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Charactenzation

Mechanical Properties—Elastic

he last two columns dealt with th
mechanical properties and the
generalities that apply to most
materials. Now the specific aspects
applicable to deposits, coatings and
electroforms are considered.

Blasic  Behavior

The modulus of elasticity, also called tion. As discussed earlier,

Young’'s modulus, is the property
most relevant to elastic behavior. As
previously discussed, it is the propo
tionality constant relating stress to
strain. The value of Young’s modulu
of deposits is generally smaller than
that of the same wrought metal. For
example, the modulus of electroplats
nickel varies, according to Safrantk
from 147 to 189 GPa (to convert Pa
[pascals] to psi, approximately,
multiply by 7). The handbook value
for nickel is 210 GPa. Young’s
modulus, which is determined by the
bonds between the atoms, should be
structure-insensitive. It should be thg
same, therefore, for deposits and
metals formed by other means.
There are several possible reasor
however, why the moduli of electro-
deposits are different. The presence
gas-filled pores, other voids and
codeposited organic materials can
reduce the load-supporting area.
Accordingly, the actual values of the
stress and, consequently, the modul
are larger than those calculated, bas
on the nominal cross-sectional area
The depth of crevices in the surface
of thin deposits may also be signifi-
cant compared to the thickness, and
thereby again reduce the load-beari
area locally. As already discussed,
clamping thin foils into such devices
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b modulus is not measured.
The fact that the modulus
varies with the crystallo-
graphic direction is not
believed to be the reason
for the smaller modulus,
even though many deposit$
exhibit a preferred orienta-

in such deposits, a particu-
lar direction is preferen-
-tially perpendicular to the
surface. The directions
s lying in the surface in
different grains, however,
along which the tensile
acbtress is applied, tend to befislocation
randomly oriented. In this
way, the values of the modulus in
different crystallographic directions
should be averaged.
The modulus of elasticity of
amorphous metals should be larger
> than that of crystalline ones. The
> modulus of amorphous electroless
deposits is smaller, however. The

sing seven percent phosphorus varie
only between 50 and 70 GPa, prob-
afbly as a result of codeposited
hydrogen.

Yieding
It appears that the main factor
ugletermining the yield strength of

equation, called the Hall-Petch
5 equation, describing the relationship
between the yield strengtti,, and the
grain diameter, D, that many deposi
ndgollow,?® which states that

1)

g,=0, + kD"

as bulge testers can cause the elast|

c

modulus of electroless nickel contain-

Fig. 1—Transmission electron micrograph showing high

density in a copper deposit.

senting the overall resistance of the
crystal lattice to dislocation move-
ment. The constant k, which has been
named the locking parameter,
measures the relative contribution of
the grain boundaries to strengthening.
According to the Hall-Petch relation-
ship, the smaller the grain size, the
greater the yield strength.
Deposits tend to have higher
5 values of yield strength than the
corresponding annealed metals. The
yield strengths of electroplated and
wrought nickel, for example, are
about 400 MPa and 140 MPa,
respectively. The higher dislocation
content of deposits is believed to be
the reason for a larger value of the

edeposits is the grain size. There is anfriction stress and, consequently, of

the yield strength. The high content of
dislocations is shown in Fig. 1; the
dislocations are the dark lines. The
Sdislocations in deposits are believed

to arise from the joining of crystallites
to form a layer. If there is a slight
misalignment between crystallites,
dislocations can compensate for it. As

limit to be exceeded, so that the ::u:tq;::Wherecri is the friction stress repre-
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foreign materials tend to segregate in
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grains.

the grain boundaries of electro-
deposits, the locking parameter wou
also tend to have a larger value.
The effect of twin boundaries on
the yield strength has not been
extensively studied. It appears that g
smaller spacing of the twin bound-

10pm

Fig. 2—Transmission electron micrograph of the cross sectio
of a copper electrodeposit showing columnar and equiaxe

slightly with grain sizé.
There are several
methods for increasing
yield strength that are
unique to electrodepos-
its. Dispersion strength-
ening can be achieved h
adding such oxides as
those of aluminum or
thorium to the plating
solution. Stirring the
solution so that the
oxides are included in
the deposits increases t
yield strength. An
increase of the yield
trength of nickel from
45 MPa to 365 MPa ha
been reportedPeriodic
reversal of the plating current to forn

dan oxide layer while the deposit is

anodic and the subsequent formatio
of a very fine-grained layer resulted
a yield strength of 900 MPaAlter-
nate layers of different metélsr
different phases of the same m¥tal

aries also results in an increase in thehave also been found to increase th

yield strength, but not to the same
degree as a fine grain size.
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Some electrodeposits exhibit two
grain sizes, small and larger. This
phenomenon is shown in Fig. 2,
which is a transmission electron
micrograph of the cross section of a
copper deposit. It shows relatively
large columnar grains surrounded by
small, more equiaxed grains. Both
types of grains show many twins thal
are the sets of parallel lines. Jacobs
and Sliwd observed a similar dual
grain size in nickel deposits. They
modified the Hall-Petch equation by
substituting an effective grain
diameter D, for D in Eq. (1). The
effective grain diameter was defined
as

Deﬁllz = fl(Dl)llz + fz(DZ)llz (2)
where f and f are the volume
fractions of the small and larger
grains, respectively, and,@nd D, are
their diameters. By this modification,

DN

the data of Jacobson and Sliwa agrded

well with that of another study,
where there was only one grain size
It appears that the Hall-Petch
equation does not hold when the grg
size is less than about 10 Arit.is
possible, then, that the volume of the
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grain boundaries is comparable to tHat

of the grains, and they then dominat
The yield strength then changes only
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