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Introduction resistors that, for switching into the off state , 
require cooling by slower heat conduction . 

Inductive st orage power supplies are capable of 
providing high pulse power wi t h relatively low 
weight, except that t he energy t ransfer t o a load 
circuit in such a system requires the opening of the 
init ial current storage circuit. The switch 
requi red for this has to be able to i nterrupt a 
substant ial current, as well as permit a rapid 
build-up of a high voltage across its opened 
terminals . 

Conventional switches that rely on the 
separation of two connect ing members develo~ 
extremely high localized fields during opening. 
These can ionize gas molecules or create a plasma 
from dislodged and ionized electrode material. In a 
plasma, the current carriers have to be removed or 
neutralized before its resistance goes up, and the 
tirre requi red to do this limits the rate of voltage 
bu i 1 d up or recovery. The ·resistivity of a so 1 i d on 
the other hand can be modulated by changes in 
effective carrier mobi lity as well as by the carrier 
concentration. 

A non 1i near res i stor can change i tz resistivi ty 
in response to an external stimulus. Resistors 
that are sensiti ve to temperature are used here; 
specifically positive temperature coefficient 
resistors can exh ibit increases in res istance ~ver 3 
orders of magn itude when their temperature exceeds a 
critical value. 

These are particularly attractive s i nce t he 
appl i cation of a current can be used to raise their 
temperature relatively uniformly throughout their 
bulk . This internal (joule) heating does not 
require the relatively s low flow of heat; the rate 
of temperature increase 1 s determined only by the 
power suppl i ed per unit mass. Relatively fast 
switching speeds can therefore be attained. This fs 
not the case for negative temperature coefficient 
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The implementation of successful PTC resistors 
has so far been most successful i n dual phase 
materials. Figure 1 shows the small signal 
resistivities of conductive polycrystalline Barium 
Titanate and of a carbon fi l led polymer switch 
material as they depend upon temperature . 

Judicious processi ng of "N" doped Barium 
Ti tanate ceramic results in acceptor states in the 
grain boundaries. that t hen provide a "Efwork of 
high resistance barriers to current flow . Be 1 ow 
125° c. barium ti tanate is i n a ferroelect r ic state 
that causes charges to appear on many of the grain 
surfaces. These charges "short ci rcuit" the grain 
boundary barrier. The 125°C phase transition of 
Barium Titanate causes the ferroe l ectricity as well 
as these charges to disappear and, as a result, the 
resistivity increase shown in Fig . 1 is attained. 

The carbon particles embedded in the polymer 
based swi tc'k make good e 1 ect r i ca 1 contact at room 
temperature. At about 100° C, the polymer has a 
phase transit 1 on that causes it to expand by about 
4%. The resulting separation between the carbon 
part icles causes the effective resi stance of the 
composite to i ncrease significantly. 
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Figure 2 PTC Res i stors 

1. Carbon Filled Po lymer, Epoxy Coated 
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2. Barium Ti tanate Ceramic Disc, Soldered Leads 
3. Barium Titanate Electroded Ceramic Disc 
4. Barium Titanate Electroded Ceramic Disc 
5. Barlum Titanate Electroded Ceramic Honeycomb 
6. Carbon Filled Polymer, Epoxy Coated 
7. Barium Titanate Electroded Ceramic Disc 

Figure 2 shows t he appearance of some PTC 
resistors as tested here. The conduct i ve gra i ns in 
these 2 phase systems serve to provide current 
carriers and to support the thin intergranul ar 
layers where the actual switchi ng i s taking place. 
This results in a l ower materials mass utilization, 
since in the off condition, the voltage is applied 
across these barr iers only. The advantage of this 
system is in the series parallel nature of the high 
resistance network . This di vides the applied 
voltage to a lower value at each of many barri ers. 
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and the failure of a single barrier has only a 
negligi ble effect on the t otal ci r cuit . 

Experimental 

1. St eady State Voltage Test 

The purpose of this test is t o determine the 
maximum steady state voltage that can be applied. 
It often causes t hermal runaway and is determined by 
applying successively higher steps of DC voltage to 
the device under test , wh i le monitoring the current 
at each step . The first voltage level at which t he 
current did not stabi 1 ize was designated the "Steady 
State Runaway Voltage," This was particularly acute 
in Barium Ti tanate devices . The "Off the Shelf" 
PTCR components evaluated have cold resistance 
values from 9 mil l iohms to 30 ohms , and steady state 
vol t age ratings between 15 vol ts and 1000 volts . A 
high current (20A) power supply is used to bring the 
cold PTCR to switching t emperatu r e. It is then 
necessary to add power suppl ies covering decreasing 
ranges of current at increas i ng voltage l evel s to 
ar rive at the point wher e the resistance starts to 
decrease. The latter happens at device temperatures 
above the normal ope rat 1 ng range that 1 s shown in 
Fig . 1. 

2. Maximum Cu r rent Endurance Test 

The maximum current that a device is capable of 
interrupting was determined by applying a step 
fun cti on of voltage . The voltage across the device 
and i t s peak current were then used to calculate the 
l arge-signal resistance. Aft er t he PTCR switching 
inte rval, the voltage was disconnected . This was t o 
prevent overheating where the st eady stat e runaway 
voltage had been exceeded. This test requires a 
variable voltage, very low impedance source . 
Ci r cuit inductance was mi nimized , s ince it tends to 
produce an over-vol tage du ri ng switching. This 
could result in a voltage induced failure, rather 
than in an over-current failure . 

A large battery bank comprised of 120 two vo 1 t 
cells , capable of delivering short circuit currents 
to 2000 amps, was used . Electrolyti c capacitors 
with a capacitance of 0.092 farads were connected in 
series with the battery bank where higher voltage 
capability is required. A switching SCR capable of 
switching peak pulse currents to 10 kA is triggered 
to produce a fast current rise time 1 n the tested 
component . This circuit performs well for most PTC 
res ist ors tested . However, t he interna l impedance 
of t he battery {approximately 50-60 milliohm) 
produces some voltage drop so t hat when driving t he 
10-20 mil li ohm (cold r esistance) polymer components, 
a significant voltage i ncrease is observed at t he 
test device after switching. 

3. Constant Current Test Circuit 

Thi s test is des igned to measure t he maximum 
(short term) switched voltage tolerated by a PTCR 
when driven from a high impedance source . Si nee 
conventional constant cu rrent sources at the 
r equ i red energy level s are not readily available , a 
large air core coil was connected to a O. C. 
supply . Current f1 ows through the coil and through 
a fu se until the desi red peak current (set by supply 
voltage, coil resistance and fu se wi re diameter) is 
reached. At this t ime , the fuse vaporizes to 
produce a high resistance t hat transfers the current 
i nto t he PTCR under test . If the inductively stored 
energy is sufficient , the test device will be heated 
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by essentiall y a constant current , until it reaches 
switching temperature . The r apidly increasing 
res 1 st ance of the PTCR wi 1 l then produce a 
corresponding voltage i ncrease. A voltage sensing 
ci r cuit across the PTCR is set t o t ri gger a shunt 
SCR into conduct i on . The r emaining energy i n the 
co1l is t hen diss ipated in the induct or resistance 
via a diode connected f rom inductor input to ground, 
whil e a timing circui t and the ci rcuit breaker 
remove battery power . After e very pulse, t he PTCR 
res i stance is measu red, and the voltage sensi ng 
circuit is set to a higher vol tage until 
irrever s ibl e changes are detect ed in t he PTC 
r esistor. 

DEVIC!: ~· 'l'lPB DIKI!.~SIOIIS 

NUMBER 

X ·5" 

6 1 . 251~ .065" 7.2- 8.0- 760-800 66-74 54 .8- 57. 2 
DlA. 7. 6 .... 6.7 ma 

2 . 56" .063" 2.1- 1.6- 70-3o 102-106 55 -1-63 .1 
DIA . 2 .2 ... 1.1 " 

1" .0125" 2.0- 1. 5- ~00 
DIA . 2. 3 A 2,0 A 

.8T5" . 1.25" 6.8- 5-l- 595-n2 
DtA . 1•0 A 5 .2 A 

1. 22" . 19·" 4l2 1:1 Jl 961 
ou. 

1 .22" .25" J5 ,0A 56. 6 
X 1. 22" 

Table #1 shows the dimensions of the PTCR 
dev·i ces evaluated, their cold resistances , the 
hi ghest pulse currents tolerated without resis t ance 
changes and the highest vo 1 tages the devices were 
switched t o with our "low" impedance source ~ 

F IGU P. E 3 
COLO LARGE- S IGN AL RE SISTANCE VS PEAK PULSE CURRENT 
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Figure 3 shows the large signal resistances of 
six polymer-carbon composite PTCRs (Type 6) 
determi ned during each current pulse havi ng the 
magnitude shown on the abscissa . These pulses were 
applied in sequence by rais i ng the supply voltage . 
These PTCR devices show a significant and 
irreversible i ncrease in resistance after switching 
pulses in excess of 750A . At that point the current 
pulse is only about 3 milli sec long with a fall 
t ime of 0. 2 mflli sec (see Fig . 4) . As one would 
expect from a variable resistor, the voltage rise 



time has about the same duration. Similar data are 
shown in Figs. 5 and 6 for a small PTCR made out of 

FIGURE 4 
DURATION OF CURRENT PULSE AND CURRENT FAL L-TIME VS 
PE~K PULSE CURRENT OF SIX CFP TYPE #6 PTCR'S 
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COLD RESISTANCE vs. PEAK PULSE CURRENT 
FOR ,BaTi03 TYPE#2 PTCR#4 
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DURATI ON OF PULSE CURRENT FOR BaTi03 
TYPE#2 PTCR#4 
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barium t itanate. This device had a stable 
resistance slightly above 1 ohm even after having 
been tested with currents up to 50 amps. It gave 
pulse durations down to 10 milli sec with slightly 
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1 onger current fa 11 times . It appears that for t wo 
out of the three t ypes of PTCR devi ces test ed so 
far, a higher voltage was sustained under pulse than 
under steady state conditions. 

Failure Mechanisms: 

"Voltage" failures were induced at relatively 
low current level s by applying D.C. power at a 
slower rate than the thermal time constant of the 
devi ce. When thi s voltage heated Barium Titanate 
PTC thermi stors above the temperature of maximum 
resistance, the current tended to increase 
spontaneously. Continuous application of such a 
voltage to Barium Titanate PTC resistors caused 
thermal runaway and melting of the solder where the 
device had l eads attached. 

In the carbon filled polymer devices on the 
other hand, there was at the maximum voltage only a 
relatively small increase in current, followed by 
voltage breakdown at the edge of the electrodes. 
This is shown for a Type 6 (round) carbon filled 
polymer device in Fig. 7 and fo r a Type 1 
rectangular, carbon filled polymer device in Fig. 
8. The latter broke down at 265 V D.C. 

Figure 7 Appearance of Voltage Breakdown in CFP Type 
116 PTCR 

Figure 8 Voltage Breakdown i n two spots in CfP Type 
Ill PTCR. 

The Type 1 device had about 2 times the co 1 d 
resistance and 4- 5 times the maximum steady state 
voltage found in Type 6. It appeared that the 
higher breakdown voltage was induced at least in 
part by improved uniformity of the polymer-carbon 
system. Figure 8 shows two separate 1 ocat ions of 
breakdown that must have occurred simultaneously. 
Only one breakdown or.tgin was observed in Type 6 
(round) samples. 

In all these devices, the electrodes extended 
to the edge of the polymer layer. This results in 



an electrical field enhancement and voltage 
breakdown always took place there. It appears that 
an electrode free margin at the edge of the polymer 
film should increase its breakdown voltage. 

The currents induced by a voltage step function 
at which the device resistances became unstable were 
shown in Figs. 3 and 5. The over-current induced 
resistivity increase was accompanied by physical 
damage and Fig. 9 shows a failure generated by 780A 
in a round, carbon filled polymer PTCR. It appears 
that excess current and excess heating caused here a 
sizeable hole with rounded, apparently molten, 
edges. It was located near the center of the 
sample. The sample cracked in the plane shown and 
was easy to separate into two thinner discs. 
Substantial large scale porosity in the polymer film 
is also evident. 

Figure 9 Current Failure in CFP Type #6 PTCR 

A large proportion of the pulse current test 
failures of both round and rectangular carbon filled 
polymer PTCR'S were in appearance very similar to 
that of the low current, steady state voltage test 
failures shown in Figs. 7 and 8. 

One may conclude that increased temperature is 
the main factor that determines when carbon filled 
dielectric breaks down. With a low impedance 
voltage source, one would expect most heating and 
therefore breakdown in the center of the part as 
appears in Fig. 9. A rapid voltage increase during 
switching on the other hand would cause dynamic 
temperature gradients, i.e., more induced heating in 
the edge regions that heated up slower and that 
switched slightly later at somewhat higher 
voltage. Together with the noted geometric field 
enhancement, this could then be the cause of the 
voltage breakdown observed during current testing. 
It consequently appears that the electrode free edge 
margins proposed above would also contribute to an 
increased pulse current capability of these 
devices. 

The current switching capability of Barium 
Titanate based PTCR devices is similarly limited by 
edge breakdown, but this occurs from slightly 
different causes! these devices have at least 10 
times the thickness of the polymer based devices and 
are therefore apt to develop during rapid switching 
axial temperature, resistance, voltage and 
dissipation gradients. This is caused by the 
thermal masses of the electrodes that delay the 
heat-up of the adjacent ceramic regions. As a 
result the central plane of the disc switches first, 
giving a spatial peak in resistivity that leads to a 
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peak in localized field strength that then can give 
breakdown in the center of the circumferential 
surface. Such a high current induced fault is shown 
for a Barium Titanate based PTCR that had been 
subjected to 60A in Fig. 10. 

It should also be noted that ceramic Barium 
Titanate can fail due to thermal shock in a variety 
of other fracture modes: large flaws or density 
inhomogenuities can distort the current sheet. 
There is only a negligible amount of heat flow 
during the rapid switching interval and substantial 
internal temperature gradients can then occur. Flaw 

Figure 10 Current Failure in BaTi03 Type #2 PTCR 

induced uniformities in mechanical strength 
contribute to the curvature of the fracture line in 
Fig. 10. 

Summary and Conclusions 

The present 
capabilities above 
PTCR's and about 
Titanate devices. 

data show pulse current 
600 A for carbon filled polymer 
1/10 of this for small Barium 

The failures of the polymer based devices are 
primarily due to edge breakdown. This limits the 
present design to 250V with low current and to 150V 
during switching. Improved electrode design could 
raise this. BaTi03 ceramic devices can suffer from 
dynamic axial instabilities that give thermal 
shock. They have a higher cold resistance, but also 
a significantly higher voltage capability. More 
testing with high impedance sources will give more 
details on these limits under pulsed conditions. 
Arrays could then be designed with BaTi03 PTC 
resistors having a smaller number of series 
elements. The increased number of parallel PTC 
resistors per plane should not be a hindrance, since 
only the series connections need load sharing 
devices. 

Switching speeds of milliseconds are easily 
attainable, even without triggering. The large 
scale availability of commerically made PTC 
resistors should make their early application in 
pulse switching circuits feasible. 
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