possibility to use extraordinary long slot wedges which shorten the time used to insert
the wedge rigorously.

The slot wedge has its important role to minimize iron loss, but moreover he must
hold the colils in the slot and therefore the mechanical stability has preference. A
saving because of cheap slot wedges is out of all proportions compared to the loss of
a machine due to a failure caused by destroyed slot wedges. Damage events
(sometimes damage events of whole production runs) with this reason are well
known.

7 Appendix: Test Conditions

In the following tables the test conditions are summarized.

The bending tests and heat deflection temperature tests were carried out with slot
wedges with a thickness of 4 mm. The specimen for the cleavage tests was prepared
from 5 mm wedges by sawing and grinding. It is to mention that standard DIN 53464
(cleavage test) requires a thickness of 10 mm, but slot wedges (laminated material)
from competitors were not available in this thickness. SPInduwedge slot wedges
could be produced at this thickness, but to obtain comparable result it was decided to
use a thickness of 5 mm.

Table 4: Test conditions of bending test.

Source: Slot wedges, 4mm, Sample No. 1, 3,5, 7, 9, 11, 13
Condition as delivered and aged 14 d at 210C

Date: 08/2009

Operator: Kerres

Test procedure: Bending test according to 1SO 14125

Testing machine: Zwick Z050

Dimension: 80 mm x 10 mm x 4 mm

Force sensor: 50 kN

Path sensor: Multisense

Span: 64 mm

Pre-load: 10N

Traverse speed: 2 mm/min

Measurement Temperature: |23 T and 155 C
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Table 5: Test conditions of Cleavage test

Source: Slot wedges, 5mm, Sample No. 2, 4, 6, 8, 10, 12, 14
Condition as delivered and aged 14 d at 210C

Datum: 09/2009

Operator: Kerres

Test procedure:

Cleavage test according DIN 53464

Testing machine:

Zwick 2050

Dimension: 12 mm x 10 mm x 5 mm (deviant to DIN 53464, according to
standard a thickness of 10 mm is required)

Force sensor: 50 kN

Path sensor: Traverse

Pre-load: 10N

Traverse speed: 2 mm/min

Dimension cleavage wedge:

60° Radius 0.5 mm

Measurement Temperature:

23 Cand 155 <

Table 6: Test conditions of heat deflection temperature

Source: Slot wedges, 4mm, Sample No. 1, 3,5, 7, 9, 11, 13
Condition as delivered and aged 14 d at 210C

Datum: 09/2009

Operator: Kerres

Test procedure:

heat deflection temperature according to 1ISO 75-3

Testing machine:

Dimension: 80 mm x 10 mm x 4 mm (deviant to ISO 75-3, according to
standard a support-thickness-proportion of 30 is required)

Position: lying flatwise

Bearing distance: 64 mm

Flexural stress
(ger. Randfaserspannung):

1/1000 of module of elasticity at 23T

Heating rate:

120 K/min

Heating medium:

Silicon oil




