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This paper attempts to further a better understanding of the piezoresistance coefficients by
studying the piezoresistive effects in copper and copper-nickel alloys. The experimental
evidence of isotropic piezoresistance coefficients (717 = 712) has been obtained for the
annealed copper and copper-nickel alloys. The piezoresistance coefficients of the
cold-worked copper and CugoNisg alloy are of the tensor character (11 # m12). A physical
explanation has been given to the change of the () tensor. © 2000 Kluwer Academic
Publishers

1. Introduction [ Ap1/p0 ]
Most of the studies of piezoresistive effects are fo- | P2/ 0
cused onthe usable stress-sensitive elements, e.g., ytter}
bium, manganin, constantan etc. In these papers, how-| £03/P0
ever, different authors reported different values of the | Apa/po
piezoresistance coefficients,q andr,) and different Aps/ po
relationships betweer ; andry, evenforthe same ma- Aps/ po
terial. For instance, Chen [1] got the resultaf # 71 - -

for ytterbium, manganin and constantan. But Grady [2] (711 712 M2 0 0 07 [of]

and Neubert [3] obtained the relationshin; = T my M2 O 0 0|0

w12 for ytterbium and constantan respectively. More- 0 0 0

over, Neubert had ever mentioned that from experi- — | 712 712 7il 2
mental evidence there is no justification in assuming an 0 0 0 ma O O ||ogs
isotropic piezoresistive coefficient in the elastic strain 0 0 0 O mye O o5
regime [3]. 0 0 0 0 0 mull|os

The present work had two main objectives (a) to in- -
vestigate f_rom thg experlmenta_ll 'eV|dence whether the e 00 is the strain-free resistivitpi /oo (i = 1-6)
isotropic piezoresistance coefficientsy{ = 712) €X- i the resistivity changes; is the stress ang; is the

ist by researching the piezoresistive effects in COPPepeoresistance coefficient. We choose the length of the
and copper-nickel alloys (b) to show the effects of thejre a10ng thex direction, then the first, second and

material states on th.e piezoresistance coefficients. Algirq equations from the expansion of Equation 1 can
though the piezoresistance coefficients of copper anflg | ritten

CugoNigo (constantan) can be found in literatures, yet Apx

some data needed to calculate the piezoresistance co- = T110x + 120y + 71207 2
efficients came from various sources. In this work, in o
order to obtain more reliable results, full sets of data Apy 190y 4 T110 - 7100 3)
are measured by ourselves under similar conditions and oo xSy AT
from the same material. Aps

—— = m120x + M120y + 71107 4)

Lo

Thus, under the uniaxial tension stress conditions

2. Theoretical aspects of the approach used (ox # 0, oy = 0, = 0), we obtain
The general expression for the resistivity change in-
duced by the stress for a material of cubic symmetry or Px _
higher takes the form [4] 00 Tuox = muke ©)
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whereg, is the longitudinal strain in the wire artgl is
the Young’s modulus.

Under the hydrostatic stress conditionsg & oy =
o;=—p), we get the expression for the resistivity
change

(ﬁ) — (4 2m)—P)  (6)
Po /Hs

whereP is the pressure. /

Combining the definitions of the elastic strain
sensitivity of resistancen (n=(AR/Rp)/eL) and
the pressure coefficient of resistantgys(Kys=
(AR/Rp)/P), we can finally obtain the following two
expressions fon from Equations 5 and 6, as in ref. [5]

n=1+4+2u+mE (7
n=2— E(Kus + 2m12) (8)
3
where AR/ Ry is the relative resistance change and 6

is the Poisson’s ratio. In order to obtain the data of
andmqo from Equations 7 and 8, the datamfKys, 1 Figure 1 Schematic diagram of an apparatus for mearsuring relative re-

andE should be measured experimentally. sistance changes of metals and alloys ur_lt_ier hydrostatic pressure. (2)
Constant current source, (2) volt-ohm-milliammeter, (3) pistons, (4)

cylinder, (5) sample, (6) thermocouple.

3. Experimental details and results ) ) ) )
3.1. Preparation of samples erty. The sample wire were winded non-inductively on

Copper and nickel metals, with a purity greater than@ Pyrophyllite cylinder. The lengths of the wires were
99.95%, were melted in an alumina crucible and pouredrom 300 to 1000 mm which were determined in terms
into a graphite mould. The ingots were drawn into 10.20f the resistivity of the wires. The data of resistance
and 0.102 mm in diameters for determiniEgu and ~ Were obtained by measuring the voltage and the current
n. Kus respectively. The heat treatment conditions andvhich was kept constant. A thermocouple was used to
cold-worked reductions of the samples are summarizethSpect the temperature in the pressure chamber.
in Table I. The compositions of the samples were iden- The relationships between the resistance ratio

tified by chemical analysis. Ro/Ro (R and Ry are the resistance under pressure
P and atmosphere respectively) and the presBuaiee

shown in Figs 2 and 3. The pressure coefficients of re-

3.2. Hydrostatic tests for the pressure sistanceKys are determined from these figures. The

coefficients of resistance data ofK s and the errors are summarized in Table II.
The definition of pressure coefficient of resistance is
Kus = [AR/Rplus/ P, where AR/ Ry]ns is the rela-
tive change of resistance under the hydrostatic pressu@3. Uniaxial loading tests for the elastic
P. Fig. 1 is the schematic diagram of an apparatus for strain sensitivity of resistance
the measurements of the relative resistance change witthe definition ofp isn = (AR/Ry)/(AL /L), where
pressure. The medium for pressure transmission is & R/Ry is the relative resistance change of a sample
kind of mixed oil being of good electric insulation prop- wire under the uniaxial straimYL /L o). The schematic

TABLE | States of samples

Annealed conditions

10.2 mm in diameter 0.102 mm in diameter
Sample Cold-worked
number Samples Temp (C) Time (min) Temp{C) Time (min) reductions of area (%)
1 Cu 550 25 540 15
2 CupgNi2 650 30 630 15
3 CuwaNig 650 40 630 15
4 CuyoNig 700 30 680 15
5 CusoNigg 750 30 730 15
6 CuoNigo 800 30 760 15
7 CusoNisg 800 35 760 15
8 Cu 83
9 CusoNigo 57
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TABLE Il The values and the correspondent error€ofu, n, Kys, 711 andm, for copper and copper-nickel alloys

Sample Material E Kus x 10° 711 x 10° 712 x 10°
number state (GPa) m (GPayt (GPay? (GPayt
1 Annealed 121 0.353 .29+ 0.05 —159+0.2 57+0.5 6.3+ 0.6
2 Annealed 127 0.348 .25+ 0.05 —110+0.1 44+05 45+ 0.6
3 Annealed 130 0.348 .24+ 0.06 —7.32+£0.06 34+05 31+06
4 Annealed 131 0.346 .20+ 0.04 —-43+0.1 24+04 22+05
5 Annealed 144 0.334 .25+ 0.04 —5.96+ 0.05 27+03 28+04
6 Annealed 160 0.329 .22+ 0.03 —4.72+0.04 23+03 23+04
7 Annealed 168 0.325 .22+ 0.03 —-43+01 22+0.2 21+03
8 Cold-worked 119 0.339 .85+ 0.09 —85+0.3 10+1 1+2
9 Cold-worked 160 0.322 2+01 -59+04 41407 20+0.9
1.002 7 7
6 6
4
1.0004
Qs 3
é:\‘\\.Q Qo ! 2
o ~% 0
e =2 1 1 5
0.998 \e\‘ \\ o
(=)
\a . Figure 4 Schematic diagram of an apparatus for measuring relative re-
(=4 \ \ sistance changes of sample wires under uniaxial enlongation condition.
0.996 I e Cu(No1) O e (1) Clamps, (2) sample wire, (3) micrometer, (4) frame, (5) nuts, (6)
4 Cu(Nod) \e\ voltage leads, (7) current leads.
© CuggNizo(No.6) AN ‘\
©
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Figure 2 The changes in resistance raig/Ro with hydrostatic pres-

sure of annealed and cold-worked Cu angDBliso wires.
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Figure 3 The changes in resistance rafg/Ro with hydrostatic pres-
sure of annealed GpNi2, CuggNig, CugoNig, CugoNizg and CuggNisg

wires.
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Figure 5 The changesin resistance rafé&/ Ry with longitudinal strain
AL /Lo of annealed Cu wire.

view of the setup for measuringis shown in Fig. 4.
The original length of the sample wires were about
280 mm. The electrical resistance was measured by a
kelvin-type double bridge and the strain of the wires
was determined by a micrometer with an accuracy of
0.001 mm.

The typical changes in electrical resistance ratio with
longitudinal extension are shown in Figs 5-8. The bro-
ken points in the curves are the yield points. The elastic
strain sensitivity of resistance and the errors are listed
in Table II.
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Figure 6 The changesinresistance rafiR/ Ry with longitudinal strain
AL/Lg of cold-worked Cu wire.
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Figure 7 The changesinresistance rai&®/ Ry with longitudinal strain
AL /Lo of annealed CgpNigo wire.

3.4. The measurements of Young's
modulus and Poisson’s ratio
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Figure 8 The changesinresistance ra\é&®/ Ry with longitudinal strain
AL /Lo of cold-worked CggNigg wire.

whereV, andV; are the logitudinal and transverse wave
velocity respectively. In this worky; andVs were mea-
sured by ultrasonic method which was describled in
detail in reference [6]. The determination Bfand

are more complicated for anisotropic metals. For sim-
plification, we assume that the cold-worked Cu and
CugoNigo are of cubic symmetry and the longitudinal
direction of the wire is [100]. Then the elastic stiffness
Cj1 can be expressed as follows [7]:

Ci =dV? (11)
Ci1 is related toE andu by Equation (12) [8]

_ E(1—p)
(1 + )1 —2u)]

The values oE andd were determined by dynamic
resonance method [9] and Archimedes principle re-
spectively. Then the values of were obtained from
Equations 11 and 12. The data of Young’s modulus and
Poisson’s ratio are listed in Table Il.

(12)

Cn

4. Piezoresistance coefficients
Substituting the experimental datakfis, n, E andu

The Young's modulus and Poisson’s ratio were deterinto Equations 7 and 8, we obtained the two indepen-
mined by ultrasonic method. The transmission velocitydent piezoresistance coefficients and1, which are
of ultrasonic waves in a metal is closely related to itspresented in Table Il. The evaluation of the errors of

elastic modulugk, Poisson’s ratiqe and densityd. For

11 andrr2 is of great importance for the present paper

isotropic metals, the relationships are expressed by thg come into reliable conclusions. The experimental er-

following equations [6].

0(3V2V2 - 4v)

T V- ?
(v2 - 22
-V o
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rors of the data have been taken into account carefully
and then the absolute errorsmf, andw, are obtained
in terms of the error theory.

The errors inE andu of all the samples ar¢1 and
40.001 respectively.

We can see from Table |l that the two indepentent co-
efficients of each annealed metal or alloy are equal inthe
range of the experimental error. Thus, the present work



Figure 9 The metallographs of annealed Cu (No. 1) (a), cold-worked Cu (No. 8) (b), anneajgNiggu(No. 6) (c) and cold-worked GgNizo
(No. 9) (d).

has furthered an experimental evidence of isotropi®. Concluding remarks

piezoresistance coefficients. While for cold-worked Culn the present paper, the two independent piezoresis-

and CuyoNigg alloy, 711 is not equal torio. tance coefficientsr;; andmy, of copper and copper-
The microstructure observations have been had fonickel alloys have been determined by measuring the

the annealed and cold-worked materials. The typicafull set of the experimental data needed to calculate

metallographs of Cu and GgNiso alloy are shown in  them. We arrive at the following conclusions:

Fig. 9. The annealed materials can be treated as the

isotropic media because their crystals are random ori- 1. We obtainedr;; = 71, in the range of the exper-

entations. Thus, the three independent piezoresistan@@ental errors for annealed copper and copper-nickel

coefficients satisfy the isotropic condition [2] alloys. This result has furthered an experimental evi-
dence of isotropic piezoresistance coefficients.
a4 =711 — 712 2. The two independent piezoresistance coefficients

are not equal each other for the cold-worked Cu or

According to this condition, we can obtaias = O for X : ;
the annealed materials examined in the present worlé.:u60NI40 alloy. The tensor properties of the piezore-

Therefore,the tensor of the piezoresistance coefficien |st_ance effects in these cold-worked materials cannot
can be reduced to a scalar. In contrast, the cold-workeg® ignored. The textured structure of the cold-worked

Cu and CioNig alloy are anisotropic materials be- materials results in the change in the form of thg X

cause of the textured structure induced by the cold prot_ensor.

cessing. Thus, the resistivity of them is related to the

direction of the crystals. As a result, the piezoresistancédcknowledgements
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