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Abstract

A powder of Cug2NiosZnio Mny304 composition for custom thermistor was prepared by using the
respective mixture of metal oxides and solid state reaction at 1000 °C/4h in air. The obtained thermistor powder
was milled in the planetary ball mill and agate mill for a prolonged time to achieve submicron powder. The
prepared thermistor powder was further characterized by using XRD and SEM techniques. After that, the
thermistor powder was pressed into small disc-shaped samples and sintered at 1150 °C/2h. The sintered samples
were also characterized by using XRD and SEM. The main electrical properties such as nominal resistance R and
thermistor exponential factor B were measured in the climatic test chamber. After that, the thick film paste was
prepared using the same powder, an organic vehicle and a glass frit. The paste was printed on alumina substrate,
dried at 150 °C /30 min and sintered in air at 850 °C /10 min in a hybrid conveyor furnace. Planar electrodes were
printed on the sintered NTC thermistor layer using PdAg thick film paste. The electric properties of the sintered
thick film thermistor were also measured in the climatic test chamber. The obtained results were used for

development of novel self-heating thermistor applications.
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1. Introduction

PTC thermistors are a type of resistors the resistance of which exponentially increases
with temperature, while NTC thermistors are a type of resistors the resistance of which
exponentially decreases with higher temperature [1, 2]. They are widely used for temperature
measurement, temperature control in household appliances and electronic equipment,
temperature alarm switches, component for temperature compensation, time delay and other
applications in automotive industry, telecommunications, meteorology, agriculture,
healthcare, etc. [3, 4].

The PTC thermistors are usually made of barium titanates BaTiOs doped with Bi, Ta
and other dopants [5, 6]. There is a group of metal oxide compounds commonly used for
NTC thermistors in the temperature range from -30 to +120 °C such as (NiMn)30s4,
(NiMnC0)304, (NiMnFeCo0)304, (Fe,Ti)203, and others [7, 8]. The pure nickel manganite
NiMn20s is suitable as kQ resistance thermistor with moderate temperature exponential
factor B [9, 10]. Itis prepared by calcination of the powder mixture NiO and MnCOs at a
ratio 1: 2 at 900-1000 °C/4h in air. It is possible to lower nominal resistance of nickel
manganite by addition of other metal oxides to the initial metal oxide mixture, such as CuO,
Co0, ZnO, ZrOy, Y203, LiO, RuO., and others, [11-14].

The partial substitution of Mn and Ni with Cu and Zn changes the crystal structure of
nickel manganite; e.g. it forms complex spinel and affects the thermistor semiconductor
mechanism [15, 16]. The nickel manganite (NiMn204) has the structure of normal spinel
A%"B,**04 (A=Ni, B=Mn). The tetrahedral ion Ni** and octahedral ion Mn®" can exchange
sites in the spinel [17,18]. In this way octahedral ions change the valence as 2Mn®*
—(Mn?*, Mn**) e.g. ion Mn?* fits the vacancy where ion Ni?* is missing. This effect occurs
in a very small amount but affects the semiconductor properties. The semiconductor
properties of the thermistor such as electrical bulk resistivity, energy gap and exponential
factor B can be modified in a certain range by this substitution mechanism to fulfil the
customer requirements [19, 20].

In our experimental work a novel thermistor material based on modified nickel
manganite Cuo.2Nios5Zn10Mn1304 was developed as custom designed thermistor material.
Valence of Mn was the same in the initial and novel spinel, but introduction of Zn and Cu

into the spinel causes a little smaller effective energy gap and lover NTC thermistor



exponential factor B. After that, a novel thick film thermistor paste was prepared using the
same powder but additionally milled to achieve submicron particles. The objective was to
develop a thick film self-heating thermistor with reduced dimensions and with optimized
nominal resistance below 1kQ. Such low nominal resistances were only suitable for the heat
loss flowmeter application which was the final objective. The development of a novel thick
film paste based on Cuo.2Nio5Zn1.0Mn1.304 submicron powder was a necessary step in this

investigation.

2. Materials and Experimental Procedures

The commercial metal oxide powders MnCQOs, NiO, CuO and ZnO (Sigma-Aldrich
99.5% purity, ~1 micron average powder particle size) were mixed in the stoichiometric
molar ratio to form compound Cuo2Nio5Zn1.0Mn1.304. The metal oxide mixture was
mechanically treated in the planetary ball mill (FRITSCH V) for 30 min (initial powder
milling). After that, the mixture was calcinated at 1000 °C/4h to form thermistor grade
material, while CO> was released during the solid state process. The calcinated material was
milled thereafter in the planetary ball mill (FRITSCH V) for 2h and additionally in the agate
mills for 48 h.

The obtained novel thermistor powder was analyzed by XRD (Philips PW1050). The
novel powder was further analyzed using SEM (TESCAN-VEGA TS 5130MM). From the
obtained powder small disc "green samples” (@=10 mm, h=2.5mm) were pressed at 0.2 GPa.
The pressed samples were sintered in air at different temperatures from 850 to 1250 °C /2h in
steps of 50 °C in the chamber furnace. The bulk density was measured and after that, silver-
epoxy paste was printed on both sides of the sintered discs to serve as electrodes for the
subsequent electrical measurements. The bulk resistance vs. sintering temperature was also

measured.

Thick film thermistor paste was prepared by using the obtained thermistor powder
Cuo2Nios5Zn1.0Mn1304 organic vehicle (ethyl cellulose) and borosilicate glass frits. The
weight ratio was 70 g of thermistor powder, 30 g of organic vehicle and 5 g of glass frits of

average particle size of 1.5 um (ASAHI glass, Japan). The thermistor paste was screen



printed with screen SD 200 (stainless steel) on square thick film test geometry for resistors
(Du Pont resistor test, 2.5mm x 2.5mm) with PdAg electrodes sintered at 850°C/10 min in
conveyor furnace.

The thus obtained thermistor thick films of the novel grade were analyzed using SEM.
The electrical characterization of the thick film was done in climatic test chamber: NTC
curve was obtained and thermistor exponential factor B was determined. After that a thick

film thermistor with reduced dimensions was printed and electrically characterized.

3. Results and Discussion

Using the procedure presented above modified spinel Cuo2Nio.5Zn10Mn1 304 Was
obtained: the XR diffractogram is given in Figure 1. The characteristic plains in the complex

spinel crystal lattice were recognized and marked on the diffractogram.

The achieved average powder particle size was in the range of 100 to 150 nm, while

the size of agglomerates was in the range of 0.5 to 1.5 um as given in Figure 2.

The SEM imaging revealed the presence of particle agglomeration produced during the

milling process although previously being ultrasonically dispersed in ethyl alcohol.

The sintered samples were analyzed under SEM. The agglomerated particles re-
crystallized to micron-sized grains as presented in Figure 3. The grains of pressed and

sintered samples have average particle size around 1.45 um and partly open porous structure.

The top view photography of the obtained disc samples with and without electrodes is

given in Figure 4.

The bulk thermistor resistivity p is calculated from the disc thermistor nominal
resistances R measured at room temperature and disc volume V. The calculated bulk
thermistiror resistivity p [2m] and density d [g/cm?®] vs. sintering temperature Tsint iS given in

Figure 5.a and 5.b respectively. The resistivity vs. residual porosity is given in Figure 5.c.



The wet printed NTC layer was around 55 pum thick (measured by optical microscope),
the dried layer thickness was around 25 pum (dried at 150 °C/30 min) and after sintering at
850 °C /10 min the thickness was around 11.3 pm (measured by Planer 100, surface profiler).

SEM imaging revealed that the average grain size was around 0.3 to 0.5 um (Figure 6).

The measured sheet resistivity using the Du Pont resistor test geometry was 1.38
MQ/square. The spacing between test electrodes was 25 mm and electrode effect on the
thermistor layer (PdAg electrode diffusion into the edges of thermistor) lowered the sheet
resistivity by around 10 to 20 %. In the sandwich thick film thermistor construction the
spacing between bottom and top electrodes was around 30 pum. The NTC thermistor layer
was three times printed and sintered sequentially. The electrode effect on the surface lowered
the resistance of the sandwich resistor by around 0.1 kQ. After that, the five sandwiches were
connected in series in zig-zag direction and repacked to form novel construction called thick
film segmented thermistor with reduced dimensions (see Figure 7). All the layers of the
segmented thermistor (electrodes and NTC layer) were printed, dried and sintered at 850
°C/10 min sequentially. The resistance of segmented thermistor was increased in proportion
with the number of segments (sandwiches) to R=500 to 700 Q measured at room

temperature, which is suitable for self-heating thermistor applications.

The NTC thermistor behavior vs. temperature was measured in the climatic test
chamber Heraeus-Watsch VK 1 08/450 in the range from -20 to +120 °C; the results given in
Figure 8.

The NTC curve of the thick film thermistor was used for calculating exponential factor

B in the range from 10 to 30 °C using Steinhart-Hart equation [17] in the form such as (1).

M) |l R
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where R1and R» are thermistor resistances measured in the climatic test chamber at
temperatures T1=283.16 K (10°C) and T»=300.16 K (30°C). Using the values for resistances



R1 and R> for temperatures T1 and T2 (see NTC curve in Figure 9) the exponential factor

value was obtained such as B=3356 K.

The realized thermistor powder Cuo 2Nio.sZn1.0Mn1.304, thick film paste and thick film
segmented thermistors with reduced dimensions were optimized for self-heating thermistor
applications. The custom requirement was to achieve the nominal resistance of around 0.5
kQ, to allow self-heating current of around 50 mA at 12 Vdc voltage supply and power
dissipation of around 1/2 W to flowing fluids.

The modified nickel manganite composition, mechanical treatment of initial metal
oxide powders, calcination and powder milling for a prolonged time were performed to lower
thermistor bulk resistivity. The mechanical treatment of the initial powders mixture was
performed to enable homogeneous distribution of substituents before calcination and the
formation of complex spinel. The partial substitution of Ni?* and Mn®" ions with Cu ¢*:2%)
and Zn?* ions in the spinel structure from octahedral to tetrahedral site contribute to a slight
decrease in energy gap Eg and generation of polarized electrons which improve the
conductivity of the thermistor as a semiconductor.

The nanostructure / microstructure development during the sintering process (Figure 2
and 3) prove that nano-particles were agglomerated and finally were re-crystallized to micron
sized grains. The bulk resistance p of the pressed and sintered discs decreased from 30 to12
Qm when Tsint was increased from 850 to 1250 °C. Also, a bulk density was increased to
around 5,35 g/cm® at 1250 °C. The relative residual porosity p [%] was calculated using
"monocrystal density" of around 5.5 g/cm? estimated from the behavior of density in Figure
5.b. The minimum of residual porosity p of 4,75% (obtained at 1250 °C) is related to bulk
resistance p of around 12 Qm (Figure 5.c). For example, the disc thermistor of 9 mm
diameter and 2mm height showed a decrease of the nominal resistance from around 70 kQ to
around 20 kQ. This step was promising, but insufficient to fulfil the custom requirements.

The next step was the forming a thick film paste to reduce the thermistor high resistance
due to disc thickness. The thick film sintering temperature profile was 850°C/10 min and the Du
Pont test resistor (2.5 x 2.5 mm) exhibited high sheet resistivity of 1.38 MQ/square as a
consequence of sintering at much lower temperature and forming so called "dendrite” thick film

structure with numerous open cavities (Figure 6). This structure is a consequence of a low initial



density of NTC layer (screen printing), burning of the cellulose as an initial organic vehicle of

the powder and a low sintering profile in a hybrid conveyor furnace (850°C/10 min).

The desired lowering of thickness between two electrodes was realized latter by
printing sandwich thermistor geometry. The novel thick film thermistor geometry was
generated with two rows of PdAg electrodes and NTC layer in the middle (Figure 7).

This construction was applied to optimize the resistance to desired values which fit the
custom requirements. The obtained NTC curve for this construction (Figure 8) has moderate
slope, and calculated thermistor exponential factor B= 3356 K is suitable for self-heating
thermistor applications. The dimensions were reduced by two times, the reduction of voltage
supply 10 times, self-heating current increased up to 2,5 times, and power saving around 2
times compared to the initial nickel manganite thermistor (table I). These optimizations were

based on the novel thermistor paste and novel thick film thermistor construction.

4. Conclusion

Thick film thermistor pastes are rarely commercial products, more often products that
are custom designed to specific requirements. The process from thermistor powder synthesis
and paste forming and characterization usually lasts more than a few months and needs
engagement of laboratory and researchers specialized in thick films.

o The synthesis and characterization of thermistor paste based on Cuo.2Nig5Zn1.0Mn1.304
as a novel grade show that modification of NiMn2Oa4 by substitution of Mn and Ni with Cu
and Zn results in lowering thermistor resistance by several times. However, the thick film
thermistor resistance depends on the type of thermistor construction and electrode effect due
to PdAg diffusion into thermistor layer.

o In this work both problems were solved by using the novel custom designed thermistor
paste and the novel construction named thick film segmented thermistors with reduced

dimensions. The authors tested these advances in thick film thermistors on two sensors such



as heat loss flowmeter for water and heat loss anemometer and now continue the work on

their improvement [21-22].
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Canpixaj - [Ipax 3a HameHcku TepmucTop cactaBa Cuo2NiosZnio Mn130s je mobujen
kopuctehu oapeleny cmenry MeTamTHIX OKCHJIA U peakinjy y YBpcToM cramy Ha 1000
°C/4h y atmocdepu Bazayxa. JJoOMjeHH TEPMHUCTOPCKH Ipax j€ MIIEBEH JI0
CYOMUKPOHCKOT TIpaxa y KyTrJIMYHOM IUIAHETEPHOM MIIUHY U aXaTHOM MIIUHY Y
MPOTY’KEHOM TepUOAYy BpeMeHa. 3aTUM je 100ujeHH mpax Kapakrtepucan nomohy XRD u
SEM Ttexnuke. [Tocie Tora TepMUCTOPCKH Mpax je MPecoBaH y HCIPEecKe 00IMKa Maor
mucka u cuarepoBat Ha 1150 °C/2h. CunrepoBanu y30puu cy Takohe kapakTeprucaHu
nomohy XRD u SEM. OcHOBHa eleKTpUYHA CBOjCTBA KA0 MITO j€é HOMUHATHA OTIHOPHOCT
R u Tepmucropcku excnioneHnujanau dpaktop B cy Mepenu y kimuma komopu. [oce
TOra MPUIPEMIbCHA je 1e0eI0CciI0jHa macTa Kopuctehn ucTh mpax, OpraHcKu HOCHIIAI]
MpaxoBa M Mpax Be3WBHOT crakia. [lacra je mrraMmnana Ha alTyMyHA MOJIOTaMa, CyIIeHa
150 °C / 30 min u cuaTepoBana y Bazayxy Ha 850 °C / 10 min y XuOpHIHO] KOHBE]EPCKO]
nehu. [Inanapue enekrpone cy mrammnameMm PdAg nebenociojHe nacre HaHETe Ha
cuarepoBanu NTC Tepmucropcku ciioj. EnekrpruyHa cBOCTBa CHHTEPOBAHOT
Ne0eI0CI0JHOT TEPMICTOpPA Cy Takohe MepeHa y Kiuma KoMopu. JloOujeHu pe3ynTaT cy

KopuIheHH 3a pa3Boj HOBUX TEPMHUCTOPA KOjU CE CaMO3arpeBa;jy.

Kibyune peun: NTC nebenociojHu TepMucTOp; MOAU(PUKOBAHN HUKJI MAHTAaHUTHU

npax.
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Fig. 1. XR diffractogram of novel submicron thermistor powder based on modified nickel-
manganite (after final milling to submicron particle size).
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Fig.2. SEM image of the structure of agglomerated Cuo2NiosZn1.0Mn1304 submicron

thermistor powder.
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Fig.3. SEM of pressed and sintered Cuo.2Nio.5Zn10Mn1.304 at 1000° C/2h- the fracture of the
disc sample.

Fig.4. The disc thermistors Cuo.2Nios5Zn1.0Mn1.304 with silver electrodes.
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Fig.5. The resistivity p (curve a) and density d (curve b) of Cuo2NiosZn1.0Mn1304 sintered disc
thermistors vs. sintering temperature Tsint and resistivity p vs. relative residual porosity p (curve

C).
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Fig.6. The thick film structure of Cuo2NiosZn1.0Mn1304 sintered at 850°C/10 min in the
conveyor furnace (top view).
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Fig.7. Thick film thermistor with reduced dimensions: a-bottom electrodes (gray), b- NTC layer

(black) and c- top view of the full construction. Actual size of alumina substrate (white): 25 - 6.35
- 0.5 mm.
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Fig. 8. NTC curve of sintered Cuo.2Nio5Zn1.0Mn1.304 thick film segmented thermistor with reduced
dimensions.

Table I: Comparison of thick films thermistor pastes

Material grade NiMn, O Cuo.2Nio5Zn10Mn1304
B [K] -thermistor exponential factor 3860 3356

Segmented thermistor dimensions [mm] 50,8 x 12,7 x 0,5 254x12,7x0,5
Thermistor layer thickness [um] 36,5 36,2

Ro [Q2] - thermistor resistance at 20°C 6018,5 590,3

max dissipation power [W] 1 0,5

max self-heating current [mA] 25 65




