WIRE!

BY CHARLES HANSEN

Sure we all use wire in our

projects, but do you know

what its important

characteristics are?

This article is about wire, the mundane stuff hidden In the walls of your house and buried within the sheet metal of your car as well as to exotic stuff that high‑end audio manufacturers use in their component systems and Interconnecting wire.

Webster defines "wire" as metal in the form of a thread or slender rod, usually very flexible, and circular in cross‑section. However, wire can also be formed in rectangular, tubular, or other cross‑sections for specialized applications. But before we get to more specialized wire, let’s just discuss some of the basic characteristics of wire.

Wire Gauges. Single strands of round wire are made by a drawing process in which a ductile metal rod Is reduced to the desired diameter by pulling It through progressively smaller hardened‑steel die‑blocks. The final diameter of copper, aluminum, and other conductors except steel is measured using the American Wire Gage (AWG) numbering system, which was devised by the Brown and Sharpe company The gauge number originally denoted the number of passes a copper bar 0.3249 Inches In diameter had to make through the progressively smaller die‑blocks to produce he desired final diameter. An AWG‑20 wire required 20 passes through the various die blocks.

A similar Brown and Sharpe numbering system is used for steel wire and twist drills, called he Steel Wire Gauge or SWG system. The sizes are different. At 20 degrees C, an AWG‑20 copper wire is 0.032 Inches in diameter. A __20 twist drill is 0.161 inches in diameter.

The AWG and SWG systems are not the only wire‑gauge standards; the British Standard Gauge system provides a greater number at wire sizes than the Brown and Sharpe systems, ranging from 50 gauge (0.0010 inch diameter) through 00000000 (also denoted "8/0" and pronounced 'eight‑ought," which is 0.5 Inches In diameter). Another system is the Birhinghom or Stubbs' gauge. Each system has a different diameter for the same numeric wire gauge, so don't confuse them.

The American gauge numbers for solid wire vary from the smallest, AWG‑40 (0.003145 Inches diameter) through 0000 or 4/0, which is 0.46 Inches In diameter. In the AWG system, wire effectively doubles in cross‑sectional area for every three decreases In wire gauge number. So, AWG‑20 wire has twice the area of AWG‑23, and AWG‑17 has twice the area of AWG‑20. For sizes large than zero, each additional zero represents the same percentage increases in wire area as does one number increase for smaller gauge wires. For instance, 0000 gauge wire has twice the area of 0 gauge. Wire larger than 0000 is generally measured In thousands of circular mills (MCM), The next wire size above 0000 is 250 (MCM), or 250,000 circular mils. The properties for some single‑conductor round copper wire of the American Wire Gauge type are given In Table 1.

Stranded Wire. To maintain a practical degree of wire flexibility, especially for large‑diameter wire, stranding was created. Stranded wire is made up of a number of filaments of smaller wire gauges, which are twisted together to form an electrically equivalent larger wire gauge size.

Very flexible stranded wires might contain much smaller individual strands than AWG‑40. These wires are given equivalent AWG numbers based on the reduction in area below that of AWG‑40. For Instance, a stranded wire with a cross‑sectional area equivalent to AWG‑20 solid wire can be composed of 7 strands of AWG‑28 wire (common hook‑up wire), 19 strands of AWG‑32 wire (MIL‑Spec wire), or 41 strands of AWG‑36 wire (flexible test lead). These various types of stranded wire are designated by the quantity and size of the strands that make up the finished wire. The three 

AWG‑20 equivalents above would be designated 7 x 28, 19 x 32, and 41 x 36, respectively.

If extra flexibility is required, the wire can be made in rope‑lay fashion, Rope‑lay wire consists of a central core surrounded by one or more layers of helically wound strands. AWG‑20 rope‑lay wire can be composed of up to 259 Individual wires, such as 7 x 37/44, which uses a combination of AWG‑37 and AWG‑44 equivalent‑gauge wires to achieve the required cross‑section. The successive layers of a rope‑lay wire can be alternately reversed (true concentric lay) or can all be wound in the some direction (unidirectional lay).

The finished diameter for stranded wire ends up larger than that of an equivalent solid wire. For example, solid AWG‑20 wire is 0.032 inches in diameter, while 7 x 28 AWG‑20 wire is 0.0363 inches in diameter. That is due to the air space in the stranding.

The resistance‑per‑unit length of stranded wire is also slightly higher than that of an equivalent solid wire. Since the wire strands are helically twisted, the length of each strand ends up longer than that of a solid conductor for the same length of wire. That extra strand length is called the take‑up. Solid AWG‑20 copper wire has a resistance of 10.15 ohms/1000 feet; while 7 x 28 stranded AWG‑20 copper wire has a resistance of 10.54 ohms/1000 feet. Wire properties for 7‑strand copper wire are given In Table 2.

Conductor Materials. Copper is the most common metal used for wire. Silver is a better conductor, but copper is much more cost effective. Aluminum wire costs less and offers a significant weight savings over copper for a given current carrying capacity, but requires special wire   terminations. Other metals are also used for wire. The tungsten wire used  in light bulbs and nichrome wire in heating elements were selected not because they have low resistance, but because their high resistance and high melting point make them the best choice for lighting and heating applications. Table 3 shows the relative resistances for different 20‑gauge wires.

If plating is applied to the wire strands, this will affect the wire resistance, since plating adds several mils to the strand diameter. A 19 x 32 MIL Spec AWG‑20 wire has a resistance of 9.19 ohms/1000 feet with silver plating, 9.68 ohms/1000 feet with nickel plating, and 9.88 ohms/1000 feet with tin plating.

Wire Insulation. The purpose of a non‑conductive wire covering is to electrically isolate the conductor, and to protect it against its environment. From an equipment‑manufacturers' standpoint, insulation also allows colors, polarity patterns, and embossed printed information to be placed on the wiring. Insulation materials are also selected to control the impedance of coax, twin‑lead, and twinax cables.

TABLE 3  20‑GAUGE WIRE RESISTANCE

Material
Resistance



 (Ohms/1000 Ft.)


Silver
9.590


Annealed copper
10.15


Gold
14.4


Aluminum
16.7


Tungsten
32.4


Brass
41.2


Nickel
45.9


Iron
58.9


Steel
69.5

  
Nichrome
659

Before plastics were developed, insulators were made of fibers such as waxed linen, varnish impregnated cotton, and asbestos. Modern wire insulation is molded, wrapped, or extruded from fibers, ceramics, rubber, and thermoplastics.

The insulating coatings for magnet wire are designed to be thinner than those of standard covered wire in order to maximize the space factor (ratio of copper to copper‑plus‑insulation) in the windings. Insulation can also be engineered to provide controlled stiffness and distributed strain relief, and to include integrally molded connectors or test probes.

The current rating of a wire is determined by its temperature rise. This temperature rise is caused by the Joule effect. The heat must be dissipated through the wire insulation. Thus it can be seen that the ideal insulator would be a material with infinite electrical resistance and zero thermal resistance. The amount of heat that the insulation can conduct to the outside of the cable depends on the insulating material, its wall thickness, the ambient temperature, the altitude, and the heat contribution of other current‑carrying conductors if the wire is in a bundle or harness.

Table 4 shows the maximum permissible operating temperature for a number of insulating materials. Of course, higher temperature materials allow higher current flow in the conductor and so higher wire temperatures,

Wire Shielding. Wire shields are wound or braided over an inner insulated conductor to form a cylinder of all copper wires arrayed in one or more layers. They are typically used to prevent RIF energy from entering or leaving a coaxial cable. A high‑quallty braid provides at least 90% coverage of the inner cable, yet can be easily pushed back to allow connectors to be attached. Wound shields are cheaper, but less effective than braided shields.

Metal‑foil tape provides a less effective RF shield than braid. It is lower in cost, but must be in contact with an un-insulated wire just under the insulation so the wire can be used for termination of the shield.

Characteristic Impedance. Every piece of wire has electrical properties that depend on the geometry of the wire, the conductor material, and the insulation used. When more than one wire is combined into a cable or harness, the interaction of AC signals flowing in the wires depends on the characteristic resistance, inductance, and capacitance between the parallel conductors. The characteristic Impedance of a pair of wires of a given length is given by the formula
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where R is the wire resistance, L is the series inductance, G Is the shunt conductance, C is the shunt capacitance, and ω (omega) is 2πf where f Is the frequency of the AC signal.

The wire Insulation is the dielectric for the shunt capacitance. As is the case with discrete capacitors, not all insulating materials are suitable for cables. Where stable and predictable performance is required, more costly materials such as Teflon are used. For less demanding applications, the choice of insulating material Is a compromise between performance, cost, and the installation environment.

The spacing of wire pairs also controls the characteristic impedances. Series inductance increases as wire pair spacing increases, and shunt capacitance decreases as wire pair spacing increases.

Skin Effect. In the discussion of characteristic impedance, it was assumed that the current density (current per unit area) is constant over the cross‑sectional area of the conductor. This is only valid if the conductor is small, non‑magnetic, and the frequency of the AC signal Is low.

With large conductors or at higher frequencies, the current density becomes greater at the conductor surface and decreases toward the center. At very high frequencies, the current Is crowded Into a very thin layer or "skin" near the wire surface. Thus the current crowding Is called the skin effect."

Skin effect is easier to understand if a solid conductor is thought to consist of a large number of parallel strands of very small wire. (As it turns out, the skin effect is essentially the some for a conventionally stranded wire as it is for a solid conductor of the same material and the same net cross‑sectional area.) The voltage drop in each strand is determined by its resistance, which is essentially constant, and its inductance, which is proportional to the magnetic flux linking the strands. The outer strands are only linked to the Internal flux, while the inner strands are linked to the flux of both the inner and outer strands. Thus the inner strands experience the highest inductive drop and therefore have the lowest current density. Thus, the skin effect Increases with frequency and with conductor diameter.

Skin effect causes the effective resistance of the wire to increase because proportionally less copper area is available to carry the current as a result of the current crowding. It also causes the effective inductance of the wire to decrease because of the decrease In internal flux.

Litz Wire. In order to minimize the skin effect at any given frequency, a special stranded wire called Litz wire is used (see Fig. 1). Numerous articles have been written in the audio press debating the effectiveness of large gauge audio interconnecting cables of silver or oxygen‑free high‑conductivity (OFHC) copper, using Litz wire construction.

Litz Is an abbreviation for litzendraht, which is German for stranded‑wire. Litz wire is composed of separately insulated strands of very fine wire. It is wound so that every strand occupies, to the same extent, every possible position in the cross section of the wire. It is this special construction that differentiates Litz wire from conventional stranded wire. Litz stranding is designed to equalize the flux linkages, and therefore the inductive reactance, of each strand in the wire. This results in the current being distributed evenly among all the strands.

Litz wire is typically designed for a specific frequency range. AWG‑28 strands may be used for frequencies under 1 kHz, while strands as small as AWG‑48 are used for frequencies in the megahertz region. The goal of the Litz‑wire designer is to make the resistance and reactance equal at the design frequency in order to maximize the Q of the cable. A sufficient number of strands of a selected size are then specified to carry the maximum design current.

Wire Applications. The applications for a type of wire are, of course, determined by its characteristics. Let’s discuss some of the various types of wire, the characteristics that make them suitable for their particular applications.

Antenna wire, for a start, is required to have high tensile strength in order to maintain a specified length for accurate tuning and frequency characteristics. To prevent stretch and sag, it is made of stranded copper over a steel core. Phosphor‑bronze aerial wire is used where better mechanical support is available.

Audio‑signal cables cover a wide range of shielded and twisted wiring. Twisting the conductors helps to reject 60‑Hz hum in balanced lines. Unbalanced lines are connected with coaxial cable.

Biomedical equipment requires very fine and flexible wires made with inert materials that will not cause allergic reactions.

Bus wire is large‑diameter, solid, hard‑drawn copper wire that retains its mechanical strength over large temperature changes and during moderate shock and vibration.

Communications equipment utilize all the types listed in this article, from simple multi‑conductor cables for intercom systems to the most specialized coaxial cables for RF work.

Computers use numerous specialty cables, such as multi‑conductor RS‑232 and parallel (Centronics) wiring. Disk drives and other peripherals are interconnected with ribbon cable. Ribbon cables use extruded PVC insulation to make them compatible with mass‑termination connectors and for easy conductor separation. The miniature conductors used in disk drive heads are built of special alloys and insulators to withstand severe flex life requirements and to maintain their critical mutual capacitance. Network cables must also maintain their characteristic impedance for high data‑transfer rates and noise rejection, and low transmission losses and crosstalk.

Ground strap is braided copper wire used for flexible ground connectors. It may be tin‑plated to allow easy soldering to equipment chassis, and may be insulated.

High‑temperatures require a nickel-clad copper wire, covered with inorganic silicone‑glass, ceramic, or vitreous silica braided insulation,

High‑voltage wire is heavily insulated with silicone rubber, polyurethane, or polyethylene. Teflon can provide additional corona resistance,

Hook‑up or chassis wire is made of solid or stranded annealed copper. Wire strands may be left bare or tinned for good solderability. Insulation can be neoprene, silicone rubber, or any number of thermoplastics.

House wiring is solid annealed bare copper with thermoplastic insulation. The application, voltage drop, and current ratings of house wiring are specified by the National Electric Code.

Instrumentation wire for subminiature thermocouple, strain‑gage, and accelerometer leads is Teflon-covered silver‑plated copper, sometimes twisted or twisted‑shielded.

Magnet wire is solid wire with a very thin enamel, Formvar (vinyl acetate), or polyimide insulation that is designed to maximize the space factor (the ratio of copper to copper plus insulation) in the windings of transformers, motors, relays, solenoids, and generators.

Telephone wire is multi‑conductor solid copper. Modular phone‑line connectors can be integrally molded onto the wire. Handset wires are made of ultra‑flexible, silver‑plated, fine‑wire conductors to prevent breakage in coiled cords.

Welding cable is required to be extra‑flexible and consists of a large number of fine strands. The wire stranding for AWG‑4 welding cable is 418 x 30 as compared with 133 x 25 for conventional cable.

Wire‑wrap wire must maintain its circuit contact integrity on the edges of wire‑wrap pins. It is often made from silver‑plated, solid oxygen‑free, high-conductivity copper and insulated with Kynar.

TABLE 1‑‑CHARACTERISTICS OF STANDARD 


ROUND ANNEALED COPPER


Wire
Diameter
Resistance* 
Area 


Gauge
(inches)
(Ohms per
(Circular


(AWG)

1000 Ft.)
Mils++)* *)


40
0.0031
1049
9.9


38
0.0040
660
15.7


36
0.0050
155
25.0


34
0.0063
261
39.7



32
0.0080
164
63.2


30
0.0100
103
100.5


28
0.0126
65
159.8


26
0.0159
40
254.1


24
0.0201
  25.7
404.0


22
0.0253
16.14
624.4


20
0.0320
10.15
1022


18
0.0403
6.385
1624


16
0.0508
4.013
2583


14
0.0641
2.525
4107


12
0.0808
1.588
6530


10

0.1019

0.999
10380

* At 20 degrees C.   ** 1 circular mil = 0.7854 square mils.
TABLE 2‑WIRE TABLE FOR 7‑STRAND ANNEALED COPPER


Wire
Diameter
Resistance
Area


Gauge
(inches)
(Ohms per
(Circular


(AWG)

1000 Ft.)
Mils)


24
0.0255
28.4
404.0


22
0.0315
17.4
624.4


20
0.0363
10.54
1022


18
0.0456
6.636
1624


16
0.0576
4.172
2583


14
0.0726
2.624
4107


12
0.0915
1.650
6530


10
0.116
1.083
10380




1. The intended application of a wire determines the characteristics any form of a wire design. As you can see, there are quite a few different kinds of wire. all keyed to their particular use.

TABLE 4    MAXIMUM TEMPERATURES FOR INSULATION


Wire
Insulation Type
Chemical Name
Maximum Temp


Type


(deg.C)


C
Latex rubber

60



Heat-resistant rubber

75


O
Varnished Carnbrio

85



Cotton, silk, or linen

90


V
Silicone rubber

90-200



FEP Taflon
Fluoro-ethylene-prorylene
90-200


E
Nylon
Polyamide
105



PVC
Polyvinyl chloride
105


R
Kynar
Polyvinylidane fluodride
110



Asbestos

130


E
Fiberglass

130



Kapton
Polyimide
200


D
Nomex
High-Temperature Nylon
250



TFE Taflon
TetraFluoro ethylene
250

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 


M
Enamel

80


A
Formvar
Vinyl Acetate
105


G
Soldereze
Polyurethane
105


N
Nyleze
Nylon w/polyurethane
130


E
Silicon Enamel

180


T
Thermaleze
Polyester
180



ML
POLYIMIDE
220
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INSULATED SOLID WIRE 
TWISTED‑PAIR

BRAIDED COAX

STRANDED WIRE

LITZ WIRE

RIBBON WIRE

HOUSE WIRING

300Ω TV TWIN‑LEAD

ROPE‑LAY HIGH FLEX

HIGH VOLTAGE WIRE

1. The intended application of a wire determines the characteristics any form of a wire design. As you can see, there are quite a few different kinds of wire. all keyed to their particular use.
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