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Summary.—This report deals with the fundamental principles of the wire resistance strain gauge. Types of strain
gauge in common use and their methods of construction are described, and the mechanism whereby strain effects change

of resistance is discussed. A sub-section is devoted to the behaviour of fine wires, in general, under strain..

Possible causes of error, including the effects of humidity and temperature, are discussed, and as far as possible methods
are given of overcoming these difficulties. The effect of the passage of current on the strain gauges is described, and
methods of increasing the output are suggested.

The final section is devoted to miscellaneous properties of the wire resistance strain gauge, on several of which very
little information is at present available.’

1. Introduction.—There is no need to stress the part that can be played in engineering design
by an adequate strain gauge technique not only as a check on the soundness of the analysis, but
as the basis of a trial-and-error experimental method of design which must take the place of the
analytical method when the latter becomes complicated by a large number of parameters.

The subject of this report—the wire resistance strain gauge—has been in process of develop-
ment during the past ten years only, but it is not too much to say that its employment is putting
an entirely new complexion on many aspects of engineering design, and promises to become one

of the most useful experimental techniques at the disposal of the designer.

There have, of course, in the past been many kinds of strain gauge available—mechanical,
optical and electrical—but almost without -exception these have been expensive, requiring
considerable skill in manipulation and none of them has approached the wire resistance strain
gauge in versatility, simplicity and cheapness. :

Most of the older types of mechanical and optical strain gauge suffer from the disadvantage
that they need elaborate fixing arrangements and are direct reading, i.e., the strain reading has
fo be made on the instrument itself or on a graduated scale near it ; a fact which precludes their
use in inaccessible places. In general the older type of mechanical or optical instrument could
not be readily adapted to give continuous records of varying strain. Exceptions to this latter
generalisation were to be found notably in the D.V.L. recorder, the De Forest scratch recorders
and the Cambridge continuous strain recorder, but even here the frequency response was very
low. ’

* R.A.E. Report Instn. 2, received 20th May, 1949.
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None of these were remote reading instruments, and it will be appreciated that when many
strain gauges are used at once the labour of taking a set of observations becomes prohibitive
unless the indicating ends of all the instruments can be grouped at a single station. Remote

reading or recording instruments of course become a necessity when strain has to be measured
at inaccessible points ’

The earlier electrical types’, based on variations with strain of inductance or capacitance,
shared with the mechanical and optical instruments the disadvantage of requiring somewhat
elaborate mechanical means of attachment which detracted from their general usefulness; their

use also involved considerable technical knowledge and manipulative skill on the part of the
operator. '

The stiff mechanical construction, necessary for accuracy, which is the characteristic of most
types of strain gauge cannot be achieved without considerable addition to the weight, and the
resulting inertia of the instrument itself militates against its use for the measurement of high speed
transient strains and those of very high frequency. :

A comprehensive survey of the various types of electrical strain gauge is given in a series of
papers by H. C. Roberts'; so it is not proposed to describe them here, but it may not be out of

place to enumerate the special advantages of the wire resistance strain gauge in comparison with
the older types, before discussing it in detail. '

(1) Since the wire strain gauge has negligible ‘weight and is cemented in position—not
mechanically attached—and since it has also negligible electrical inductance and capacity, its
frequency response is only limited by that of the ancillary instruments, and the necessity for
keeping the gauge length a reasonably small fraction of the wave length of the elastic waves in
the material at the given frequency. ~The upper practical limit is about 40,000 c.p.s.

(2) The gauge is cheap in first cost, is easily applied and can, therefore, be used in large numbers,

and since there is no necessity for reclamation can be built in during the fabrication of the structure
or assembly of the machine as the case may be.

(8) The technical skill required for installation is small.

(4) Its sensitivity and accuracy are sufficient for all practical purposes, and its associated
instruments are very simple in the case of static strain measurements and reasonably so for
dynamic ones. When measuring the absolute -value of strain an overall error of less than
+2 per cent may be expected, and changes of strain of 10~ can be detected.

(5) It can record strain over very small gauge lengths—about 1/ 16 in. is the present practicable
lower limit though this may be much reduced in the near future. This consideration is important
in many complex stress applications where the strain is changing rapidly from point to point.

(6) The relation between electrical output and strain is linear for all types of gauges up to strains
of about 0-5 per cent, and for some types the linear relation holds up to strains of about 5 per cent.

(7) The signals from two or more gauges can be added or subtracted electrically to measure
directly average stresses, bending moments and shears.

(8) The gauge can be almost completely compensated for temperature changes; a very real

advantage since many of the applications of the strain gauge in the field, involve very wide
variations of temperature.

Though the change of resistance of a wire with strain has long been appreciated as a means of
measuring a mechanical movement®® it was never more than a somewhat refined laboratory
method. ~ The idea of simplifying the technique by incorporating the filament on or in a wafer,
which itself could be cemented to the surface under test was due to Simmons of the California
Institute of Technology and its first application is understood to have been in connection with:
the measurement of high speed stress transients by Professors Clark and Dottweiler of that
institution. Almost parallel, and subsequent fundamental work was carried out by Professors
Ruge and De Forest and their colleagues at the Massachusetts Institute of Technology*®#,
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During the years that have elapsed since the commercial introduction of the wire resistance
strain gauge, it$ use has extended rapidly to most branches of engineering research and develop-
ment. It has been welcomed with special avidity in the field of aircraft structures where design
uncertainties are particulary marked and where structural weight reduction is, of course, of the
highest importance. '

It is to be feared, however, that in common with other techniques developed in war time, the
actual use of the wire resistance strain gauge has outrun a knowledge of its limitations and of
the physical principles underlying its operations, and much work remains to be done on the
fundamentals of the appliance.

The present report is an attempt to give a reasonably comprehensive survey of existing
knowledge of the physical characteristics of the gauge. It does not deal with the actual technique
of measurement of either static or dynamic strains. The measurement of dynamic strains has
~ been covered in another Royal Aircraft Establishment Report”.

No apology is offered for the somewhat academic nature of this report or for the fact that much
of it is devoted to chasing second order irregularities in behaviour; the justification being that
there are many fields of application where these second order quantities become important.

In the application of the wire resistance strain gauge to the measurement of the magnitude
and distribution of aerodynamic loads in flight extreme accuracy is essential since, in general, the
reading of a single gauge will be a function of loading, moment and torque, and the final reduction
of the results to give these three unknowns, will involve the solution of a set of simultaneous
equations. It will be seen that comparatively small inaccuracies in the initial measurement can
lead to relatively large errors in the final results.

Again it frequently happens that the choice of the strain gauge stations dictated by con-
siderations of accessibility may lead to the necessity of measuring strain in a member or part of
a member that is lightly stressed giving correspondingly low values of the strain gauge signals.
Small absolute errors now become relatively important.

Applications of the method to dynamometers for the measurement of force and torque are
accompanied in many cases by the necessity of accuracies of the order of one part in a thousand
over a prolonged period and here again minor irregularities in behaviour cannot be tolerated.
For a dynamometer the maximum load will usually correspond to a strain in the measuring
member of less than three parts in a thousand so that for overall accuracies of the order of 0-1 per
cent strain measurements must be accurate to three parts in a million. This is about five times
that possible over a long period using a single gauge.” If gauges are used in pairs, however, the
final accuracy depends on the difference of the irregularities in the individual gauges, and greater
overall accuracy is possible.

2. Description of Types of Wire Resistance Strain Gauge.—Before discussing the detailed action
of the wire resistance gauge it is advisable to give a general description of it as developed by
Simmons, DeForest and Ruge. o '

There are variations in format and methods of manufacture but essentially the wire resistance
strain gauge consists of a length of fine resistance wire embedded in, or affixed to, a suitable
wafer—paper or plastic—which can itself be stuck to the surface of the material under test.
Suitable leads connected to the resistance grid are an integral part of the gauge. The wafer to
which the resistance wire is bonded, is flexible to a greater or less extent depending on the method
of manufacture, and the gauge can, therefore, be attached to a curved surface quite easily. The
gauge lengths commercially available, range from 1/16 in. to 6 in. and the resistance from about
50 to 10,000 ohms. There is a lower limit to the gauge resistance beyond which the resistance of
connecting wiring in the external circuits becomes unduly important and it is therefore not often
practicable to have a gauge with a single longitudinal wire. The necessary length of wire is,
therefore, wound backwards and forwards to give several longitudinal strands in series. It will
be seen later that the end loops in the multi-strand gauge give rise to complications both in
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standardisation in manufacture, and in the behaviour of the gauges in complex stress fields but
certainly for reasonable gauge lengths and resistances there seems no alternative to the multi-
strand gauge. Some typical wire-resistance strain gauges—English and American— are shown
in Fig. 1. ,

The material of the gauge resistance element, the matrix and the adhesive will be discussed
later in some detail ; at this stage it is convenient to classify the gauges according to the method
of winding the grid. ~

2.1. The Flat Grid Type.—In this type the wire is wound backwards and forwards in the plane
of the gauge as shown in Fig. 2a.

The simple method of winding this type of gauge now to be described is one which enables
small numbers of gauges to be produced successfully by anyone with a reasonable amount of manual
dexterity.

The winding jig consists of a metal block with two rows of holes into which small pegs can be
inserted as a push fit (Fig. 2b). The wire is first passed round peg A, an end of suitable length
being left and anchored at the opposite end of the jig. The wire is now brought along the axis of
the gauge, peg B inserted and the wire passed round it, to be again taken back in the direction
of C. The process is repeated until the requisite length of wire has been wound. A thin film of
acetate cement is then painted over the jig and wires between the rows of holes and allowed
to set, after which the pegs and the grid can be removed. If a jig plate and pegs of brass amal-
gamated with mercury are used, the cement will not adhere to them and the winding comes away
readily. The winding can now be mounted on the backing paper using a very dilute cement
coating. Cigarette paper makes a suitable backing. Alternatively, the paper can be placed in
position on the jig in the first instance and the pegs pushed through it, into the holes. Leads are
next soldered or spot welded to the ends of the grid wire and anchored to the backing paper,
preferably with a reinforcing paper strip.

Very consistent gauges can be wound in this way, provided care is taken to maintain the wire just
taut during winding and to ensure that the end loops are securely cemented to the backing paper—
the latter proviso being specially important.

Another method of winding the flat grid type of gauge which is more suitable than the foregoing
for mass production is based on a modified weaving process. The apparatus involved consists
of two sets of interleaved hooks, one set fixed, the other sliding in guides as in Fig. 3. Initially
the wire passes between the two sets of hooks and is tensioned by a small weight at its free end
as in Fig. 3a. The moving hook A, is then drawn back forming the first loop in the winding, the
free end of the wire with its tensioning weight being drawn up to provide the length of wire .
required for the loop. The remaining movable hooks A,, A, etc., are then drawn back in
succession giving the complete winding as in Fig. 3b stretched between the two sets of hooks.
A rising platen with the backing paper folded over its upper face is now caused to rise between
the set of hooks until it touches the winding, and a thin layer of cement is applied to the centre
portion. It is convenient to heat the platen electrically so that the cement dries very quickly ;
the hooks can then be disengaged and the partially cemented gauge removed from the platen top.
The end portion of the winding is next cemented to the paper and the leads attached. It is
advisable to provide end reinforcing strips since, with this method of winding, the loops at the
ends tend to curl upwards owing to the drawing of the wire round the hooks, and, as will be seen
later, the effective cementing of the ends of the gauge is most important if batch consistency of
gauge factor is to be achieved.

2.2. The Flattened Spival or Saw-Tooth Type.—In this type the wire is wound spirally on a
former which can be either circular in section or a thin. flat strip.

In the first case a cylindrical former is provided with a paper sleeve on which the wire is wound,
the completed winding being painted with an acetate or Bakelite varnish. A slight longitudinal
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taper in the former enables the sleeve carrying the winding to be withdrawn. The tubular
winding is now squeezed flat, mounted on backing paper and leads attached in much the same
way as for the first type described.

A gauge made in this way is stiffer than one of the flat-grid type owing to the double thickness
of the paper sleeve inside the winding ; this greater stifiness has some disadvantage as will be seen

later. :

In the gauge developed by Dr. Aughtie of the National Physical Laboratory the method of
winding is that described immediately above but the subsequent treatment is different. The
winding, which has been done on a sleeve of resin-impregnated paper, is squeezed between
two cover slips of the same material and the whole stoved whilst under pressure. The result is in
effect a wafer of Bakelite in which the winding is embedded.

A modification of the winding method described, which although calling for a slightly more
elaborate and careful manufacturing technique, has the advantage that there is only one paper
thickness between the top and bottom layers of the winding, is illustrated in Fig. 4a.

The former in this case consists of a strip of thin paper of width equal to the required gauge
length impregnated with a cellulose or Bakelite varnish. It is gripped at its ends in two headstock
clamps pulled apart with a slight tension so that the paper former is stretched. The two head-
stocks are geared so that they rotate together. A suitable length of filament wire or ribbon is
then cut and its two ends cemented to the former with a small free length projecting at each end
as shown in Fig. 4a. When the cement securing the ends is dry, the loop is pulled out by
suspending a small weight equal to twice the required winding tension in the gauge. The head-
stocks are now rotated and the filament wire wound as a flat coil round the former, the spacing of
successive loops being fixed by the inclination of the sides of the triangular loop of free wire, which
remains sensibly constant during the winding, thus giving an evenly spaced coil. When the
- required amount of wire has been wound as shown in dotted lines, the winding is lightly varnished.
When the varnish is dry a cut is made at XX, leaving two gauge elements on the former. The
free ends can now be spot welded to leads tacked in position on the backing sheets. The latter
process, and indeed the whole of the finishing of the gauge can be carried out before removing the
ends of the gauge former from the headstock clamps.

Fig. 4b shows an alternative method of winding on a flat strip. In this, only one end of the
filament is fixed initially, and the spacing is obtained by tilting the machine up to the required
angle. ,

In the flat grid type of gauge it will be appreciated that the lower limit to the spacing of the
strands and thus to the overall size of the gauge is fixed by the diameter of the pegs and the close-
ness with which the holes can be drilled. For small gauge lengths the length of wire in the end
loops will bear a disproportionate ratio to the total length; further, owing to the relatively wide
spacing of the strands, the overall width of the gauge will be larger than in the saw-tooth type, in
which the strands can be wound closely and in which the end loops are smaller and perpendicular
to the plane of the gauge. For gauge length less than { in. the saw-tooth type is to be preferred.
The same considerations apply when a gauge is desired of the maximum resistance for a given size.

2.3. Woven Type.—In this type the resistance wire is actually woven into a fabric backing,
the resistance wire forming the weft with the warp of some textile. Gauges of this type made by
Messrs. British Celanese have a Eureka wire weft and a rayon warp, the weaving being done in such
a way that there are no kinks in the wire as it passes through the strands of the warp. The woven
gauge material is turned out in the form of a continuous ribbon which can be cut to a length having
the desired resistance, the leads being attached after cutting. This latter operation, which
requires considerable manual dexterity, is the principal drawback to this type of gauge.

9.4, Materials in Common Use.—The cements in common use are of two kinds, cold setting of the
Durofix type and thermosetting of the Bakelite type. Most of the work described in the present
report is concerned with strain gauges in which the first type of cement is used.
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The material of the filament, is almost invariably one of the 60/40 cupro-nickel series. The
reasons for the present choice will become apparent at a later stage in the report.

3. Behaviour of the Gauge under Strain.—It will be seen from the foregoing description that the
wire resistance strain gauge consists essentially of three elements:

(a) the resistance wire itself,
(b) the matrix in which the wire is embedded, or the wafer to which it is fixed,
and (c) the adhesive layer between the gauge proper and the surface of the specimen under test.

Tt is important that the detailed behaviour of these elements should be appreciated.

3.1. Strain Semsitivity of the Wire Filameni.—For any type of gauge made of materials in
common use and over a given range of strain there is a definite relation between strain and
change of resistance which can be expressed by:

-E—Ke

where 6 R/R is the fractional change in resistance, e is the strain or fractional change in length and
K is a constant known as the gauge factor, or strain sensitivity factor.

The value of K for a particular gauge depends on:
(a) Dimensional change in the gauge wire due to strain.
(b) Change in the specific resistance of the gauge wire with strain.
(c) Geometrical arrangement of the gauge winding.
(d) Orientation of the gauge axis relative to the principal axes of stram

The nominal value of the gauge factor, that is, the gauge factor quoted by the makers of the
gauge, refers to the characteristics of the gauge when placed along one of the principal axes of
stress, the other principal stress being zero, 7.e., a gauge placed along the axis of pull of a specimen
in simple tension ; and it is this nominal value of gauge factor which will be meant in discussing
(a), (b) and (c) above. It is to a small extent dependent on the value of Poisson’s ratio of the
material of the bar on which the calibrations are done, and this fact must be borne in mind in
using the gauge under different conditions.

3.1.1. Effect on change of resistance of dimensional change in wive under strain.—1If the change of
resistance of wire under strain were due solely to the dimensional change, we should have

= oL/A4,
where g is the spec;lﬁc resistance, L the length of wire, and 4 its cross-sectional area.

Then
0R = o(6LJ/A — (6A) L]A?

i.e.,

OR/R = 6L|L — 64/A .. .. .. . .. (3.111)
and since 64/4 = — 2u6L/L, where u is Poisson’s ratio for the material of the wire,

SR/R = (1 - 2u) 6L/L . . . . .. . .. (3.112)

That is, the strain sensitivity, which is defined as the ratio of éR/R to 6L/L, would be about
1-6 for all metals if only the dimensional changes in the wire were involved. In fact, as will be
shown, the strain sensitivity may be negative or as large as 6 for some metals, facts which cannot
be explamed on the above analysis except by assuming fantastic values for Poisson’s ratio.
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3.1.2. Effect of tensile strain on the electrical vesistance of fine metallic wires—A. considerable
amount of experimental work has been done on the variation of the electrical properties of metals
with strain®**. Most of the information available, however, applies to the effects of large
hydrostatic pressures® or torsion™* ', and up to the present little effort appears to have been.
applied to the investigation of the effect of tensile or compressive strains on the electrical
properties of fine metallic wires. These are in a highly cold worked condition with a considerably
distorted crystal structure, and would be expected to exhibit idiosyncrasies in behaviour when
strained.

The following discussion based on some preliminary results from a comprehensive research in
progress, is intended to bring out some points in the electrical behaviour of metallic wires under
tensile strain, which are relevant to the design and working of the wire resistance strain gauge.

Some of the wires considered are pure metals, others are standard resistance alloys, and all wire
was supplied by Messrs. Johnson, Matthey & Co.

The materials so far tested are:

 Pure Metals | Alloys

Silver Ferry (60/40 Cupro-Nickel)
Platinum Minalpha (Manganin)

Copper 10 per cent Iridium Platinum
Iron » 10 per cent Rhodium Platinum
Nickel - 40 per cent Silver Palladium.

Since the application of the results to the strain gauge was an important desideratum, the tests
were arranged to simulate the action of the gauge. The test wire was, therefore, a single strand
4 in. long with leads at its ends, placed along the axis of a high duty aluminium alloy 'specimen.
A mechanical extensometer was arranged to straddle the gauge length to measure the strain, the
change of resistance.being measured by a conventional Wheatstone Bridge arrangement.

Some representative results are shown in Figs. 5a, b, c and d. (In Figs. 5a, b only the lower
part of the curves is shown ; in Figs. 5c, d the curves are shown to breaking point.) Inspection
of these figures (and others not given here) shows that the relationship connecting strain and -
resistance change may have one of the five forms represented by Fig. 6a, b, ¢, d and e.

In each case, except for annealed Ferry and copper, the curves show at least one change in
sensitivity. This change may be abrupt, as in Fig. 6a and b, or gradual as in Fig. 6d and e,
but in every case the final sensitivity is in the neighbourhood of 2, and is achieved after a strain
of less than 1 per cent.

Tig. 7 shows some representative results obtained by loading and then unloading the specimen
at intervals of strain. It will be seen that in each case the strain sensitivity in unloading returns
to the initial value.

It is obvious, therefore, that for strain gauges consistent up to high strains the only two possible
materials (of those hitherto tested) are Ferry and annealed copper, but copper because of its very
low resistance is an unsuitable metal for the purpose. ‘
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TABLE 1

Approximate Strain Sensitivities of Some Metals

Hard drawn Annealed
Metal Sensitivity | Sensitivity | Change | Sensitivity | Sensitivity | Change
in in Point in in Point
Low High (Strain Low High (Strain
Range Range per cent) Range Range per cent)
Silver 2-9 2-4 0-8 3-0 2-3 0-2
Platinum 6-1 2-4 0-4 5-9 2-3 .0-3
Copper 2-6 2-2 0-5 2-2 2-2 —
Iron . .. .. .. 3-9 2-4 0-8 37 2-1 0-5
Nickel .. .. .. .. .. | mnegative 27 see Fig. 5a | negative 2-3 see Fig. 5a
Ferry e 2-2 2-1 Q-5 2-2 2-2 —
Minalpha .. 0-8 2-0 0-6 0-6 1-9 see Fig. 5¢
10 per cent Tridium Platinum .. 4-8 2-1 0-4 3-9 1-9 0-3 -
10-per cent Rhodium Platinum 5-5 2-4 0-5 5-1 2-0 0-4
40 per cent Silver Palladium 0-9 1-9 0-8 0-7 2-0 0-5

The wide variations in the strain sensitivity of different metals (see Table 1) indicate that changes
in the structure of metals, due to strain, produce changes in the specific resistance of the material,
and the amount of this change is a fundamental property of the material.

At present this phenomenon is obscure, and on some aspects of it there is an urgent practical
need for knowledge. The change in resistivity is apparently proportional to strain but no infor-
mation is available as to whether the relationship is affected by temperature 2.e., is the strain
sensitivity as distinct from the resistance affected by temperature. '

The relation between unit change of resistance and strain may be put in the form .

SR 5L
S =4+B) % R £ § 03 )

where A depends on dimensional change and B represents some inherént strain-resistance
property of the material.

The difference between the characteristics of hard drawn and annealed wires shown in Table 1
_is evidence that the quantity (4 + B) is related to the previous mechanical history of the wire,
and it is obvious that careful control in this matter is essential for standardisation of the strain
sensitivity of gauges. :

There is available a very large amount of information on the effect of hydrostatic pressure on
electrical resistance; Bridgeman® has suggested that the pressure-resistance relation for metals
can be represented by a family of curves of the type shown in Fig. 8. Some of the metals examined
conform to the portion BA, others to AC of the curve. Taking the experimental results for
change in absolute values of the resistance and allowing for known changes in volume under
pressure, the fact is established that volumetric strain is accompanied by change in the specific
resistance of most metals. The manganin wire resistance pressure gauge based on the work of
Bridgeman is now the standard method of measuring hydrostatic pressure greater than about
500 atmospheres and the technique of its use has been fully explored®.

3.2. Effect on Gauge Factor of the Geometry of the Gauge Winding—The values of strain sensi-
tivity in Table 1 apply to a gauge consisting of a single strand of wire, and it is to be expected
that some modification will be necessary in the case of the multi-strand gauge since a part of the
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wire filament is perpendicular to the axis of the gauge. This transverse part of the winding is,
of course, sensitive to strain at right-angles to the gauge axis, and may be relatively important
when the gauge is used in a complex strain field.

As the quantities involved are small, it is reasonable to assume the validity of the principle of
superposition in this case, and to consider the total change of resistance as the sum of the separate
longitudinal and transverse effects which can be expressed in the form

%_F5+F%,.. R & R

where F, and F, are the longitudinal and transverse strain sensitivities of the gauge and ¢, and ¢,
are the longitudinal and transverse strains,

In the following simpie approximate geometrical treatment, it is assumed that the total length
of wire can be split up into effective lengths along and across the gauge, subject respectively to
longitudinal and transverse strain.

Let F  De the strain sensitivity of a single wire,
r  the resistance of wire per unit length.

Then in Fig. 2a,
if #  is the number of strands,
nl  is the length of wire in longitudinal direction,
and w  the length of wire in transverse direction.

Then total change of resistance = Fr (nle, + we,)

% %H_<W%m@ Fe + Foe, .. .. .. .. (322
where _
_R:%ﬁfwwdﬂzﬁf%ﬁ. (3.23)
It will be observed that .
’ F.A+F,=F. . . . .. (3.24)
For the gauge in a simple tension field, where ¢, = — ue,, _
0R/R =¢,(F, — uF) .. .. .. .. (3.25)
and the apparent gauge factor o ‘
F,=F,—uF,. .. .. . .. (3.26)

- This is the factor quoted by the makers of commercial strain gauges, and is sufficiently accurate
for most applications, since with the normal flat-grid type of gauge, the ratio F o/ F . is of the order
of 1/50.

The value of F,|F, =k, may be found for any type of strain gauge by mounting the gauge on
an accurately constructed cube, parallel to one pair of faces; applying load in turn parallel to,
and at right-angles to the gauge; and measuring the strains with accurate extensometers®.

With a single gauge mounted in a general strain field, there is no means of correcting for the
transverse strain sensitivity of the gauge. However, if two gauges are mounted at right-angles,
the true axial strains can be obtained.

Forife,’, ¢, are the apparent strains in the two gauges using the nominal gauge factor, and the
true strains in their directions are ¢, and ¢, :

e’ = (e, + ke,) (1 — pk) P ¢ 327
= (& + ke))[(1 — pk)




and hence :
e, = (&) — ke,))(1 — pk)/(1 — &% .- .. .. .. (3.28)
e = (¢ — he))(1 — uh)|(1 — 1)

The actual error in the strain measurement if we use the nominal gauge factor is

e =R(u + gfe,)|(1 — uk) . .. ... (829
which gives us an error E,, in the major principal strain given by

Ey = k(1 + p)(ex + ) — (1 — p)(ew — e,,) cos 2d}/2(1 — E)ey, .. (3.210)

where ¢y, ¢, are the major and minor principal strains, and 4 is the angle between the gauge axis
and the d1rect10n of e,.

The maximum error occurs when ¢, — ¢, and cos 24 = — 1 and in this case

Ey = K1+ u)J(1 — uh) . Lo
Taking k& = 1/50, 4 = 0-3, E,, is about 3 per cent.

The effect of the transverse sensitivity on the reduction of results from strain gauge readings
is discussed more fully in a paper by Baumberger and Hines", and measurements of transverse
sensitivities are given in a paper by W. R. Campbell®.

The above discussion has been limited to the case of the flat wound gauge, i.¢., having the whole
of its winding in one plane. For the type of gauge in which a spiral winding has been squeezed -
flat the loops in the wire at the ends of the gauge length are perpendicular to the plane of the gauge
and represent a much smaller proportion of the total wire involved. For this type of gauge the
transverse effects on the gauge factor cah usually be ignored as also can the effect due to the small
inclination of the strands to the longitudinal axis of the gauge.

3.3. Ejfect of Gauge Orientation.—Small inclinations (up to 5 deg) of the gauge axis to the
direction along which the strain is to be measured are not important, but it is sometimes expedient
to deduce the strain ¢, in a uni-directional strain field from measurements of strain at a considerable
angle to XX, for instance, where rivet or bolt holes reduce the length available for straight
measurement below that necessary for the gauge, as shown in Fig. 9.

It will be realised that in thls case the use of the nominal gauge factor is not justified since
there is now a component of strain perpendicular to the axis of the gauge WhICh was not present
in its calibration.

If F,is the modified gauge factor and F,is the nominal factor then Fo = F,(Q where, as derived -
by Norris F. Dow", :

. 1 . 2(1 4 p) cos 26 ,
T AL G b L DR )
where 2 = /(1 + %), and % is defined in (3.2).

It has been assumed in the above treatment that the single longitudinal strands are not affected
by transverse strains. Owing to the negligible efficiency of the transmission of transverse strain
through the layer of adhesive and matrix this is regarded as substantially true, though a report -
by W. R. Campbell® gives isolated instances when this is apparently not the case. It has not
been found possible by the present writers and other experimenters to confirm the anomalies

quoted by Campbell even with gauges commercially 1dent1ca1 Wlth those which form the subject
of his experiments. '
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3.4. Behaviour of Matrix and Adhesive Layer—In discussing the behaviour of the gauge
backing or matrix and of the layer of adhesive it will be convenient to take them together since
their function is the same, that of transferring the longitudinal strain from the test surface to
the wire in the resistance filament. It is useful at this stage to get some idea of the forces involved
in transferring strain from test surface to filament.

An approximate transverse cross-section of a typical flat-grid type of gauge stuck to a specimen
is given in Fig. 10. ' '

It can be assumed that the paper is impregnated with, and has approximately the same
mechanical properties as the adhesive. For the gauge shown the cross-sectional area of the wire
in 1in. width of gaugeis 1-57 x 107%/sq in. and the load required to produce a strain of 0-5 per cent -
(E =20 x 10% is 1-571b. The total area of matrix including the layer of adhesive is
5 x 10~%sq in. and taking an acetate cement with a value of E of 0-2 x 10° the load required to
produce a strain of 0-5 per cent is 5 1b.

The bond between the gauge and the specimen must, therefore, develop two longitudinal
shear loads of 6-57 Ib each acting away from the centre of the gauge in order to produce a strain
of 0-5 per cent (Fig. 11). ‘

It can be shown analytically, and there is considerable experimental confirmation of the fact
that the shear loads are * bunched ’ at the ends of the gauge wafer so that the distribution of shear
stress will take the form shown at Fig. 12a. TFrom this follows the distribution of longitudinal
strain in the plane of the winding shown at Fig. 12b, 4.e., the strain over the portion of the gauge
containing the winding is constant but somewhat less than that in the surface to which it is affixed.

A similar state of affairs holds for the transmission of the longitudinal strain by shear from the
~wafer to the winding itself except that here the pick-up is helped by the hook effect of the end
loops. .

Since the strain in the winding is to a large extent put in from the ends and only a comparatively
small proportion of the winding is subject to shear, the strain- sensitivity is not very appreciably
affected by the mechanical properties of the matrix and the adhesive. The effect for instance
of creep in the adhesive itself is to alter the stress distribution at the ends of the winding. This
affects very little of the working length of the wire, which accounts for the remarkably low values
of hysteresis and creep in the wire resistance gauge even when bonded with mechanically unreliable
material, such as cellulose acetate, It accounts too for the fact that the strain sensitivity of the
wire resistance gauge can be standardised within such close limits. The limits are closer for
comparatively long gauge lengths, since a smaller proportion of the winding is subject to the
disturbing end conditions.

Factors which promote-the desirable end effects described above are
(a) a high shear modulus for the material of the matrix,

(b) end portions which are longitudinally stiff compared with that portion of the gauge
within the gauge length.

It is clearly desirable to keep the central portion of the gauge as mechanically weak as possible
to reduce the total shear forcé to be transmitted and thus minimise the demands on the adhesive.
For this reason, in the case of the paper-backed gauge the paper should be as thin as possible and
the coating of adhesive just sufficient to ensure stability of the winding.

3.5. Effect on Strain Sensitivity of Imperfect Sticking—From what has been said regarding
the importance of transferring the strain from the specimen to the filament via the ends of the
winding it will be appreciated that the technique of sticking the gauge can play an important part.
The natural tendency of the gauge to curl upward when adhesive is applied to its lower surface
gives tise to a tendency for the bond between gauge and specimen at the ends to be faulty,
precisely where perfect bond is most important. ‘Two extreme cases of non-uniform sticking are
illustrated in Fig. 13 together with strain sensitivities found (in tension) in each case.
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The normal batch strain sensitivity of the gauge is 1-98--2 per cent and it will be observed that
whereas the effect of unstuck ends in Fig. 13a is to cause a very serious diminution of the strain
sensitivity the unstuck middle portion has a comparatively small effect (that is in tension).

3.6. Calibration.—There are several methods of calibration available, the simplest being a
- comparison with a mechanical or optical type of extensometer previously calibrated or, a more
accurate method, comparison with an interférence type of instrument. 'When many calibrations
have to be done, however, it is worth while building special apparatus for the purpose. Probably
the simplest and most convenient is a beam bent to a circular arc by four point loading. Such
a method is shown diagrammatically in Fig. 14, where a beam with equal loads at its ends XX is
supported at points YY symmetrically spaced along its span. Thus the portion YY is subject
to a constant bending moment and is bent into the arc of a circle. A rider AB, resting on the bar"
within Y'Y carries a dial gauge to measure the deflection of the beam. Thus if 4 is the strain on
the upper or lower face of the beam and y its half depth it can easily be shown that :—-

28y

2

where ¢ is the central deflection, and AB = 2L. This result is, of course, independent of the
material of the test beam. :

A =

A calibrator in use at the Royal Aircraft Establishment is shown in Fig. 15.

Some simple precautions in the design are necessary if the beam is really to be bent into a
circular arc between Y and Y. For instance, there must be no longitudinal constraint, i.e., the
beam must be free to slide over the supports Y and Y otherwise the frictional forces thero produce
a variable moment over the central portion of the beam.

Calibration procedure is to load the beam in several stages to give a maximum surface strain of,
say, 0-25 per cent with the test gauges on the tension side of the beam, the quantitative change
of resistance and central deflection being noted at each stage. The beam is then unloaded again in
stages and readings are taken at the same deflections as in loading. The experiment is repeated
with the beam reversed, i.e., the top face now underneath, so that the gauges are in compression.

There are limits to the range of strain which can be considered by this method owing to the
necessity for keeping within the elastic range of the material of the bar, and for calibration in
which the strain exceeds about 0-3 per cent, a comparison with an accurate extensometer is
necessary. : -

In the case of an established method of manufacture, a batch calibration (say 2 per cent of
production) is usually all that is hecessary, but the early stages of the development of a manu-
facturing procedure, or subsequent changes in established procedure, should be accompanied by
strain sensitivity determinations on very large numbers of gauges, so that the variation, as well
as the mean value, of the strain sensitivity may be known.

4. Resistance Changes not due to Externally A pplied Strain.—The efiect of strain on the wire
resistance gauge has been discussed, and it is apposite at this point to give some consideration to
the effects of disturbing influences whose magnitude may be important in relation to the effect
of the strains to be measured. These effects will be discussed in the following order :—

(a) Incomplete drying of matrix and adhesive.
(b) Humidity. :
(c) Changing temperature.
(d) Internal readjustments in gauge structure.

4.1. Effect of Incomplete Drying.—When a cellulose acetate bonded strain gauge of the type
shown in Fig. 2a, in which the Initial tension in the gauge wire is very small, is first affixed, it will
be observed that its resistance starts to rise, reaches a maximum value, and then falls more slowly
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until it reaches a steady value somewhat higher than the original one. This resistance sequence
corresponds to a sequence of volume change in the matrix involved in the exchange and subsequent
evaporation of the solvent in the adhesive. :

When the gauge is first stuck to the metal surface, the free solvent in the layer of adhesive
between gauge and specimen percolates into the dry adhesive of the gauge matrix itself, causing
the latter to increase in volume and setting up a tensile stress in the wire. At this stage there
will be little resistance to this volume change since the adhesive has not yet developed an
appreciable bond to the test surface. The point at which this exchange is complete corresponds
to the maximum value reached by the resistance. After this point the total amount of solvent
in the gauge is gradually reduced by evaporation from the outer surface, the matrix shrinks
and the resistance falls to a value, 0-1 to 0-2 per cent above the original. The failure to return
completely is due to the fact that at some point during the sequence the free adhesive at the edges
of the gauge is completely dried and hence the ends of the gauge became completely stuck, so
that subsequent shortening is resisted, 7.c., the gauge is in tension.

. Following the above lines we can find an approximate theoretical expression for the change of
resistance of a gauge in drying. We assume that the changes in the volumes of the matrix and
adhesive are proportional to the concentration of solvent in them, that the concentration of solvent
is uniform respectively throughout the matrix and the adhesive, and that the rate of transfer of
the solvent across any surface is given by Ag(ee — §), where 4 is the area of the surface, « and
the difference in concentration on the opposite sides, and ¢ a constant.

Then, if we take |
' V' as the volume of adhesive under the gauge,

114 ,» volume of gauge matrix,
A ,, surface area of matrix,
a’ ,, surface area of free adhesive, .
vl ,, Tate of evaporation from free surface of adhesive over

rate of evaporation from surface of matrix,

and assume that the change of resistance of the gauge is directly proportional to the change of
the matrix, we can show that, after a time ¢,

SR|R = K[em4alV — erdatlV] .. - .. .. .. o (4.17)
where pq, 1, are roots of the equation

w4 p(2fk + 1aj4 + 1) + (24a/A + 1)[k=0

and X is a constant.

A curve calculated from this equation is shown in Fig. 16a together-with experimental curves.
The difference between the latter part of the experimental and theoretical curvesis due to the fact
that in the theoretical work we made no allowance for the stiffening of the adhesive and consequent
tension in the gauge. :

A gauge of the same general type but in which there is known to be a fairly high initial tension
in the gauge wire gives a time-resistance drying curve of the type shown in Fig. 16b. At first
glance these differ considerably from the curves in Fig. 16a, but if allowance is made for the
slacking of the bond between the matrix and the gauge wire as the solvents enter the matrix, the
curves are seen to be of the same general type.

The complete drying-out time is usually several times that required for the adhesive to develop
the shear strength and bond necessary to give full strain sensitivity ; so that, although short tests
may be carried out after some 24 hours drying under normal conditions when the total drift during
the test is unimportant, the start of a protracted test should be delayed until the resistance of
the gauge has reached a steady value (see section 6.1). © Several methods of reducing the drying-out
time have been used with varying degrees of effectiveness.

13



_ The discreet use of a domestic electric iron when the position of the gauge does not preclude it,
1s one convenient method. It is advisable, if the gauge has no felt cover, to interpose a thin layer

of felt between iron and gauge when using this method, otherwise the filament of the gauge may
be displaced. : :

A hot-air blower is also effective and has the additional advantage of providing a turbulent

state in the air above the gauge, thus further promoting the process of evaporation from the
gauge surface.

In some instances a gauge is in a recess or pocket which traps the vapour from the solvent and
thus slows down the process of evaporation. Cases of this kind have been noted in which drying
out has been incomplete even after several weeks. In such cases the hot-air blower provides an
effective remedy for the bad drying conditions. It has been observed that gauges on the under
side of a horizontal surface dry more slowly than those on the upper side.

When the utmost freedom from zero instability due to incomplete drying is required and the
specimen is small enough to be stoved in an oven, a prolonged baking is desirable ; the following
baking sequence is that recommended by the makers of the Baldwin-Southwark gauge.

Step 1 Air dry at about 70 deg F for 2 hrs.
Step 2 Oven dry at 110 deg F to 120 deg F for 3 hrs.
Step 3 Oven dry at 160 deg F to 170 deg F for 8 hrs.

The actual periods of baking will depend a good deal on the construction of the gauge, but for

all gauges stuck with cellulose cement, baking at about 160 deg to 170 deg F for a period of days
will increase their stability.

It is important that the application of heat to the drying gauge is not too drastic, otherwise
the solvent vapour will form bubbles under the gauge introducing a new set of disturbances. |

The final gauge resistance is rather variable and depends on the amount of adhesive used, its
proportion of free solvent, (z.e., its consistency), as well as the effectiveness of the process of
evaporation from the gauge surface. Thus two gauges of identical initial resistance may after
sticking vary by as much as 0-3 per cent. In considering the question of temperature effects, it
will be seen that an external balancing resistance introduced to preserve a fixed zero in the
indicating apparatus will in general upset the conditions for complete temperature compensation.
While for most work this effect is comparatively unimportant, in cases where the utmost precision
is required under conditions of widely varying temperature, some attempt must be made to secure
uniformity in respect of the final value of the resistance of the gauges in the arms of the bridge.
If this point is appreciated the methods to be adopted are fairly obvious. The gauges must be
affixed at the same time, using the same adhesive, the amount being regulated by the pressure
applied to the gauge when it is affixed and during the early stagesof drying. The conditions of
drying must be made the same, that is the gauges should preferably lie in a vertical plane, go

through the baking sequence at the same time and be subject to the same conditions of
ventilation. :

4.2. Effect of Changing Humidity.—The effects of humidity on the wire resistance strain gauge
are due to the absorption of moisture by the matrix, and layer of adhesive. There are few
organic materials that do not suffer changes in their mechanical and electrical properties to a
greater or less extent with changes in humidity and it is unfortunately a fact that up to the present,
materials whose general properties make them most suitable for use as a matrix or adhesive are
particularly susceptible to moisture. :

Moisture may affect a gauge in several ways; firstly, its absorption by the matrix and adhesive.
may cause a reduction of the resistance to earth; secondly, the presence of moisture may cause
electrolysis when a current is passed through the gauge, and consequent corrosion of the gauge

filament ; ‘and thirdly, the mechanical strength of the bond may be reduced by the absorption of
moisture.
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4.2.1. Effect of change in resistance to earth.—If the behaviour of cellulose acetate which is a
common material for matrix and adhesive is taken as typical, it will be seen that changes in the
electrical properties can be very serious, though the overall effect of these changes may not be so
great as is generally supposed. In a typical gauge, a change in humidity from 65 per cent to
100 per cent will reduce the resistance to earth from values of the order of 100 megohms to
0-1 megohm. Quite often gauges must operate under conditions of 100 per cent humidity so
this condition must be regarded as within the working range.

If the resistance to earth is R; regarded as distributed uniformly along the length of the gauge
of resistance R, it is clear that R, can be regarded as a shunt to the gauge and for this idealised
case the overall resistance can be shown to be R’ = R(1 — R/12/R;). ~

For, let us consider a gauge consisting of a single wire with a potential drop between its ends
A, B, which is affixed to a structure at zero potential. ‘ ' '

Then if # is the resistance of gauge wire (ohms/unit length),
and g is the conductance to earth (mhos/unit length),
the potential and current at a distance x from A are given by the equations

_ AV/dx = — i, dijdx = —Vg
i.e.,

BVt = Ver L e
Hence ‘ o
V = C cosh (xk) + D sinh (x&) . . ce .. (4.212)
iz—éﬁmmm+pmmmﬂ L 4213)
where : ’
R =gr.

Now, if we take the length of the gauge to be L, and let R be the total gauge resistance, equal to
yL,

R,  leakage resistance to structure = 1/Lg,
V, potential at A,
%, current at A,

then C =V, D = — 7i,/k
the potential drop along the gauge
= Vo[l — cosh (RL)] + (7i,/k) sinh (RL) .. o . .. (4.214)
and the leakage current '
: = 4o [1 — cosh (EL)] + (RV,f7) sinh (RL) . .. . . .. (4.215)
Now if we take the potential drop to be E, and the potential of A to be £/2,
i, = (RE[2r) coth (AL /2) .. .. . . .. .. (4.216)
and hence the apparent gauge resistance
R’ = (27/k) tanh (RL/2) . .. . .. ‘. .. .. (4.217)

Now since .
RLj2 = L (gr)'*/2
= (R/R;)'*/2 is small
R’ =1 — R/12R,]. .. .. .. .. .. .. .. (4.218)
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TABLE 2

R R, : R
ohms megohms ohms
120 o 120
120 100 120(1—10~7)
120 0-1 120(1—10-9)

‘Thus a change in R; from 100 megohms to 0-1 megohm will give a proportionate change in
overall resistance in a 120-ohm gauge of 107" to 10~* which corresponds to a stress change in
Duralumin of 500 Ib/in®. . If a dummy gauge is used for temperature correction this also will be
affected, in the same way, though not necessarily in practice to exactly the same extent, and the
net effect is likely to be small, leading to the conclusion that changes in electrical properties due

to moisture are not likely to be important. The observed serious effect of moisture must therefore
be due to the remaining factors. , g

4.2.2. Electrolysis Effect.—A gauge may be immersed in water for long periods without showing
any very marked change of resistance, so long as no current passes through it. If, however, a
current is passed through a gauge submerged in tap water an effect such as that'shown graphically
in Fig. 17 is observed leading eventually to complete failure. While the increase of resistance is
taking place, bubbles may be seen rising from some part of the gauge winding, and if after such
treatment the gauge is examined under a microscope, corroded patches on the gauge wire are

observed. It is, therefore, clear that the increase of resistance is due to electrolytic corrosion of
the gauge wire.

The rate of the effect varies according to the nature of the water. Fig. 17 gives results for tap
water. For distilled water the corrosion is very much slower, and for salt water, very much
faster. This probably accounts for difficulties experienced in using gauges on or near the sea.

The effect is most rapid where a portion of the gauge wire has become detached from the gauge

matrix, a thing which may easily happen to a cellulose-based gauge if it is carelessly handled in
sticking.

4.2.3. Ejfect on mechawical properties of changing humidity.—A typical test on cellulose acetate
sheet gives an increase in linear dimensions of 4 per cent to 5 per cent for a humidity change from
65 per cent to 100 per cent. The large changes of resistance that would be expected in a gauge
for the same change of conditions due to this cause are not, in fact, observed, and therefore, it
appears likely that shear stresses between the matrix and specimen are much increased when
moisture is absorbed by the matrix. It is known that the strength and Young’s Modulous of
cellulose acetate decrease with humidity, and this reduction would have the effect of reducing the
efficiency of the strain transmission in the matrix of a strain gauge, thus reducing the sensitivity.
This effect, in addition to that just mentioned, accounts for the observed serious reduction in
strain sensitivity under humid conditions and for the fact that a prolonged exposure to 100 per
cent humidity reduces the strain sensitivity to zero. In many cases subsequent prolonged drying
of the gauge restores the sensitivity to its original value though this is not always the case;
- repeated wettings and dryings finally cause the gauge to become detached entirely. Any
unprotected gauge that has been subject to excessive humidity must be regarded as suspect.

The fact that the absorption of moisture by the material of matrix and adhesive will ultimately
break down the bond between gauge and metal forms the basis of a technique for removing gauges
for re-use. Since water is rather difficult to get rid of, once it has been absorbed, alcohol is used
and the process consists of strapping over the gauge a pad of cotton wool soaked in alcohol.

After some ten minutes the gauge can be removed quite easily by inserting a safety razor blade
under it. )
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The properties desirable for an adhesive for strain gauges are :—
(a) A good bond to metal.
(b) Considerable mechanical strength.
(c) Elasticity:
(d) Ease of application.
(e) Repellent to water. -

Cellulose acetate is generally used since it satisfies (a), (b), (c) and (d). As it does not satisfy
(e), waterproofing for a cellulose acetate gauge is essential.

Other materials which have been tried, because they satisfy (e), are either difficult to apply
(e.g., require baking, such as Bakelite) or else do not bond to metals (¢.g., polystyrene).

4.2.4. Waterproofing—TFor precise work some system of waterproofing is desirable even under
laboratory conditions; while for work in the open it becomes absolutely necessary. Even a
change of humidity of the order of 10 per cent will produce a measurable change of resistances in
an unprotected gauge, and sudden changes of temperature are liable to be accompanied by the
deposition of moisture on metal structures giving conditions approximating to 100 per cent
humidity on the surface to which the gauges are affixed. The zero drift which usually -
accompanies absorption of moisture is due to the difference in the effect between gauge and
dummy, and is an indication that moisture is at work in the gauge, with possible effects on the
strain sensitivity. It sometimes happens, however, that the humidity effect is nearly the same
in gauge and dummy, and the absences of zero drift gives no warning of possible inaccuracy in

the value of strain sensitivity. ,

Tt is considered, that in view of the small amount of extra labour involved, routine waterproofing
is very well worth while, and where the installation is likely to be in use over a considerable period
it becomes essential in this climate even for work in the laboratory.

The principal desiderata for a waterproofing material are:
(a) Ease of application.
(b) Absence of shrinkage effects on application.
(c) Small mechanical strength in order not to interfere with the action of the gauge.

Many methods have been tried and rejected for a variety of reasons; the following are the four
which have been found to be most generally useful.

(a) DiJeli Method.—DiJell is a petroleum wax in paste form with a comparatively low melting
point and almost no mechanical strength. It can be smeared over the gauge and a reasonable
amount of the surrounding test surface with the finger; though somewhat messy it is completely
efficacious. It can be obtained in a range of stiffnesses, DiJell 171 being a generally useful grade.
Its bond to metal is very good, and there seems to be no tendency for moisture to seep gradually
between film and metal. ~Surplus wax of course melts off if the temperature rises unduly but
the film that is left seems to fulfil its function as well as the thicker coating. If the messy finish
is objectionable, the whole coating can be covered by a strip of polythene tape. Since DiJellisa
petroleum wax it is soluble in petrol, so where there may be danger of accidental splashing with
petrol or mineral lubricating oils the polythene tape strip is useful in affording a certain amount
of protection.

Gauges protected with DiJell have been worked satisfactorily for long periods completely
immersed in water. It is essential, of course, to extend the protective coating over the gauge
leads and the insulating ¢ spats * which cover the joints between the leadsand the connecting cable.

(b) Hot Wax Method.—This method, while reasonably efficacious, has a limited application
since for really good results the whole metal surface must be made hot (60 deg to 80deg C). The
hot wax applied to a colder metal surface with a brush does not stick well, and the poor
bond resulting from the method of application allows moisture to penetrate under the film. The
resulting protecting film given by a hard wax properly applied is superior in finish to DiJell, but
the greater stiffness of the wax and its very large setting contraction are liable to introduce
complications.

17

(61501) B



Among waxes which have been found reasonably efficacious where applied to a hot surface are
Petrosin and Cerrasin and Okerin 0-576. Ordinary paraffin wax crystallises in setting and after
a time is not impervious to moisture. : :

(c) Shellac Japan.—Several coats of a thin shellac japan have been found to give reasonably
good results. If the shellac is applied too thickly the contraction in drying out causes the film to
leave the metal and to crack. A secondary effect, due to the absorption by the gauge of some of
the solvent in the japan, is a change in the gauge resistance. A further drying time should there-
fore be allowed till this solvent exchange is complete. :

(d) Sslica gel.—Since silica gel crystals are very hygroscopic a heap of crystals on the gauge,
the whole covered by a metal lid, will prevent the absorption of moisture by the gauge. This
method has given good results, but is rather clumsy in use, since the lids must be firmly fixed to
the specimen, and the crystals must be renewed at fairly frequent intervals.

4.3. Effect on Resistance of Changing Temperature—The change inresistance, when the tempera-
ture varies, of a wire resistance strain gauge glued to a test piece is made up of the separate effects
due to '

(a) change of resistivity of the wire of the gauge, :

(b) differential change in length due (in general) to the different coefficients of linear expansion
of the wire of the gauge and the specimen.

There will be a secondary effect due to the different coefficient of expansion of the material of
the matrix but since the layer between wire and test surface is usually of the order of only 0-002 in.
it is not to be expected that the differential expansion of the material of the wafer will play a very -
important part except in so far as its elastic properties vary with temperature. Ignoring this
latter effect the change of resistance for a temperature rise from £, to ¢, will be: '

Ro(tl - to) [O(. "]"‘ kS (ﬂs - ag)] .. . .,. ) P ’ a0 (4.31)
where « is the temperature coefficient of resistance of the gauge wire,
a, ,,» coefficient of linear expansion of specimen,
a, . ,, coefficient of linear expansion of gauge wire,

k ,» strain sensitivity of gauge wire,

and s is a shear lag term to allow for the fact.that the strain in the wire is
slightly less than that in specimen. The value of s is usually of the
order of 0-97 .

The above expression requires some modification for the period during heating up of the gauge,
since the portion of the specimen immediately under the gauge winding reaches a higher tempera-
ture than that of its surroundings, due to the heating effect of the current in the gauge. The
temperature gradient in the test surface in general, will be accompanied by a stress gradient which
will result in a modified value of @,. It should be emphasized that the expression for change of
resistance with change of temperature only applies after the warming up period. :

The curves in Fig. 18 (1), (2) and (3), give the results of some experimental determinations of the
effect of changing temperatures on the resistance of standard Ferry wire gauges from the same
batch affixed to Duralumin, steel and beryllium copper respectively. ' -

A comparison of curves (1) and (4) is interesting. Both gauges were wound with Ferry wire
and stuck to Duralumin but the wires were taken from different batches. In one case the resistance
increased, in the other decreased, and it is found that over a range of wires of nominally identical
composition, the temperature effect varies considerably over a restricted range from positive to
negative.

It is known that the temperature coefficient of many of the resistance alloys is very susceptible
to minute changes in composition and, it is believed, to variations in the operation of wire drawing.
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This fact suggests that, if the variation in the temperature coefficient could be controlled, it
should be possible to produce resistance wires of the copper-nickel type to give a gauge whose
resistance is independent of temperature. Since the linear coefficient of expansion varies from
metal to metal it would of course, be necessary to use resistance wires with different temperature
coefficients for use on different metals. TFor instance, considering copper-nickel gauges stuck on
Duralumin and steel whose linear coefficients of expansion are respectively 12-9 x 107°
6-28 x 10~ ° and taking the linear coefficient of copper-nickel as 9-5 X 10~° (all per deg F), then
the value of the temperature coefficient of resistivity would need to be — 6-56 x 10~° for the
gauge for use with Duralumin and -+ 6-1 X 107¢ for the gauge for use with steel.

The above arguments only apply, of course, to resistance alloys whose coefficient of resistivity
is small and which can be negative. ' '

In the absence of the self-temperature compensating gauge it is almost universal practice to use
a “ dummy ’ gauge, identical as far as possible with the active or measuring gauge, stuck to a slip
of the same material as the test specimen. '

In view of the wide variation possible in the thermal effects in resistance discussed above, it is
essential that the dummy gauge should be taken from the same batch made from the same reel
of wire as the active gauge. :

An alternative method of gauge construction which will give self compensation for temperature
changes is to use two wires, one with a positive the other with a negative temperature coefficient
of resistance. With combination of nichrome and copel* (the lengths of each wire being fixed
by their relative positive and negative resistance temperature coefficients) their relative expansion
with respect to the material of the test surface can be made to give a gauge whose resistance is
independent of temperature change (but only for the test material for which it is designed). ‘

4.4, Minor Resistance Changes due to Internal Readjustment of the Gauge Structure—The effects
of changing temperature and humidity on the wire resistance strain gauge have been discussed in
some detail, and between them these disturbances may be said to account for the major errors in
the measurement of strain by this method. There are some effects of a lower order of magnitude,
which while not so important for ordinary work, must be considered when accuracies better than
-+ 2 per cent are desired. These effects are generally the result of the  settling down’ of the
internal structure of the gauge with time or with changing external conditions.

Referred to generally as ‘ drift * and hysteresis, these effects are of three kinds:

(1) Zero drift or movement of the balance point with zero strain in the test surface.
(2) Drift under load. '
(3) Hysteresis effects or zero shift due to loading.

4.4.1. Zevo drift during warming wp and after temperature stabilisation.—(a) During warming up.
—When the current is first switched on to a gauge and its dummy, it is usually found that there is
a steady movement of the balance point in one direction during the period of warming up. This
is due to the fact that, in general, the heat dissipation conditions are not the same in the gauge
and the dummy—the latter being usually stuck to a small slip of metal—and the internal
temperature of the latter is, therefore, usually higher than that of the gauge. Both gauge and
dummy ultimately reach a steady internal temperature. Typical curves showing the differential
change of resistance between a gauge and dummy during warming up are given in Fig. 19a for
three values of the operating current.

This warming up effect may produce a positive or negative movement of the balance poinf
depending on whether the temperature coefficient of the gauge and dummy is positive or negative,
and the duration of the warming up period depends on the operating current in the circuit.

It is not generally realised that the varying difference of internal temperature of gauge and
dummy, due to variation of operating current may account for considerable movements of the
balance point. A typical curve of zero shift with changing current is shown in Fig. 19b. The
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magnitude of the effect just described clearly depends on how nearly identical are the heat

dissipation conditions in gauge and dummy, and is bound up with the size of the dummy slip and
how the latter is mounted.

The foregoing discussion emphasises the importance of providing close voltage stabilisation of
the current supply to the gauge and dummy even when using a null method.

(b) After temperature stabilisation.—A further form of zero drift shows itself as a reduction with
. time, of the gauge resistance or an apparent compression. Its importance depends on the amount

and kind of adhesive used, the precise-technique of sticking, and on the previous strain history
of the gauge subsequent to glueing to the specimen. It is found to increase rapidly with increasing
ambient temperature and with higher operating currents. The amount of this drift varies

considerably from gauge to gauge so that even when a dummy gauge is used the effects do not
necessarily cancel each other.

~There are two possible reasons for this drift, assuming that there are no changes in the electrical
properties of the wire filament itself with time: ‘

(a) Changes in the matrix and adhesive with time.
(b) Relief of the initial sticking stresses in the gauge.

Itis known that materials of the cellulose acetate type undergo small changes in their mechanical
properties during ageing, and this is reflected in the behaviour of the strain gauge, as a change in
the strain sensitivity of the order of 0-1 per cent, over a period of some months. The volume
changes likely to be associated with change in mechanical properties—volume decreasing with
age—would have some small effects on the resistance of the gauge over very long periods, but
certainly would not account for the zero drift that can be observed over a period of a few hours.
It seems probable that the major part of the effect is due to initial stresses in the gauge.

It has been shown (see section 4.1) that when the gauge is stuck to the specimen there is initial
tension in the gauge wire with its accompanying transmission shear and ‘ hook ’ stresses at the
ends of the filament. The passage of current through the gauge raises the temperature of the
filament and of the matrix in its immediate neighbourhood, and, under the initial stresses, ¢ creep ’
takes place, its rate depending on the magnitude of the initial tension, the current passing and the

conditions facilitating heat dissipation—the two last named factors fixing the temperature at the
surface of the wire.

It will be realised that the problem of reducing zero drift is not so much the complete
elimination of resistance change in the measuring gauge as achieving equality between that in
the measuring gauge, and that in the compensating gauge. This problem is really to standardise
the initial tension—at as low a value as possible—in the two gauges of the pair; and to produce,
as far as possible, identical heat dissipation conditions in the gauge and the dummy.

The initial tension in both gauges can be reduced to a very small value by prolonged baking
(about 3 to 4 days) at about 70 deg C while the normal operating current is passing. The normal
drift is increased by the elevated temperature, and approaches zero asymptotically.

The heat dissipation from the surface of the filament is a function of the thickness of the layer
of matrix and adhesive between filament and test surface through which most of the heat dissi-
pation occurs. Therefore, it is highly important to standardise this thickness in the case of

gauge and dummy by subjecting both gauges during sticking to the same pressure. (About 21b
is a suitable value for this pressure.)

It has been observed that there are wide variations in the amount of zero drift from gauge pair
to gauge pair, and it is not possible to give a close estimate of the amount that should be expected.
With normal sticking technique and in the absence of the more elaborate precautions enumerated
above, the drift expressed as a value of strain should not exceed 10~° in 24 hours—that is at normal
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operating currents. This can be reduced almost indefinitely by reducing the operating current,
but involves the disadvantages associated with the more highly sensitive ancillary measuring
apparatus necessary.

4.4.2. Drift under load.—It has been observed in calibration tests such as those described in
section 3.6 that there is a kind of reverse hysteresis in wire resistance strain gauges; for example,
in a tension test, under increasing load the readings of resistance are slightly greater than the
readings of resistance as the load is removed. It appears that when a gauge is strained the change
of resistance overshoots the mark and then gradually slips back to the ‘true’ value. This
happens whether tension or compression is applied, and also when either is removed. There is
not a great deal of information available on this subject, but the following may be stated with a
fair degree of certainty :—

(a) At least for small strains, the amount of overshoot is proportional to the load which has
been applied, i.e., the overshoot will be the same if the strain is increased from 0 to
0-05 per cent strain, or if it is increased from 0-05 per cent to 0-1 per cent, given the
same gauges under the same conditions.

~ (b) The amount of overshoot is less if the load is applied slowly.
(c) The effect appears to decrease for gauges of greater gauge length.

(d) At least with gauges bonded with cellulose cements the amount of overshoot decreases
with temperature.

(c) and (d) suggest that the cause of the drift is creep in the adhesive since at lower temperatures
the adhesive is stiffer, and for longer gauges the shear stresses in the adhesive are lower. On the
other hand, similar phenomena have been observed in unbonded gauges, which would seem to lay
the blame on the gauge wire. However, even in unbonded gauges the wire is bonded to the pegs
round which it is wrapped, and it is possible that the drift may be in this bond. '

The drift from the overshoot is asymptotic, and the greatest amount takes place in the first few
minutes after the load has been applied. It is therefore advisable that for precision measure-
ments with strain gauges the load should be applied so that the increments of strain are
approximately equal, and the readings should be taken at a fixed time after the application of
the load.

The amount of overshoot is of the order of 2 per cent of the total strain with cellulose-bonded
gauges at room temperature, and most of the return drift is accomplished in the first few hours
after the load is applied. The drift is considerably less with Bakelite-bonded gauges of the same

types.

4.4.3. Effect of tempemtwe on creep under load.—The very marked effect of temperature on
creep in plastics under load would be expected to find a reflection in the behaviour of the loaded
wire resistance strain gauge.

The curves in Fig. 20 give the results of tests on a cupro-nickel acetate gauge on a Duralumin
specimen with a constant strain of 02 per cent. Thecreepin the resistance change—progressively
greater with increased temperature and more marked in tension than in compression—is due
presumably to the gradual breakdown in the strain transmission from test surface to gauge
filament. '

This type of creep is distinct from that discussed in the previous section. The gauges whose
drift is shown in Fig. 20 still continued to hold their gauge factor, up to 95 deg C, if the change of
resistance was measured immediately after loading, and even exhibited the negative hysteresis
discussed above, but it is plain that at the higher temperatures the drift from the overshoot is
swamped in the slackening of the bond.

The effects even after four hours are serious. At 95 deg C for instance the creep in the
compression gauge corresponds to a fictitious falling off of the strain of some 11 per cent of its true
value while for the tension gauge the corresponding figure is 16 per cent.
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The different amounts of creep in tension and compression may result from an initial tension
in the gauge filament due to thermal expansion of the Duralumin test-piece. The actual strainin
tension will be higher and in compression will be lower than the indicated value with corresponding
effects on the creep in the two instances. For a gauge with an initial tensile strain of 0-1 per cent
on the filament, an applied strain of 0-2 per cent, and a rise in temperature of 80 deg C, giving a
differential strain of 0-075 per cent, the actual strain on the filament will be 0-375 per cent in
tension and 0-025 per cent in compression.

5. Curvent Carrying Capacity.—It is evident that since the signal due to change of resistance
of the gauge is proportional to the current it is carrying, the allowable value of the latter should
be as large as possible. The limit to the gauge current is set by the allowable rise in temperature
of the wire, or rather temperature of the matrix in immediate contact. In discussing the
mechanism of strain transmission from test surface to filament, the existence of high concen-
trations of stress at the ends of the latter was pointed out, and it is clear that the mechanical
deterioration of the material of the matrix at a high temperature would result in a less efficient
strain transference and a reduced strain sensitivity for the gauge.

If the normal working current is applied to a gauge #nof cemented to a test-piece, the gauge will
show definite signs of overheating.

5.1. Self-heating of Gauge—Taking the case of a standard low resistance gauge in which the
spacing of the strains of the filament is of the order of ten times the diameter of the wire itself, it
appears reasonable to neglect the mutual thermal interference of adjacent strands and confine
the argument to a single length of wire.

The gauge reaches its (constant) working temperature when the rate of heat generation in the
winding becomes equal to the rate of heat dissipation from the filament to its surroundings.

An expression for the allowable current for a given set of conditions can be found as follows :—

~ Let a  be the cross-sectional area of gauge wire,
P ., perimeter of gauge wire,
0 ,»  specific resistance of wire,
1 ,, current in gauge,
T ,, temperature of gauge wire,
and 7, ,, ambient temperature.

Then, when stable conditions of temperature are reached, the rate of heat generation must be
equal to the rate of heat dissipation from the wire filament, z.e., ‘

foja = K(T —Tp oo oo e e BN
where K is a constant. ‘

That is, for a given set of cooling conditions, the allowable value of 7 is given by

1 = K+/(pafe) where K is a constant. . . .. .. (5.12)
For a circular section, this gives
1 = (Kn/2) v/(d%/0) . .. . .. .. o .. (5.18)

Little knowledge is available of the allowable temperatures for various metals, of or the constants
associated with any given set of cooling conditions, but a few general conclusions may be drawn
from equation (5.12).

Actual working experience—rather limited in extent—suggests that for ordinary room
temperatures, and when the gauge is affixed to a specimen of fair size, a value may be tentatively
asmgned to K in (5.13) which gives

1 = 8000 4/ (4%/0) .. . . . e (514)
where 7 is in amperes, 4 in inches, g in microhms per cm cube.
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" Table 8 below gives values of allowable current in milliamps for wires of cupro-nickel, and
nichrome (nickel-chromium, or nickel-chromium-iron) for wires of diameter 0-0005 in., 0-001 in.,
0-002 in. :

TABLE 3
Allowable current (mA)
Diameter
(inches)
Cupro-Nickel Nichrome
00005 12-5 9
0-001 35 25
0-002 100 © 70

These results only apply to gauges in which the filament strand spacing is more than 6 times
the wire diameter, and must be modified for closer winding.  For instance with 1 mil diameter
Eureka wire wound at a spacing of 2 mil the allowable current falls to 5 milliamps.

Increase in the wire diameter and reduction in its specific resistance increase the allowable
current. Limits to the increase in wire diameter are fixed by the fact that the shear forces
necessary to produce a given strain in the filament increase as the square of the diameter while
the area resisting these forces increases only as the diameteritself. Inother words the transmission
stresses vary as the diameter, and increasing the filament wire diameter lowers the point at which
the transmission breaks down and the gauge becomes non-linear.

For cases in which the strain to be measured is small, in which there is no danger of mechanical
. breakdown in the strain transmission a case can be made out for the use of wire of larger diameter.

5.2. Filament of Rectangular Section Wire.—Even the fine wires used for strain gauge filaments
can be rolled down to approximately rectangular section and although some difficulties are
introduced in the manufacture of gauges from this wire it possesses many advantages.

Difficulties in obtaining wire of ribbon section have precluded its use up to the present; no
information is therefore available of its performance in practice, but it is worth while to examine
its theoretical advantages.

The expression (5.12) becomes in the case of a rectangular section of thickness ¢, width i,
area mi* and perimeter 2{(1 4 m).

i=K %ﬁﬁiﬁb, L B
4

i.e., if we have a rectangular-section wire, and a circular-section wire of the same material and
cross-sectional area, and assuming the same conditions of heat dissipation in each case, the ratio
of their current carrying capacities is given by the expression

(1 4 ) %) (em/9) P (- 35

Hence, if for example we take m = 10, the value of expression (5.22) is 1-40, that is the current
carrying capacity is increased by 40 per cent ; and if we take m = 40, the increase is 95 per cent.
These values of # give about the thinnest strips which can be handled whose areas are equivalent
to those of circular wires of diameter 0-001 in. and 0-002 in. respectively.

These results assume that the efficiency of the heat dissipation is the same in each case ; but in
practice it is to be expected that the efficiency would be greater in the case of the rectangular
wire since there is in this case a considerable area of the wire actually parallel to the test surface
to which most of the heat flows, 7.e., the figures quoted above are probably conservative estimates.
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Another advantage of the rectangular section wire lies in the decreased value of the ratio a/p,
as compared with the circular section. The shear stress in the matrix necessary to produce the
strain in the gauge is a linear function of this ratio; therefore, it is desirable to decrease its value
as much as possible.

Now for a circular section wire ‘ } ‘
g, = Kd .. . . ce e .. ce .o (8.23)

where K is a constant; and for the equwalent rectangular strip
g, = Kd A/(am)/(1 + m) .. .. . . .. .. (5.24)

7.¢., in the first case considered above, where 4 = 0-001 in., and » = 10,
g, = K X 1073, ¢, = 0-51K x 1073

and in the second case where d = 0-002 in., and » = 40,

. g.. = 2K X 1073, g, =0-85K x 1073

i.e.,

Go1: Gs1: Gent §a = 1:0-51:2:0-55. .. .. . .. .. (5.25)

Considering the advantages of the rectangular section filament from the point of view of rise
in surface temperature for a given value of the current and a given material we have from the
equation (5.11)

1

that T=The oo o o (59)

Considering the ratio of the temperature rises for a given operating current for a circular- wire
and for equivalent rectangular wires with m = 10 and m = 40 the ratlo will be seen to be
1:0-51:0-275.

When the drift in the gauge under load—a function of stress and temperature—must be a
minimum, as in most instrumental applications the advantage of the rectangular-section filament
becomes outstanding especially for high values of strain. A comparison of the circular wire and an
equivalent rectangular one with m = 10 shows that both the maximum shear stress and the
surface temperature of the wire are reduced by some 50 per cent.

From the above purely thermal consideration, it is evident that for any given section of filament
wire the current carrying capacity can be increased by increasing the cross-section of the wire and
using materials with lower values of the specific resistance, both of which alterations lower the
total resistance for a given total length of filament. The implications of this statement cannot
be discussed apart from over-all circuit considerations.

53. E ﬁed of Current and Resistance on Output Signal.—It will be useful to consider the effect
of gauge current and resistance on the output signal from the gauge for

(a) current-sensitive indication,
(b) voltage-sensitive indication.

5.3.1. Optimum resistance value—The small signals given by the wire resistance gauge are its
fundamental disadvantage, and there is a general belief that by increasing the resistance of the
gauge the signal for a given strain can be increased almost indefinitely. This is only partly true,
since, for a gauge of given external dimensions, increase of resistance can only be obtained by
reducing the diameter of the wire, using wire of high specific resistance or by close winding. ~ All
these methods reduce the current carrying capacity, and thls reduction may offset the gain due
to the increased resistance.

In the absence of sufficient experimental data concerning the effect of wire spacing on the
current carrying capacity, it is impossible to formulate general statements on the optimum
resistance, but a single example will give an indication of the effect mentioned in the preceding
section. It is known that, with a 100-ohm gauge made with I-mil diameter cupro-nickel wire
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spaced at 20 mil, the allowable current is 35 mA, whereas with the same wire, the same external
dimensions, and a spacing of 2 mil (hence with a resistance of 1000 ohms) the allowable current
is SmA.

Consider two cases: :
(a) Measurement of the signal by a current sensitive device, e. g., a micro-ammeter.

(b) Measurement by a high input impedance voltage sensitive device, e.g., an amplifier and
cathode-ray tube. '

In case (a) the maximum sensitivity is attained if the arms of the measuring bridge and a
galvanometer are of equal resistance, and the signal current is given by I, = iKA4/4, where 1 is
‘the current in the gauge, K is the gauge factor, and 4 is the strain. For any given type of
micro-ammeter the actual movement of the instrument pointer is proportional to I,4/R,, where
R, is the instrument coil resistance so that ¢, the absolute value of the signal 1nd1catlon is
proport1onal to 14/R.

For the two gauges above
é,: ¢y = 354/100: 54/1000
' = 1:0-45.

In this case it is clear that the low resistance gauge is the better. For the voltage sensitive

measuring device of case (b) the signal voltage is proportional to IR so that the ratio of the signals
for the two gauges is
o Eg: Eg =35 x 100:5 x 1,000
=0-7:1

in which the advantage goes to the high resistance gauge. Table 4 compares the signals using
a current sensitive and a voltage sensitive indicator for different sizes of wire (cupro-nickel and
nichrome)—the figure of merit being based on unity for a standard 100-ohms gauge (1 mil
cupro-nickel wire). In each case the ratio of wire spacing to wire diameter is twenty.

TABLE 4
Figure of merit
Wire Wire .. :
Material diameter spacing Resistance Current
: : (ohms) (mA) Current Voliage
(in.) (in.) Te : 1ag
sensitive sensitive
detector detector
Cﬁj)fo-nickel .. .. .. 0-002 0-040 12:5 100 1-0 0-36
0-001 0-020 100 35 1-0 1-0
, 0-0005 0-010 800 12-5 1-0 2-82
Nichrome . .. 0-002 0-040 25 70 1-0 0-5
0-001 0-020 200 25 1-0 1-41
0-0005 0-010° 1600 8-75 1-0 4-0

It will be seen that the figure of merit is unitif for all the cases in which a current sensitive
measuring device is used. This might be deduced from a previous expression (5.14)

:Jﬁi
R
¢ ci4/R oc/(Ld),

where L is the length of wire in the'gauge.

so that
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For a constant ratio of winding spacing to wire diameter, Ld is constant so that 14/ R is constant.

Examination of the Table 4 enables the following conclusions to be drawn:

(a) For current-sensitive indication, given free choice of galvanometer resistance, the low
resistance gauge is a satisfactory solution in the light of the materials available at
present. ‘

(b) For voltage-sensitive indication in which the gauge feeds into a device with a high input
impedance, improvements can be made to the figure of merit by using smaller diameter
wire.

The above analysis ignores the value of the gauge factor, which is not unreasonable when only
cupro-nickel and nichrome gauges are considered, since in each the strain sensitivity is approxi-
mately 2. If, however, wires of different sensitivities are used the gauge factor must be included
in the analysis, since the output is directly proportional to the gauge factor. S

5.4. Effect on Gauge Factor of Increased Curreni.—The figures quoted in the foregoing section
for generally allowable gauge current, are based on usage which may involve poor conditions of
heat dissipation (as, for instance, a pair of gauges placed back to back on thin plate), and generally
speaking are attended only by small values of drift. Where drift is not important as in purely
dynamic measurements, and where heat dissipation conditions are good, the conservative values
quoted above can be increased considerably.

In this connection the curves in Fig. 21 are of interest as illustrating the breakdown of the
strain transmission with increased current and also the effect of test bars of different sizes on the
allowable current. Gauges P and A3 are flat wound, with a filament wire 1-mil diameter spaced
at 20 mil while the gauge A7 is of the flattened spiral type of the same wire, but with half the
spacing. -In each case the effect is shown for tension and compression. For the A7 gauge the
loops at the ends of the winding are of much smaller radius than those in the case of the types
P and A3 and it is to be expected that the temperature in the neighbourhood of the loops will be
correspondingly higher, hence the earlier breakdown. It will be observed that the breakdown
occurs quite suddenly as the current is increased and failure occurs at a lower value of the current
in the case of the compression gauge.

It must be emphasised that the curves given are peculiar to the particular conditions of heat
dissipation. For the case of two gauges back to back on a thin plate or for a number of gauges
close together, conditions giving a higher test surface temperature, the breakdown occurs at a
lower value of the operating current.

6. Miscellaneous Properties of the Wire Resistance Gauge.—6.1. Development of Strain Sensitivity
during  Sticking ’ Period.—A gauge which has not completely dried out, will exhibit a strain
sensitivity less than its final value, and at the same time show very marked hysteresis. This is
illustrated in Fig. 22 which gives the results of experiments on two types of wire resistance
gauge. Ineach case the gauge was strained to an equal extent and the figure taken as ‘ hysteresis ”
1s the average of the differences of the readings taken during loading and unloading. The results
A refer to gauges of the squeezed spiral type in which the strain filament is wound on Bakelised
paper interleaving, and the wafer so formed sandwiched between two layers of porous paper.
The curves B refer to gauges with flat wound filaments stuck to a single layer of paper. Ineach
case a cellulose base adhesive was used. ,

In both cases it will be seen that the gauge factor rises rapidly at first, to about 80 per cent
of its ultimate value, and then at a much slower rate of increase leading finally to a very slow
approach in which the change over a long period accounts for an increase of only about 1 per cent.

The very great difference in the sticking time required for the two types, is due to the fact that
for the Bakelised gauge A, elimination of the adhesive solvent can only take place round the edges
of the internal Bakelised wafer which is relatively impervious, whereas in the gauge B the whole
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surface of the gauge is available for the passage and evaporation of the solvent. Type A is a much
more robust gauge than type B and where sufficient time can be allowed for sticking this
advantage should not be overlooked. )

The curves of hysteresis which express the percentage shift of the zero, emphasize the possibility
of error in using gauges if insufficient sticking time has been allowed.

It should be noted that the curves in Fig. 22 are representative of tests carried out at room
temperature and at fairly low values of ambient humidity, and that considerable modification of
the drying time is to be expected when the solvent evaporation is slowed down by a high moisture
content in the atmosphere surrounding the gauge, and/or by a low ambient temperature.

6.2. Range of Lineavity and Behaviour at High Tensile Strains.—The results of tests on
representative gauges of three types are shown in Fig. 23 in which percentage resistance change
is plotted against tensile strain expressed as a percentage. In each case the end of the curve
corresponds with failure of the gauge filament.

The results were obtained from gauges of the flat wound type. The flattened spiral type gives
approximately the same kind of curve, but ultimate failure occurs at lower strains, presumably
due to the greater stresses at the end loops.

In the case of the Advance (cupro-nickel) gauge shown, there is no detectable departure from
linearity up to failure. This feature was common to all the gauges which were tested, whose
gauge wires were of this type of metal, as would be expected from Fig. 5d.

The Iso-Elastic and Nichrome gauges show the same form of resistance-strain curve as many of
the wires whose behaviour is discussed in section 3.12. that is, the strain sensitivity at low strains
changes to a value of approximately 2-0 at some value of below 1 per cent strain, the curves
having the form illustrated in Fig. 6a.

Now the point A in Fig. 6a appears to coincide with the yield point of the gauge filament, and
the position of B depends on the percentage elongation of the wire of the gauge filament. Hence,
if we wish to increase the value of strain below A, it is desirable to use hard-drawn wire (since the
yield point is higher) in.the construction of the gauge, but if we wish to increase the strain below
B it is desirable to use annealed wire (since its elongation is greater). It is a singularly fortunate
circumstance, that in cupro-nickel, a material generally very suitable for strain gauges, the
difference between the gauge factor at low strains and at high strains is very small. Fig. 7 shows
that once the strain has passed the point A (for metals in which there is a change of strain
sensitivity) any kind of repeated loading involves the use of two gauge factors, the initial gauge
factor over ranges of resistance which have already been covered ; and a gauge factor of approxi-
mately 2-0 when in a range not previously covered. Since the actual position of A is somewhat
variable (depending, among other things, on the initial tension in the gauge wire) it is plain that
if measurements of repeated loadings at high strains are required, only a cupro-nickel gauge (of
those in commercial production at the moment) is likely to give convenient and satisfactory
results.

Though the position of B is dependent on the total elongation of the gauge wire, it is also partly
dependent on the geometry of the gauge, and on the nature of the connection between the gauge
filament and the lead. The lead is usually attached either by welding or soldering, and this has
the effect of reducing the strength of the gauge filament at that point, so that, almost invariably,
failure of the gauge takes place there. The removal of the joint from the stress field by mounting
it on an unstressed portion of the matrix, or by bending up the end, has the effect of increasing
considerably the break-down strain of the gauge. ‘

It has been suggested” that Minalpha should be used for high strain measurements (for
investigation into the plastic range of metals), and gauges of this material, with unstressed joints
between the gauge filament and leads have reached 14 per cent elongation before failure. But
as indicated above, and illustrated in Fig. 7, because of its varying gauge factor this material is
not really a satisfactory solution to the problem. :
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As far as is known, there is no information available about the behaviour of the wire resistance
strain gauge at high values of compressive strain.

6.3. Limits of Frequency Response.—There are no test results known to the authors of the
behaviour of the wire resistance strain gauge at very high strain frequencies.

There does not appear to be any reason why the process of strain transmission from test surface
to resistance filament should be affected unduly by the rapidity with which the process takes
place, except in so far as the hysteresis effects in the materials of the matrix and adhesive may be
transformed into local heat, and, by affecting their mechanical properties, may reduce the
efficiency of strain transference.

A theoretical limit to the upper frequency is, however, imposed by the requirement that the
gauge length shall be a small fraction of the wave length of the disturbances to be measured.
Assuming this fraction to be 1/20 then for a gauge length of 0-25 in. the allowable wave length is
0-25 X 20/12 = 0-417 ft and for aluminjum in which the velocity of sound is 16,740 f.p.s. the
allowable frequency is 16,740/0-417 = 40,000 c.p.s. for a 1-in gauge.

Since the layer of matrix and adhesive is only a few thousandths of an inch in thickness it does
not seem likely that inertia effects even at these frequencies can be serious.

6.4. Fatigue under Repeated Loadings.—The breakdown of wire resistance strain gauges under
repeated loadings is of two types, one connected with the failure of the joint between the filament
and lead, the other with the failure of the bond between the filament and matrix. There are
probably high stress concentrations in the immediate vicinity of the junction of the filament and
the much stiffer lead. In addition, welding or soldering must almost inevitably reduce the
strength of the filament at the junction. Failures at the junction are very erratic and it has not
been found possible to establish any definite relations between the mean stress, the range of stress
and the number of repetitions of load before failure. For frequencies up to 100 c.p.s. there appears
to be no effect of frequency on failures of this type. Sometimes the joint failure is found to be
associated with a complete breakdown of the bond between the lead itself and the matrix.
Therefore, it is very important that the lead should be supported along its entire length.

The second type of fatigue failure is usually associated with ranges of strain of the order of
4-0-1 per cent or above. The breakdown seems to be due to the degeneration of the bond
between matrix and filament at the ends of the latter. The feature of this type of failure is a
sudden decrease in the resistance of the gauge. It will be remembered that in discussing the
resistance changes during sticking of the gauge, it was pointed out that there is some initial
tension in the gauge wire. The breakdown of the bond at the ends of the filament evidently
releases this pre-tension giving the characteristic drop in resistance. Further repetition of the
loading results in a gradually increasing drop in the resistance indicative of a progressive break-
down of the bond. In this type of failure it has also been found impossible to obtain a consistent
correlation between the quantities involved.

A few experiments have been carried out to determine the ‘ life * of strain gauges under repeated
loading. It has been found, that with a range of strain of --0-1 per cent about a mean strain of
0-12 per cent, a gauge where limit of linearity under a steady load is about 1 per cent, has a life of
about 170,000 reversals at 18 c.p.s., but with the range of strain reduced to 4-0-07 per cent and
a mean strain of 0-09 per cent, the life of a similar gauge is over 3,000,000 reversals. In each of
these two cases, the gauge factor showed no falling off, but there was a sudden very large increase
of gauge resistance to infinity which was discovered to be due to breakage at the junction of
filament and lead. ‘

6.5. The Wire Resistance Strain Gauge in Compression.—Doubts are frequently expressed
regarding the ability of the wire resistance strain gauge to record strains in compression accurately.
If the bond between gauge and specimen is complete throughout the gauge length, then the gauge
as a whole will be prevented from buckling under compressive strain, and the strain sensitivity
should be sensibly the same as in tension.
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~ In fact, however, it is found that the strain sensitivity in compression is in generé.l slightly less,
1 to 2 per cent, than in tension and the scatter in any batch of gauges tested in compression is
higher than when the same gauges are tested in tension.

The relation between strain and percentage change of resistance for a gauge on its first
(compression) loading usually has the form shown in Fig. 94. - For the first portion of the loading
OA the gauge factor has a value identical with that in tension. Thereafter, the curve AB though
still sensibly linear has the slope corresponding to a gauge factor reduced by 1 to 2 per cent.

In discussing resistance change during the sticking on of the gauge it was shown that the filament
is usually in tension at the conclusion of the sticking process and it has been found that the value
of this initial tension corresponds approximately with the change point A in the calibration of
a gauge in compression, 4.e., the absolute value of the gauge resistance at A is the same as that
of the gauge before sticking. Up to the point A then, the gauge filament is in tension and it
behaves correspondingly. ,

After reaching A the gauge filament is in compression and though prevented from buckling as
a whole by the bond to the specimen, can be regarded as a long compression member subject to
a continuously distributed transverse clastic constraint along its length. The transverse
constraint is provided by tensile and compressive forces in the layer of matrix between the
filament strand and the test surface. The form of buckling associated with this type of constraint,
gives a sinusoidal transverse deflection whose wave length depends on the stifiness of the wire
and of the elasticity of the layer of matrix which forms the transverse constraint. The total
shortening will be made up of that due to direct compression together with a (dy|dx)* term
resulting from the transverse bending. ‘

The fact that the initial tension in the gauge may reach a value of 0-2 per cent strain may
account for the fact that the change in gauge factor described above has not been observed by
other experimenters, whose calibrations rarely extended much above this figure®.

It has been noted earlier in this report, that the initial sticking tension decreases with time
corresponding to the zero drift usually observed and this change is accelerated by a raised tempera-
ture and during tension loadings. It is to be expected, therefore, that the position of the point A
will vary very considerably from gauge to gauge and this has been found to be the case.

8.8. Behaviour at Low Temperatures—For temperatures down to — 50deg C no serious
divergences from normal behaviour have been observed. The strain sensitivity in tension has
been investigated, for-instance, at this temperature without revealing any change from its value
at room temperature. It is believed, however, that the adhesive may break down if it is subjected
to very low temperatures for a long time. , ,

Tt seems likely that the allowable current will increase to a marked extent as the temperature
is reduced, but no figures for this increase are available. ’

8.7. Behaviour at High Temperatures.—For work involving steady strains where the experiments
extend over a relatively lengthy period, the upper limit of working ambient temperatures will
generally be fixed by the allowable drift. The curves already discussed (Fig. 20) referring to a
standard cellulose acetate bonded gauge give an indication of drift effects to be expected with
normal operating current. :

While some improvement is to be expected by reducing the current, it is evident that for the
cellulose acetate bonded gauge there is a fairly modest limit to the working temperature for
protracted tests. . S

In the case of dynamic tests of short duration, where drift is not important, the working limit

of temperature will be fixed by the breakdown of the stress transmission from test surface to
filament owing to the mechanical degeneration of the gauge material with temperature.
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Using a moderate value of the operating current (30 mA) this limit has been found to be about
100 deg C for the acetate bonded gauge and about 250 deg C for the gauge bonded with Bakelite

varnish, which may be exténded to 300 deg-C for .very-short tests

There is an. urgent need for a wire resistance gauge to deal with the: h1gh temperatures associated,
in particular, with the gas turbine.

filaments bonded ceramically to parts subject to temperatures up to a.bout 1000 deg C the gauges
being fabncated dlrectly on the test surface“’
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Fic. 2a. Flat grid type of strain gauge.
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Fic. 2b. Simple method of winding flat grid type.
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FiG. 4. Schematic arrangement of R.A.E.-type gauge winding machine.
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F1Gc. 14. Diagram of calibration method.
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Fi1c. 15. R.A.E. calibrator.
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