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INTERNATIONAL STANDARD

1SO 8401-1986 (E)

Metallic coatings — Review of methods of measurement

of ductility

1 Scopje and field of application

1.1 This |nternational Standard specifies general methods of
measuring [the ductility of metallic coatings of thickness below
200 um prgpared by electroplating, autocatalytic deposition or
other procgsses (see the note).

The methofis of measuring the ductility of metallic coatings can
be divided |into two main categories:

— tesks on unsupported foils (separated from the sub-
strate);

— tesfs of coatings on substrates.

NOTE — When specific methods of testing are inciuded in Inter-
national Stdndards for individual coatings, they should be used.in
preference tp the methods described in this International Standard,and
should be agreed upon beforehand by the supplier and the purchaser.

1.2 In the testing of unsupported foils separated from the
substrate (see figure 1), the foils may consist\of ‘one or more
metallic layers. Therefore it is possible to preasure the ductility
of compogites and to determine the influence of individual
layers on gverall ductility. Methods of testing of unsupported
foils are dgscribed in clause 3. Methads of producing foils for
testing are|discussed in annex A

1.3 In thp testing of coatings on substrates (see figure 2), it is
especially [important to\determine the exact point of crack
initiation ¢f the top\layer. Attention is drawn to different
methods df discerning this point, by normal or corrected-to-
normal vision ot With a lens. See the guidance in the individual
methods. These methods can also be used to detect embrittle-
ment of the 3 3 atf
process. Methods of testing of coatings on substrates are de-
scribed in clause 4.

1.4 Although ductility is a property of the material and in-
dependent of the dimensions of the test piece, thickness of the
coating may have an influence on the value of linear elongation
(Alll).

1.4.1 Very thin layers have different properties as the build-up
of the initial layers will be influenced by the properties of the
substrate (epitaxy). High internal stresses may be incorporated
into the initial layers and these may affect ductility.

1.4.2 It is essential that the test piece has uniform thickness,
as thinner spots will give rise to premature cracking. Also, the

current density is lower at thinner\parts and

higher at thicker

parts of electroplated test pieggs;) in this way current density
differences may result in @ifferent ductilitfes. The current

density applied should he “maintained as un
over the test piece, and-its value reported.

2 Definitions

form as possible

For thespurpose of this International Standdrd, the following

definitions apply.

2.1 ductility: The ability of a metallic or

other coating to

undergo plastic or elastic deformation, or bath, without frac-

ture or cracking.

2.2 linear elongation: The ratio of the elgngation, A/, to a
definite initial length, /y, of the test piece. This is taken as a

measure of ductility.
Often this ratio is expressed as a percentage|
NOTE ON MEASURES OF DUCTILITY

Normally the test pieces are elongated. Wi
tests, the outer layer of the test piece, i.
elongated (see figure 3). In bulge tests, howe;
the foil is enlarged, requiring calculation of
from the reduction in the thickness. Using t
deformation (stretching) in only one axis wou
mation about the ductility of the material

th some bending
e. the plating, is
ver, the surface of
linear elongation
he component of
d give false infor-
see figure 4). In
culated from the

increase in the surface area, is a better measure of the ductility

of the material (see annex B).

3 Tests on unsupported foils

These techniques involve measurement of a foil which has been
separated from the substrate (see figure 1). In this case, the foil
to be tested can also consist of several layers so as to allow
measurement of the influence of undercoats on the ductility of
the foil sandwich. Examples are gold flash on gold/copper
alloys and chromium-plated nickel deposits. Methods of pro-
ducing unsupported foils are given in annex A.

Five methods are described.
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3.1 Tensile testing

3.1.1 Principle

Determination of the linear elongation of a foil, which is
clamped into the jaws of a tensile testing machine. in this type
of stressing the foil is lengthened, but both the width and the
thickness of the foil diminish.

3.1.2 Apparatus

where
Iy is the distance between the marks before testing;

l; + I, is the distance between the marks after testing.

3.1.6.2 Coefficient of variation

Mechanically prepared test pieces can have coefficients of
variation, s/D (where s is the standard deviation and D the
mean ductility), as high as 20 %.

This method may {itilize conventional mechanical testing equip-
ment, available [commercially and in many metallurgical
laboratories. {11 Fqr some applications, tensile testing equip-
ment adapted to microscopic inspection during the test may be
used.

3.1.3 Preparati¢n of test pieces

Test pieces may lhe machined, chipped, punched or cut from
the metallic foil of prepared by photoprinting with the help of
light-sensitive lacduers or light-sensitive foils which are pressed
onto a suitable sybstrate. After developing the pattern of the
test piece it is plated into the final form. A similar method uses

By plating into the final form using shields to @astfre uniform
current distribution, test pieces can be produced which have
lower coefficients of variation.

3.1.6 Notes on procedure

3.1.6.1 Necking of the teshpiece (see figure 8) may require
measurement of very small.ehanges in length and the use of a
microscope that has a’vernier scale.

3.1.6.2 Mounting-fragile thin test pieces into the|jaws of a
tensile testing.ynachine may give rise to prestressed fest pieces

chemical or electr
foil on which has

bchemical milling of the desired shape from a
been applied a suitable resist by silk screen

printing or by applying a photosensitive resist. These last

methods are wide
pieces are usually
both ends to avoi

Some methods

v used in the printed circuit industry. The test
rectangular in shape, but can be widened at
breaking in the clamping jaws (see figure 7).

bf preparing the test pieces may causg

microcracking at the edges that results in premature failure'and
erratic results. Telst piece preparation involving photoprifiting

or electroforming

is preferred to avoid edge defects.

Test pieces plated into the final form may have thicker edges

uniess shielding
uniform current d

Make equidistant

bnd other techniques aré\used to ensure
stribution (see figure 10)

marks on the sdrface of the test piece as

illustrated in figure 7. Determine/the distance between the

which thepeby diminish the real value of elongation

3.1.63
(see’figure 9).

Care shall be taken to avoid twisting of the test piece

3.1.6.4 When these sources of error (3.1.6.1 o 3.1.6.3)
cannot be eliminated, other methods of measuring ductility

should be used.

3.2 Bending (micrometer bend test)

3.2.1 General

This method is suitabie only for the evaluation of m
having low ductility. 2] The vaiues obtained have
relation to values obtained by other methods. This

etallic foils
no simple
method is

marks before test|ng.

3.1.4 Procedurg

Clamp the test pie

useful for brittle metals such as bright nickel.

3.2.2 Apparatus

V. H +.
WITCTOTITCTCT

ment and apply strain using a selected cross-head speed.
Determine the distance between the marks on the test pieces
after testing (see figure 8).

3.1.5 Expression of results

3.1.5.1 Calculation

The ductility, D, expressed as a percentage, is given by the
equation

i+ 15— |
- 17270 100
ly

3.2.3 Preparation of test pieces

Cut strips of 0,5 cm x 7,5 cm from the foil under test. The foils
are usually 25 to 40 um thick. The difficulties described in 3.1.3
and 3.1.6 apply likewise to this test. Measure the thickness of
the test piece at the point of bending, using an instrument or
method which enables the thickness to be determined to within
5 % of its nominal value.

3.2.4 Procedure

Bend the test piece into a U-shape and place it between the
jaws of the micrometer so that as the jaws are closed the bend
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remains between the jaws. Close the micrometer jaws slowly
until the foil cracks.

Record the micrometer reading and the thickness of the foil
(see figure 11).

Carry out the test at least in duplicate.

3.2.5 Expression of results

1SO 8401-1986 (E)

3.3.3 Preparation of test pieces

Cut rectangular strips, 1 cm wide by 5 cm long, from the metal
foil.

3.3.4 Procedure

Grip the test piece between the jaws of the vice. Bend the test
piece sharply through 90°, then bend it successively in opposite
directions through 180° until fracture occurs.

3.25.1 Crewatiﬂn
Calculate the average of the micrometer readings (see 3.2.4).

The ductility, D, expressed as a percentage, is given by the
equation (gee figure 12)

o
- 1% <100
=0

D
where
J s ‘Lhe thickness of the test pieces;
2F is the average of the micrometer readings.
3.2.6.2 Pfecision
As the vallie of D rises more rapidly than J, it is essential that
the value pf 6 be measured with high precision. If a foil of

20 um is rpad as 25 um, the following difference, suppesing
2r = 0,5 qm, will be found:

20 x 10-4
4 DX 100 = 0,4 %
Di =45 _20x10-4 <1 °
D 25 x107% 00 - G5 %
R G —— = (+)
2795 - 25 x 10-4 .

i.e. a diffefence of 0,5 — 0,4 = 0,1 %.

A thicknesk of 25 pum will giveresulits that are 256 % higher than
for a 20 un thickness.

It is obvioys that.this tnethod will give reproducible results only
when ¢ is [measufed to within 1 um and 2r to within 0,01 cm.

3.3.5 Results

The number of bends is taken as a measure pf ductility.

3.4 Hydraulic bulging

3.4.1 General

Hydraulic bulgé:testing can be used to measyre the ductility of
thin sheet materials accurately. No machining of the test piece
is required,"there are no problems of achievirlg axial alignment
as in tensile testing, and the test is especially yseful for measur-
ing the.ductility of ductile materials. Until redently, the lack of
cowmmerciaily available equipment has prevenpted wider use of
this method. (3]

3.4.2 Principle (see figure 14)

Clamping of a test piece between a botton) cylinder and an
upper platen. The upper platen has a circulgr opening of the
same diameter as the cylinder. Increasing tHe water pressure
slowly and steadily to deform the test piec¢ into a bulge or
dome until the foil bursts.

3.4.3 Apparatus

See figure 15.

3.4.4 Procedure

With the equipment shown schematically in|figure 15, fill the
bottom cylinder with water to the rim. Place|the test piece on
the surface of the water. Use the upper platen|, in the shape of a
hollow cone, to clamp the test piece firmly ip position.

3.3 Folding (vice-bend test)

3.3.1 General

Although this test is simple and may have some utility, the
nature of the test, the cold working that occurs as a result of
bending, and other factors may lead to incorrect measures of
ductility. The thickness of the test piece affects the results, but
the influence of thickness cannot be calculated.

3.3.2 Apparatus

Machinist’s vice, equipped with two small machined jaws to
hold the test piece (see figure 13).

Fill the hollow cone with water from the reservoir that is pro-
vided. The excess water will rise in the glass gauge. When the
level of the water is above the light-sensing device, close the
valve that controls the flow of water from the reservoir. Turn
the motor on and slowly raise the light-sensing device. When
the device is aligned with the meniscus, the beam of light
within the device will be deflected; the drop in voltage that
occurs as a result of this shuts off the motor.

The pressure under the test piece is increased by means of the
plunger. When the meniscus in the glass gauge begins to rise,
the motor will automatically begin to operate and the light-
sensing device will track the rise in the level of water. By means
of the potentiometer, record the increase in volume on an x-v
recorder.
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A pressure sensor in the cylinder simultaneously records the
pressure beneath the test piece. In a commercial version of the
equipment, a pressure-sensitive switch is used to shut the
motor off at the moment of bursting so that the total volume of
displaced water can be read directly from the digital display on
the potentiometer.

3.45 Expression of resuits

3.45.1 Calculation

3.5.3 Procedure

Place a foil test piece between the circular plates. Clamp the
upper and lower plates together firmly by means of two screws.
Then slowly push the test piece upward by turning the micro-
meter. Read from the micrometer the distance travelled by the
steel ball from the initial contact with the metal film to the point
of crack initiation.

The initial contact point between the steel ball and the test
piece is detected electrically. A battery-operated lamp is fitted

The ductility of th
volume of the disy
the dome. The du
the equation deri
strength of the nf

b metal specimen may be calculated from the
laced water, which equals the volume inside
ctility, expressed as a percentage, is given by
ed and discussed in annex C. The tensile
etal foil may also be determined from the

value of the pressjre at bursting (see annex C).

3.45.2 Coefficig]

Because only thg

ht of variation

centre of the foil (¢ 3 cm) is tested, the

current density afd the thickness in this region are probably

more constant th
s/D = 0,05, i.e. §

3.4.6 Notes on

an in the case of tensile tests. Values of
%, are easily arrived at.

procedure

Pinholes in the t

st piece are one possible source of error.

Pinholes can be fletected prior to testing by “candling”. A
100 W light bulb inh a box with a hole slightly smaller in diameter

than the opening

When pinholes arf
piece with a very t
passing through t

By visual observg
cracking.

Stopping the mot
will give fair indic

n the top plate or cone is satisfactory.

B present, it is possible to underlay the-test
hin plastic foil which will stop the watef from
he pinholes.

tion it is possible to note, the moment of

br of the light-sensing-device at this moment
tion of the dugtility of the porous foil.

3.5 Mechanidal bulging

into the upper brass plate in such a way that the lamp lights at
the instant the steel ball touches the test piece. The Jamp stays
lit throughout the test.

The visual detection of the initiation of rupture is acqomplished
with the aid of a magnifier (X 15) attached to the Upper plate
(but not shown in figure 17).

3.5.4 Expression of results

It is possible to calculate\the ductility from the height of the
cone by calculating~the loss of thickness of the¢ foil (see
annex D).

3.5.5 Special cases

It may‘be preferable to use a slightly altered procedure. In the
apparatus shown schematically in figures 18, 19 aphd 20, the
stéel ball remains stationary, but the two plates and the sample
are moved downward with a motor until the test pigce cracks.

The instrument is placed under a microscope whi¢h enables
use of X 70 magnification when iooking for the first|cracks. At
the start of the test, the motor stops when electri¢al contact
between the steel ball and the test piece is made. At the
moment of cracking the motor is stopped by hand. [The height
of the cone is measured by the displacement of a liffear poten-
tiometer with a resolution of 5 um.

With the motor-driven apparatus, it is easier to olptain good
results because

a) there is no twisting moment of the steel ball against the
foil, which will be the case when turning the micrometer
screw;

b) a microscope, preferably with interference |ighting of
the Nomarski-type, will indicate the moment of gppearance

3.5.1 General

Mechanical bulge
dome, however,
matically in figure

tests are similar to hydraulic bulge tests. The
is formed mechanically as indicated sche-
16.

3.5.2 Apparatus

Equipment for measuring the ductility of thin metal foils is not
readily available, but can be easily assembled.

Two types of apparatus are used. The simplest one consists of
a micrometer, a spindle extension with a steel ball and a pair of
circular plates each with a round opening at the centrel4l (see
figure 17).

P ra L el I
U IS 1ot LIaLRS WLt TT1Ore Telidonity,

c) electrical measurement of the height of the cone is
more precise than a micrometer;

d) better lighting and the fact that the distance between
the microscope and the summit of the cone is constant give
more reproducible data than in the case of the micrometer
instrument. A value of s/D = 0,05, i.e. 5 %, is easily
arrived at.

4 Tests on coatings on substrates

These techniques involve testing a foil on a substrate (see
figure 2). In this case, the utmost care has to be taken to
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find the exact point at which the top layer cracks. Attention is
drawn to different methods of detecting this point, by normal
or corrected-to-normal vision, or with a lens. See the guidance
given in the descriptions of the individual methods.

Unless, therefore, very brittle electrodeposits are being
assessed, the substrate has to be very ductile. Annealed copper
or brass, or a suitable plastics material such as ABS, are pre-
ferred substrates. If the substrate is electroplated ABS, the
moment of cracking can be found exactly by recording the
electrical resistance of the test layer during the test (see
figure 21). In certain cases, the purpose of the test is to

ISO 8401-1986 (E)

4.2.3 Procedure

inspect the surface periodically to determine the exact moment
when the coating cracks. This is difficult to do unless a method
of continuously observing the test piece during bending is in-
corporated in the test device.

A major source of error is the tendency of the specimen to kink
or hinge in the test as illustrated in figure 23 a).

measure the embrittiement of the substrate by the electro-
plating progess, for exampie hydrogen embrittlement of zinc-
coated stee].

Using thesd methods will avoid many of the drawbacks caused
by handling very thin foils, but the problem of ascertaining the
moment of [cracking of the top layer arises.

Seven metiods are described.
4.1 Tengile testing

4.1.1 Apparatus
See 3.1.2.

4.1.2 Preparation of test pieces

The coatingis are deposited adherently on a substrate that shali
be more dyctile than the coatings.

Test pieceg shall be machined and the sides can be polished,
thus preveijting edge-cracking. Necking is considerabiyreduced
and it is eagy to mount the test piece into the jaws of the tensile
machine ayoiding misalignment.

4.1.3 Procedure

See 3.1.4.

although if relatively brittle,vhigh gloss electrodeposits like
nickel it cah be ascertaingd-by visual observation. (51 In the case
of electrodpposited ¢datings on plastics, the moment of crack-
ing can be found exactly by recording the electrical resistivity of
the metalli¢ coatirigs during testing (see figure 21).

Itis difficulf to determine the’exact moment of crack initiation,

A D 8 bl H £ LS
et CAPTeSSTONT OT Te3TTS

if kinking does not occur and the onset of\eracking is accurately
detected, the ductility, D, expressed as a@ per¢entage, is given
by the equation

where
J is thé)tetal thickness;
s %isthe vertical displacement;
[ is the gauge length.

See figures 12 and 23 b).

4.3 Four-point bending 7!

4.3.1 General

This is similar to three-point bend testing (4.2) except that the
test piece is subjected to two loads, symrpetrical over the
centre portion as illustrated in figure 24. The rpain advantage is
that kinking of the test piece is avoided.

4,.3.2 Expression of results

The ductility, D, expressed as a percentagg, is given by the
equation

4.2 Three-point bending (©

4.2.1 Principle

Application of a force transversely to the test piece in the
portion that is being bent, usually at the centre of the test
piece.

4.2.2 Apparatus

Bending forces may be applied by one of the three
arrangements illustrated in figure 22. Various devices to hold
the test piece are used for each of the loading arrangements.
The devices may be mounted on a universal testing machine, or
a special bending apparatus may be used.

D = _ 95 x 100
12+ 2141,
where
) is the total thickness;
s is the vertical displacement;
A is one-half the distance between the two loads;

/1 + I, is one-half the distance between the two supports.

See figure 24.
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4.4 Cylindrical mandrel bending

4.4.1 Principle

Bending of the electroplated or coated test piece in the form of
a narrow strip over mandrels of decreasing diameter. [4! Deter-
mination of ductility, expressed as a percentage, from the
smallest diameter mandre! that does not cause the coating to

fracture. (8l

4.4.2 Apparat

45.2 Apparatus

Mandrel (see figure 26).

4.5.3 Procedure

The moment of cracking can be determined by electrical means
(see figure 21) if the substrate is a non-conductive plastic
material.

Clamps and a :Lries of mandrels having diameters of 5 to

50 mm in 3 mm 3

teps (see figure 25).

443 Preparat:[)n of test pieces

The substrate t
around the sma
cracking; for exar|
2,5 mm thick, m
otherwise coated
10 mm wide and

4.4.4 Procedune

Bend the test pig

ickness and temper shall permit bending
est diameter mandrel without evidence of
hple low-carbon steel or ductile copper, 1,0 to
by be used. The substrate is electroplated or
and used to prepare test pieces that are
at least 150 mm long.

ces round mandrels of decreasing diameter.

Record the smallest diameter mandrel which does not cause

the coating to frg

4.45 Expressig

The ductility, D,

equation
)
D =
d+ 9
where

J s the totd

cture.

n of results

expressed as a percentage, is given by/the

x 100

| thickness;

d is the diafeter of the )smallest mandrel that does not

cause cra

king of the coating.

4.4.6 Notes on

| procedure

A 54 EXpressiom of Tesuits
The angle of the bending-lever (see figure 27 san bk used as a
measure of ductility to determine relative 'values. [Otherwise,

the calculation of ductility, expressed-as.\a percerftage, is as
in 4.4.5.

4.6 Conical mandrel bending

4.6.1 Principle

Bending a squaré, electroplated or coated specirhen over a
cone-shaped, mandrel (see figure 28).

4.6.2 ©“Apparatus

Cane-shaped mandrel.

4.6.3 Procedure

Determine the position where cracking is initiated by examining
the surface of the specimen with a magnifier (X 1Q). Also the
device can be placed under a technical microscople, where a
higher magnification can be used.

4.6.4 Expression of results

The ductility, expressed as a percentage, is calculat¢d from the
radius of curvature of the cone at the point of cracking, using
the equation given in 4.4.5.

Because only a plate less than about 0,5 mm thick ¢an be bent
satisfactorily, this method is not suitable for detefmining the
ductility of a coating with an elongation greater than 11 %.

With this method it is possible to detect cracks by performing a
porosity test on strips, which are bent over different cylinders
(cracks will be enlarged in the same way as pores would be
enlarged). An electrolytical porosity test with a jelly would
develop any microcracks into distinct lines.

4.5 Spiral mandrel bending

4.5.1 Principle

Bending an electroplated or coated strip over a mandrel with a
decreasing radius. Determination of the vaiue at which cracking
of the coating is observed. (9. 10!

Al 0,5 r =2mm D
— < =01
/ 4,5 0=05mm d =4mm

11 %

4.6.5 Special cases

A variation of this test involves winding electroplated or coated
copper wire around a cone (see figure 29).

4.7 Mechanical bulging

4.7.1 Apparatus

See 3.5.2.
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4.7.2 Preparation of test pieces

Using very ductile copper plates 0,1 mm thick as the substrate
gives satisfactory results.

4.7.3 Procedure
See 3.5.3.

Ensure that the diameter of the hole is such that the field of
view of the microscope (X 100) includes the area where cracks

ISO 8401-1986 (E)

and applications. The guidelines given in the table may be
helpful.

The results obtained with different methods are seldom
comparable.

5.2 Coatings less than 10 um thick should be tested on a
suitable substrate. For brittle deposits, the tensile testing
method is preferred but the bending tests (4.4 and 4.5) should
be satisfactory. For ductile deposits, the bending test (4.3) is
preferred.

are expectefl. An 8 mm diameter hole and a
give reprod{icible results.

4.7.4 Exptession of results

4.7.4.1 Cdlculation

See annex P.

4.7.4.2 Precision

The precisipn of the method depends on the freedom from
scratches of the substrate as these scratches initiate cracks at a
lower height of bulge as would be consistent with the ductility
of the coating.

5 Selection of test method

5.1 It is rlot possible to recommend one method of measur-
ing the dugtility of coatings that is applicable to all materials

5.3 Coatings thicker than 10 um can betésted in the form of
foils. Ductile foils can be tested by hydraulic|bulging (3.4) or
tensile testing (3.1). Brittle foils -can be| tested by the
micrometer bend test (3.2) or by mechanical bulging (3.5).

5.4 Brittle and/or highlystressed coatings eyen when thicker
than 10 um may have to.be’tested when applled to a suitable,
ductile substrate, in.which case tensile testing (4.1) is pre-
ferred, although thé eylindrical mandrel bendipg (4.4) or spiral
mandrel bending/(4.5) tests can be used.
6 Testreport
Theteést report shall contain the following infprmation:
a) a reference to the method used;

b) the resuits and the method of expresgion used;

c) details of the preparation of the test giece.
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A.0

be used (see clau

A.1 Plating
The substrate is d
tested. This is a
tested will not be
attack is only visi
ible that an emb
beginning of cra
layers on copper
nitric acid solutio

In the case of pla
material into an o
the test foil.

A.2 Plating

Plating is carried
will not adhere; t

A.2.1 Plating
Care shall be takg
steel is free from
foil and will star
stainless steel m
alkaline cleaner.

Annex A

Methods of producing foils

(This annex forms part of the standard.)

Introduction

es A.1 and A.2).

on to a soluble substrate

issolved after applying to it the coating to be

ethod which can be used if the foil to be
hffected by the dissolving solution. Even if the
le by a diminution in gloss, it would be poss-
ittlement of the surface would enhance the
king throughout the whole layer. For gold
substrates, dissolution of the copper with
h is often used.

ed plastic it is possible to dissolve the plastic
ganic solvent without affecting the quality of

on to a nhon-adherent substrate

but on a metal substrate to which the plating
he foil is then peeled from the substrate.

on stainless steel

n in this case that the surface of the stainless
bcratches as thesewillbe copied in the plated
the propagation_of premature cracks. The
by require anodic cleaning for 15 s in a hot

A.2.2 Plating on copper or bronze sheets

be repolished and used again.

There exist several passivating methods “(see
A.2.2.3).

A.2.21
to 15 um of bright nickel and 'subsequent passiva

polish the
sheets can

A.2.2.1 to

Electroplating the copper‘er bronze subsfrate with 5

ion by im-

mersionina1to5 % (m/mhselution of chromic adid for 30 to
60 s. Before immersion in<the electroplating solutign, the test

surface should be connpected to the negative elect

ical supply

and the current switched on so as to prevent spoiling the

passivation (live plating).

A.2.2.2 Plating the copper or bronze substrate wjth arsenic,

using as-electrolyte 59 g of arsenic trioxide (As,05)

and 21 g of

sodiumnhydroxide (NaOH) in 1 litre of water. Plate for 5 min at

0,3-A¥dm2 and 18 to 30 °C, using as anodes
graphite.

A.2.2.3 Immersion in a polysulfide solution — 50 ¢
polysulfide (Na,S,) in 1 litre of water.

A.2.3 Plating on steel

A steel panel electroplated with nickel may be

carbon or

of sodium

used. For

example a piece of cold-rolled steel, of any convg¢nient size,

shall be properly cleaned, acid dipped and electro
about 7,5 um of nickel. After rinsing, the test pieg|
passivated (see A.2.2) or cleaned anodically for 14
alkaline cleaner, acid dipped in 0,5 mol/l sulfuric

rinsed, and placed in the electroplating solution of t

blated with
ce is either
s in a hot
hcid, water
he metal to

be tested. An electrodeposit of the desired thicknesk is electro-

plated on the prepared surface.
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Annex B

Calculation of ductility when increasing the surface area
of a foil (bulging)

(This annex forms part of the standard.)

During the stressing of a material, two strains are observed:

The tensile test gives the correct elongation in a direction z and

a) Elagtic deformation — in electroplated metals this part

of the
plastic

dr]

lo

verall deformation is very small as compared with
leformation :

=02 %

This tye of deformation will give rise to a slight diminution

of the

Jolume.

b) Plaktic deformation — this part of the overall defor-
mation [can be as high as 42 %. The volume of the material

will be

Constant.

shrinking of dimensions In the directions x anf y (see figure 3).
Let the volume of an infinitesimal test\pigece be xyz. The
cupping test (figure 4) gives correct eléngatign also in the z di-
rection, but in this case z is the direction pefpendicular to the
surface, i.e. the diminishing thickness dz hag to be taken into
account. The elongation in thepdirection is lg¢ss because in the
plane xy there will occur elongation in both directions x and y.
As the direction of flow.is.contrary to the flow in a tensile test it
is necessary use the eguation

dz
7 —02

to obtain’values equivalent to those obtained from the tensile
test (see’figures 5 and 6).
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Annex C

Calculation of ductility and tensile strength in the hydraulic bulge test

The volume of the

(This annex forms part of the standard.)

dome formed during hydraulic bulge testing

is a function of the height, &, and the radius, r, of the base of
the dome and is fi\/nn h\’/ nqllnfinn (1) (sece fignrn 30)

Equation (4) may then be written

2RL

V="Ln3+ L a2

6 ?

Solving equation

1) for h yields

_3av

h= +
T

‘i’/3V <3V>2
+ 1/ —1 — ] +r6
T T

The volume of thd

. (2)

test piece remains constant during the test,

i.e. (see figures 5 fand 6)

A = (72 - Az

where

(A + AA) . (3)

z is the thickjhess of the foil, and

A is the surfgce area.

The ductility, D,

is defined as the ratio of the~decrease in

thickness Az, to the thickness of the foil in the/Stressed stage,

z—Az:

Az

A+ A4

7 - Az |
(see figures 5 and
The surface areas

the dome, A4, and
are given by the e

1 1 ... (4)

6).

given insequation (3) are those of the base of
of the ‘'surface of the dome, 4 + AA, and

D =

r2 -

. (6)

The radius, R, is given by the relationship: (R=4 )2k r2 = R2

and therefore

h2+r2
R =
2h

Substituting in equation (6) yiélds

The ductility is the square of the ratio of the height o
to the radius‘of'the dome.

A7)

. (8)

the dome

Equation\{2) may be combined with equation (8) to vield an
expression for ductility, expressed as a percentage, ih terms of

thezvolume of the dome and the radius of the cyling

VBV l/(3V>2
— + — ) +r6
p=|—T n +
r
3 2
1/31/ ]/(31/)2
— - + r6
™ T
+
p

Equation (9) is plotted in figure 31.

The tensile strength, g, of the foil is given by the ed
R
g=p—
z

A = nr2

A+ AA =2nRh

where R is the radi
(see figure 30).

10

udtions
}. 5

us of the sphere of which the dome is a part

er:

uation

...(10)

p is the pressure which causes the test piece to burst;

R s the radius of the sphere of which the dome

z is the thickness of the test piece.

is a part;
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Calculation of ductility in the mechanical bulge test

(This annex forms part of the standard.)

According to the same underlying principle as used in the calculation of the hydraulic bulge test (3.4) the ductility will be

D = _’iﬂax — 1
Ao
where
A, = nR2

Anax 1B the surface area of the cone (see figure 32). A,y consists of the sum of the areas 6f the dome KK’ and

MK — K'M":

Agoe = 2nr(r —/r2 — k2)

Il

Amatlezan;k\/(R—k)2+[h—(r—«/rZ_k2)2
2nr(r — Jr2 — k2) + n (R + k) \/(R—k)2+ (& (r — /72 = k2)]2

With a profframmable calculator it is not difficult to obtain a function

Ama

the cone-mantle

D = fin)
Table — Compatrison between the respective test methods
Suitability for different coatings™
Test mathods Ductile Brittle P;rc;e:s(t:ikosn Accuracy i:;fn;;::Ln*g
Tensile (3.1) 4 1 5 4 4
Unsup- Bending (3.2) 1 2 4 2 3
ported Folding (3.3} 1 2 3 1 3
foils Hydraulic-Blige (3.4) 5 3 5 5 5
Mechanical bulge (3.5) 3 3 4 4 5
Tensile (4.1) 2 5 4 3 4
Three-point bending (4.2) 2 3 3 2 3
Coatings Four-point bending (4.3) 3 3 3 3 3
on Cylindrical mandrel bending (4.4) 2 4 3 2 3
substrates Spiral mandrel bending (4.5) 1 4 2 3 3
Conical mandrel bending (4.6) 1 3 2 2 3
Mechanical bulge (4.7) 2 3 2 2 4
* Key
1 acceptable only if no alternative method available
2 acceptable if justified by other factors
3 satisfactory for most purposes
4 very satisfactory, if not ideal
5 best possible.

* %

Sampling effort is to be understood as the time devoted to preparing the test piece to be tested.

1
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——— Substratum

Figure 1 Figure 2
5
—[N
é 1 dx =
1 )
/ —|eN
’\/',6" ' — '
L P /
_‘} s 48 L
2d,\( ;/
X Xy ~x > X
i 57|
Iz A
xyz =(x4{dxX)(y-dy)(z+dz)
Xyz = xyZ + Xydz-xzZdy -yzux
dz _dy, dx
z "y X
dz , dy
z Ty
diy_dz
[f Tz
Tensile test Cupping test
Figure 3 Figure 4

12
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I
<

Material flow

— ° >
]
1
| d 7Y
%dx/ —12—dx

xyz =(x-dx)(y-dy)(z#dz)

diy_dz
Lz

Tensile test

Figure 5
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Z Xy = A
(y adyv\lyuadul_ A . A A
LA ST Sy =7y T O
X
/ / /, 1/ Materfal flow
VN // _
/,//4/:/,/ & z-dz
/// -~ 1

-~/ s L i

A v

e _
— P e
r/ 7
// / i dy

1 -~ 1
7 dx "/ 5 dx

xyz = (x+dx)(y+dy)(z-dz) z(xy)'${z-dz)(x+dx)(y+dy)

Al dz ZA =(z4dz)(A+ AA)

ez 7z g AvhA
z-dz B
dz - A+AA _1
z-dz A
Cupping-testthydrauhe/imechanicat

D: A[:A.{’.AA —1

{

A

Figure 6
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—— Microcracks
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N
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Figure 7 Figure 8

NARRRRENN yll \l

Passible dimensions of tensile test pieces!!!

Gadge length  (mm) 200 50 25
Width (mm) 40 12,5 6,25

s
I o7

\ A Foud

\ B)
-

AL
Figure 9 Figure 10
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&
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Test piece

| __——Micrometer

Figure 11
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Figure 12
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Figure 13
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Test piece

L

L. WP

Potentiometer

Motor

__>p

vvater

Figure 14

Digital
1 mM\A20,01 cm3

i

Nylon

/——Gauge-glass

18

Pressure-sensitive module

Measuring the heights of the mgniscus
with a light-sensor

Water

S Test piece

Figure 15
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/
Mandrel v/ T
Figure 16
DimensionS,in millimetres
¢ 51
6,35

Steel ball

Spindle extension

Epoxy insulation

Micrometer

g

Figure 17
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Figure 21
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L4

F

a) Schematic fixture for semi-guided bend test—one end held, force applied near frege end

Mandrel
1 2#% A"

>

L]

b) Schematic fixture for semi-guided.bend test—one end held, force applied near mandrel

¢) Schematic fixture for semi-guided bend test—ends supported

Figure 22
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r2 = (res)2 « L2
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[ 2réd 1 2
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IS 46s < [2
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Figure 23
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