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ABSTRACT

Internal stress exists as an inherent force within electroplated and chemically applied metallic coatings. This induced stress can
be tensile or compressive in nature, causing the deposit to contract or expand in relation to the base material. High levels of
stress in deposits produce micro-cracking and macro-cracking in the applied layers, and in severe cases produce a lack of
deposit adhesion in the form of blistering, peeling and flaking, wave-like ripples in electroforms, and accelerated corrosion and
wear failure. This paper reviews the methods and test procedures for measuring deposit stress and the formulas employed for
calculating stress values. Many of the formulas used to calculate deposit stress require modification to obtain the actual internal
stress value. Errors in this regard are examined and common mistakes in test methods and practice are explained.
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Introduction

Internal stress exists as an inherent force within electroplated and chemically applied metallic deposits. This induced stress can
be tensile or compressive in nature, causing the deposit to contract or expand in relation to the base material. High levels of
stress in deposits produce micro-cracking and macro-cracking, and in severe cases produce a lack of deposit adhesion in the
form of blistering, peeling and flaking. In extreme cases, wave-like ripples in electroforms, accelerated corrosion and deposit
wear failure can also occur.

This paper reviews test methods, procedures and formulas used to determine the internal stress in applied metallic coatings. A
comparative study for the determination of internal tensile deposit stress as plated from a semi-bright sulfamate nickel plating
electrolyte was completed for the Spiral Contractometer Method and for the Deposit Stress Analyzer Bent Strip Method. Spirals
were used in this study to compare the former style contractometer design and the recently designed style with and without a
masked surface on the spiral inside diameter. Also, the formulas that are frequently used to calculate deposit stress values in
applied metallic layers were evaluated. Limitations of these formulations, accuracy of the results and frequent errors in their use
are also reported.

Two primary ways that are in use worldwide to evaluate internal deposit stress in metallic coatings are the spiral contractometer
and the bent strip methods. The spiral contractometer test procedure is defined in the American Society for Testing Metals
Standard B636-84. The bent strip method referred to as the Deposit Stress Analyzer method is currently in the final step of
qualification to become an ASTM Standard. Each of these test procedures is applicable for determining both tensile and
compressive stressed deposits. Several other test methods have been used in the past, but these have not been put into
common practice. The stress meter makes use of a disk that bows inward or outward as deposition commences depending on
the nature of the stressed deposit. Accuracy and stripping metal deposits from the disk remain problematic. Another method to
determine deposit stress is based on measuring the change in the length of a substrate material that is caused by stress within
an applied metallic coating. This method yields consistent results, but the equipment set-up is complicated and there has never
been a manufacturing source for its use.
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Spiral contractometer

The spiral contractometer method uses a stainless steel spiral having a surface area of approximately 13 in2 (33 cm2) as the test
piece. In the test procedure, the upper end of the spiral is held in a stationary position while the lower end is free to rotate as
deposition of a stressed coating is applied. Induced stress that is compressive in nature will cause a spiral to contract by winding
tighter, while a tensile stressed coating will cause a spiral to unwind. This movement is transferred to a dial measurement disk
that is free to move at the top of the contractometer around a measurement scale that displays the spiral movement in degrees
as it occurs (Fig. 1).

SPIRAL CONTRACTOMERS

Figure 1 - Spiral contractometer designs: (a) Prior design; (b) New design.

In the prior contractometer design (Fig. 1a), a spiral is supported by a stainless steel center rod in a geometry that allows
significant metallic deposition to occur on the inside spiral surface when not protected by a masked coating during a given test.
The calculated internal deposit stress result can be in error by as much as 30%, depending on the deposit being evaluated. A
common practice is to cover the interior spiral surface with a mask material prior to its use to prevent plating on the interior
surface.

A recently designed spiral contractometer (Fig. 1b) improves this geometry problem by surrounding the center supporting rod
with a non-conductive glass filled nylon material that occupies almost all of the interior open space so as to discourage
deposition of metal on the interior of a spiral during the plating period. This new design also allows the mounting of a spiral in a
way that allows plating of the outside surface of a spiral entirely from tip to tip. Since every spiral has exactly the same plated
surface area, an estimated surface area calculation that becomes a best guess effort is no longer necessary. Also, construction
of these spirals from thinner stock material yields shorter test times for a given set of plating parameters. The recently designed
spirals are constructed from 0.010-inch thick stainless steel and have a precise surface area of 13.57 in2. The recommended
average test deposit thickness is 500 p-in (12.7 pum).

Bent strip test
The deposit stress analyzer method for internal deposit stress determinations is based on a bent strip technique wherein the
applied metallic deposit induces movement of a base material to an extent that permits a measurement reading over an

incremented scale (Fig. 2a). This procedure utilizes pre-calibrated test strips that have a plated surface area of 1.2 in.2 (3.05
cm?) and are intended for a single measurement. As a stressed coating is applied to a test strip, the divided part of the test strip
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separates so as to allow a measurement of the movement in units at the tips of the divided area (Fig. 2b). Test strips are
supplied in a pre-calibrated state. A typical plating test time is 2-4 minutes.

(@ (b)

Compressive Tensile

resist  plating plating
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Figure 2 - Bent strip method: (a) test stand and scale; (b) deposit stress configurations on a test strip.

The deposit stress analyzer method features a diversity of test cell geometries for lab bench and in tank use. The In-site 1
plating cell can be used in a solution volume as small as 400 mL (Fig. 3a). This is a great advantage when testing the internal
stress of precious metal deposits or when conducting tests to determine the results of incremental additions to a plating bath
sample. Larger plating cells utilize a pump for agitation and an immersion heater for use on a laboratory table (Fig. 3b).

(b)

Figure 3 - (a) In-site 1 cell; (b) test cell with accessories.
Bent strip and spiral contractometer compared

For the comparative evaluations of the bent strip and spiral contractometer methods that follow, a semi-bright nickel sulfamate
plating bath was used that produced tensile stressed deposits. The results for these test methods are as follows.
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Bent strip method
A. Plating conditions for Cu-Fe alloy test strips 0.002 in. thick:
1. Plate each test strip at 0.25 A, 30 A/ft2, 3 min at 140 £ 1°F for a target deposit thickness of 75 p-in.

B. Results (for three samples):

Test Sample 1 2 3
Weight of test strips (g) 0.6739 0.6772 0.6699
Totallmcrements spread between the test strip 8.9 9.0 8.7
leg tips as the value of U
Weight of each test strip as plated (g) 0.6863 0.6893 0.6827
Weight of nickel (g) 0.0124 0.0121 0.0128
C. Calculation of the deposit thickness:
1. Formula for deposit thickness:
T = 0.0509(W/D)
where
T = Average deposit thickness (in.),
W = Deposit weight (g) and
D = Specific gravity of the deposited metal (g/cm3).
2. Deposit thickness:
Test Sample 1 2 3
Deposit thickness (in.) 0.6739 0.6772 0.6699

D. Calculation of deposit stress:

1. Formula to calculate deposit stress follows:
S=UKM/3T

where
S = Internal deposit stress (PSI),
U = Total number of increments spread,
K = Test strip calibration constant,
M = Modulus of elasticity of deposit + that of the substrate =
1.714 for nickel deposits over Cu-Fe alloy test strips and
T = Average deposit thickness (in.).
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2. Internal deposit stress values:

Test Sample 1 2 3
Internal deposit stress (PSI) 25,603 26,345 24,902
Average 25,617 PSI

Spiral contractometer method

The methods described here feature both the prior design (Fig. 1a) and the new design (Fig. 1b). Some spirals are masked on
the inside and others are without masking.

A. Equipment (Reference Fig. 4):

1. A magnetic stirrer hot plate and a digital bath temperature controller with solution probe are recommended since
deposit stress varies markedly with a change in bath temperature.

2. A constant amperage constant voltage 0-5 or 0-10-A output power supply.

3. New design spirals 0.010 inch thick with mounting holes, four with internal surface masked and four with interior
surface not masked. Spiral exterior surface area = 13.57 in2.

FigL]re 4 - Typical Test set-up.
B. Plating procedure:

1. Plate each spiral at 2.90 A, 30 A/ft, for 21 min at 140 + 1°F for a target deposit thickness of 500 p-in.
C. Spiral preparation:

1. Clean a spiral as the cathode in an alkaline steel electrocleaner at 5 A for 30 sec, then water rinse.
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2. Nickel strike the spiral at 5 A for 2 min, then water rinse and dry.
3. Record the weight of the spiral in grams.

D. Spiral calibration:

1. Calibrate the spiral according to the procedure recommended by the supplier.
2. Determine and record the K¢ and K: degrees.

E. Nickel plate the spirals.

1. Plate the spirals at 2.90 A for 21 min.
2. Tap the top of the contractometer lightly, then read and record the degrees deflection at the arrow point.

F. Calculate and record the average deposit thickness in inches:

1. Formula to calculate deposit thickness follows:

T = v —— =inches
[D(87.55cm2)(2.54 cm/in.)]

where
T = Deposit thickness (in.)
W = Grams of nickel and
D = Density of nickel = 8.90 g/cm?.

2. For spirals plated on the new design contractometer, the spiral plated surface area is precisely 13.57 in2 and the
following shortened formula applies:

= =inches
[1979.2]

3. For spirals plated on existing contractometers, the spiral must be tightly wrapped around a half-inch diameter rod. The
plated length must then be estimated and the diameter (d) and plated length (h) values are used to calculate the plated
surface area as follows:

Surface Area = dh =in.2

G. Calculate deposit stress in PSI:

Stross = 22(D) (1 Eo(d) ) =PSI
w (d) 28,300,000(t)
where
D = Degrees caused by the deposit,
w = Degrees K: from the spiral calibration,
d = Deposit thickness (in.),
Eo = Modulus of elasticity of the deposit = 30,000,050 for pure nickel, and
t = Substrate thickness (in.) = 0.010 in.
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H. Results:
Prior design New design
No mask Mask No Mask Mask
on D on D
Weight of spirals (g) 17.5525 18.8155 17.5314 18.9328
K. degrees 35 33 34 35
Kt degrees 33 33 34 33
Degrees caused by the applied deposit 26 34 34 34
Weight of spiral and deposit (g) 18.5529 19.7226 18.4978 19.9375
Weight of the nickel deposit (g) 1.0602 1.0813 1.1054 1.0718
Deposit thickness in (in.) 0.000536 0.000546 0.000559 0.000542
Internal deposit stress (PSI) 20,073 25,773 24,433 25,963

Note: It was observed that deposits on the interior of unmasked spirals were much thicker when plated on a contractometer
featuring the prior design. The targeted average test deposit thickness was 500 p-in., (0.000500 in.). The error for prior versus
new between masking and not masking the interior is 24.64% versus 6.26%.

Formulas to calculate deposit stress

Formula for the deposit stress analyzer bent strip method

UKM
3T

S =

where

S = Deposit stress (PSI),

K = Test strip calibration constant supplied by the manufacturer,

M = Correction for modulus of elasticity differences between the deposit
and the substrate: M = EDeposit / ESubstrate,
and for a nickel deposit over a copper-iron test strip,
M =206,900 / 120,690 = 1.714,

T = Average deposit thickness (in.) and

U = Total number of increments spread between the test strip leg tips.

Note: Reference Table 1 for the M values for different base and deposit materials and Table 2 for the correction of stress values
using the M factor. The tables are located at the end of this paper.

Page 7



M erooucrs
FINISHING

NASF SURFACE TECHNOLOGY WHITE PAPERS
79 (5), 1-11 (February 2015)

Formulas for Bent Strip with one end stationary (Reference Fig. 5.)

Figure 5 - Bent strip stress curve.
For the comparison of equations that follow to calculate the internal deposit stress of applied metallic coatings over various
substrate materials, the value of U = 8.5 units = 0.780 in. will consistently be used as a basis. It will be noted that the calculated

internal deposit stress values vary from equation to equation, particularly where the equation fails to address modulus of
elasticity differences between the substrate and the deposit.

Relationship between 6 and Z

Example: For a given test strip, U = 8.5 units = 0.780 in. and 6 = U in inches x 25.385 mml/in. / 2, so in this case 6 = 9.90 mm.
0=4Z
=014
L =76.155 mm

Using 6=9.900 mm, Z=9.90 mm /4 =2.475 mm

L?+47?% _ 5824.1

8Z 19.2

R = radius of curvature = =303.34 mm

L = test strip plated length = 76.2 mm
Note: These formulas only work for bent strip applications and are not applicable for the spiral contractometer method.
The Stoney formula
The Stoney formula is typically used to determine deposit stress. However, frequently it is used without consideration for
differences in modulus of elasticity values that exist between metallic substrates and the metallic coatings that are applied to

them by either electrolytic or chemical reduction processes.

The Stoney formula is not modified to compensate for modulus of elasticity differences between the base metal and the
deposit. Example: For a Cu-Fe alloy test strip, U = 8.5 units = 0.780 in. and & = U in inches x 25.385 mm/in. / 2 = 9.90 mm.

2 2
o =2ETZ _ ET°0_ 91 137 MPa = 13.214.9 PSL. This is an incorrect value.
3Lt 3Lt
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It is necessary to use a modified Stoney formula with a modulus of elasticity correction where, for copper-iron alloy test strips
receiving a deposit of nickel:

M= EDeposit | Esubstrate = 1.714.

__ET?5M
3L2t

where
L = test strip plating length = 76.2mm
M =206900 /120690 = 1.714
T = Stock thickness = 0.05077 mm and
t = Deposit thickness = 0.000075 p-in. = 0.001904 mm.

__ET?8M
VAT

=156.30 MPa = 22,649 PSI. This is the correct value.

Other relevant formulas

In ASTM Standard B636-84 (2010), a formula is proposed for the correction of the stress value obtained by factoring in the
modulus of elasticity difference between the deposit and the substrate for spirals plated on a spiral contractometer.

Sr — S[l + EpepositXt ]

w
Esubstrate (EXA)

Sr = the truer stress (MPa),

S = the stress value without the modulus of elasticity difference correction (MPa),
Epeposit = the deposit modulus of elasticity,

Esubstrate = the substrate modulus of elasticity,

t = the helix strip thickness (m),

T = the helix deposit thickness (m),

W = mass of deposit (kg),

d = density of deposit (kg/m3) and

A = plated area (m2).

Below are other formulas that may be useful for deposit stress calculations. Note that these formulas apply for bent strip
applications but do not apply for spiral contractometer applications.

1. Barklie and Davies formula:

_ ET?
- t
6Rt(1-7)

2. Heussner, Balden and Morse formula:

o= 4ET?Z
T 3¢(T+t)L2

3. Brenner and Senderoff formula:
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_ ET(T+Bt)_ _ . _
g = —6Rt , B = Epeposit | Esubstrate = 1.714

0=95.538 MPa = 13,853 PSI. This is an incorrect value.

Note: These formulas do not correct for large differences in modulus of elasticity values. The uncorrected Stoney result was
13,215 PSI and the Brenner and Senderoff result was 13,853 PSI.

Useful modified formulas are proposed by the author for correct determinations of internal deposit stress in applied metallic
coatings where there is a significant difference in the modulus of elasticity values between the deposit and the substrate
materials. To be correct, the Brenner and Senderoff formula requires modification as follows:

_ ET?B(254)(p)

ORE ; B = Epeposit / Esubstrate = 1.714

0=156.11 MPa = 22,636 PSI. This is the correct value

Note: The corrected Stoney formula result above was 22,649 PSI.
Example for electroless nickel applications

Given that E = 55,000,000, this value divided by 145 = 379,310 MPa, the modulus of elasticity for the plated alloy deposit,
Epeposit. In the Deposit Stress Analyzer formula, S = UKM divided by 3T. M = the modulus of elasticity of the deposit, Epeposi,
divided by the modulus of elasticity of the substrate, Esustrate. Thus, M = 379,310 divided by 206,900, the modulus of elasticity of
the nickel test strip. If pure nickel is plated over a pure nickel test strip, M would equal 1.0. In the case of nickel-phosphorus
alloy, however, M becomes 1.833 and the actual internal stress of the deposit is 1.833 times greater than that of a pure nickel
deposit applied under similar conditions.

Frequently, the increase that the modulus of elasticity effects on the internal deposit stress of applied coatings is not recognized.
Numerous formulas for calculating the internal deposit stress of metallic deposits do not include a correction for the difference of
the modulus of elasticity between the deposit and the substrate material. In such cases, the calculated result can be far from the
true value. One of the most frequent errors occurs when electroless nickel alloy deposits are calculated using the modulus of
elasticity of pure nickel rather than the actual value characteristic of the alloy. Tables 1 and 2 are extremely helpful for evaluating
the internal stress in deposited coatings other than nickel.

In regard to testing the internal deposit stress in applied metallic coatings, it is imperative that the difference in the modulus of
elasticity values between the deposit and the substrate be part of the calculation equations. The fact remains that this omission is
far too common throughout the world, particularly when testing stressed electroless nickel alloy deposits where the modulus of
elasticity of pure nickel is frequently used in the equation in error. This mistake is serious because it yields a deposit stress value
far less than the actual value and certifications can be false.
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Table 1 - Modulus of elasticity values for deposit stress determinations.

SUBSTRATE
Stock material Cu-Fe Ni-Fe Pure Ni
Esubstrate* 120,690 144,830 206,900
Stock thickness (in.) 0.0020 0.0015 0.0010
DEPOSIT

Metal Ebeposit™* Values for M+
Cadmium 31,720 0.263 0.219 0.153
Chromium 248,280 2.06 1.71 1.20
Cobalt 206,897 1.72 1.43 1.00
Copper 117,240 0.971 0.810 0.567
Gold 74,480 0.617 0.514 0.360
Nickel 206,900 1.71 142 1.00
Platinum 146,900 1.22 1.02 0.710
Rhodium 289,650 240 2.00 1.40
Silver 75,860 0.629 0.524 0.367
Zinc 82,760 0.686 0.571 0.400

* Esubstrate, modulus of elasticity of the substrate material in the Stoney formula.
** Epepost, modulus of elasticity of the deposit for use in the modified deposit stress analyzer and
Stoney formulas.
***M, modulus of elasticity of the deposit / modulus of elasticity of the substrate for deposit stress determinations using the modified deposit stress analyzer and
Stoney formulas.

Table 2 - Modulus of elasticity for nickel-phosphorus and nickel-boron alloy deposits.
ELECTROLESS NICKEL-PHOSPHORUS

High Mid Mid-low | Low | Pure Ni
10-13 7-9 4-6 1-3 0
Modulus of Elasticity (PSIx106) | 55-70 | 50-65 | 45-65 | 55-65 30
ELECTROLESS NICKEL-BORON
Mid-low Low

3-5 102-1.0
Modulus of Elasticity (PS1x108) 120

% Phosphorus

% Boron
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