Materials  Characterization of a
Non-Cyanide Siver  Electrodeposit

By JW. Dini RJ. Morissey &D.R. Pacheco

This paper presents results of a CRADA (Cooperative

Research and Development Agreement) between Tech- Table 1

nic, Inc., and the Lawrence Livermore National Labora- Operating  Condiions  for Technic

tory, directed at developing a non-cyanide plating solu Cyless LSiver Plaing Solution

tion for deposition of thick (>125um) deposits. Results Silver content 15-30 g/L

were quite successful with a succinimide-based formula- Free sucinimide 15-150 g/L

tion. Data are included on grain size (transmission elec- pH 7.5-9.0

tron microscopy), hardness, electrical resistivity, ductil- Temperature 10-38C

ity, stress and wear. Specific gravity 1.05-1.20
Current density 0.2-2.0 A/dm

Lawrence Livermore National Laboratory (LLNL) and Tech Anodes Pure silver or inert

nic, Inc. entered into a CRADA (Cooperative Research fal Anode-to-cathode ratio 1:1 to about 5:1

Development Agreement) in March 1995 with the goal ¢ Anode efficiency 70-90%

providing industry with an environmentally benign alterna Cathode efficiency 85-98%

tive to the currently used silver cyanide plating process.
September 1995, Eaton Corp. joined the CRADA partne.
ship. The goals of the CRADA included:
» Development of a non-cyanide silver plating solutjo8ilver E-2 (colloidal selenium additive). Data were obtained
capable of depositing thick (~126n) deposits. on grain size (by transmission electron microscopy) hard-
« Measurement of the properties of deposits producedniess, electrical resistivity, ductility, stress and wear. Some
this solution for comparison with deposits produced jproprietary gold deposits were included in the wear test part
silver cyanide solutions. of the program.
« Demonstration that the new formulation could be scaled
up for production installations. Transmission  Electron  Microscopy
Transmission electron microscopy (TEM) was used to mea-
Results from this work have been quite promising. The mauare grain size and inspect structure. Grain size of the non-
objective of developing a non-cyanide solution capable ofanide deposits was very small, ranging from 450 to 670 A,
producing deposits as thick as 2% was met early in the with the smaller grain size obtained at the lowest current
project. Property data, such as hardness and stress,| weresity (Table 2). By contrast, grain size of cyanide silver
obtained and the structure of the deposit was analyzef dégosits containing no additives was around 40,000 A. By
metallography and X-ray diffraction. These results wereing the defocusing contrast technique of Nakahara and
presented at the 17th AESF/EPA Pollution Preventiop @kinaka?voids trapped within the deposit were noted. These
Control Conference in February 199%he purpose of this voids were small (~ 35-38 A in diameter) and quite numerous
paper is to provide an update on recent efforts at analyz{r@ to 4 x 1@ voids/cnd). Figures 1la and 1b show a non-
properties of deposits produced in the non-cyanide solutieganide deposit with and without defocusing contrast. The
structure and voids were similar in appearance for all non-
Experimental  Details cyanide deposits. No voids were noted with non-brightened
The non-cyanide plating solution used for this project is Cgyanide silver deposits.
Less L Silver, a proprietary product of Technic, Inc. This is The observation of many small voids has been reported for
a succinimide-based formulation
covered by earlier patert3Rec- Table 2

ommended operating conditions . : . .
are listed in Table 1. Deposits Grain Size Data From Transmission Electron  Microscopy

produced in a variety of cyanide Sample Current density  Grain size Voids/ém Avg. void dia.

. . 2
silver solutions were also evalu- (A/dm?)
ated for comparison purposes. £

X ¢ lati Non-CN* 0.32 450 2.04x 10 36.6
non-proprietary formulationcon- - Nop.CN* 0.54 680 2.65 x 10 38.3
tained 40 g/L S|Ivercyan|de, 129/ Non-CN* 1.07 670 2.64 x 10 352
L potassium cyanide, 15 g/L
sodium carbonate and was  Cyanide** 0.54 >40,000 None _
operated at 28C. Proprietary for- Cyanide** 1.07 40,000 None

mulations included: Technic

Matte, Technic Silver E (antimony * See Table 1 for operating conditions.

additive), Technic Silversene K ** The cyanide plating solution contained 40 g/L silver cyanide, 12g/L potassium
(organic additive) and Technic cyanide, 15 g/L sodium carbonate and no brighteners.
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Fig. 1—TEM photo

other deposits, including electrodeposited ddlégvapo-

s of non-cyanide silver plated at 0.32 A/da) as deposited; () with defoc

using

contrast.

Hardness

rated gold® sputtered gold? electrodeposited nickel-phos-Joshi and Sanwalattributed a 54 kg/mitardness increase
phorug and electroless copp&ti°As Nakahara has pointedin gold deposits resulting from 10-A voids with a density of
out, voids are generally formed in thin films irrespective df0t’/cme. They calculated this hardness increase by using an

the film preparation method (electrodeposition, evapor
or sputtering) as long as the deposition process involv
phase transformation from the vapor to the solid §ta
These voids can be extremely small (approximately 1(
and exhibit a density (about 1 x*1/@n¥).*°In the case of gola
and electroless copper, outgassing data have shown
hydrogenis entrapped within the voids. Outgassing tests
our non-cyanide silver deposits revealed that hydrogen
entrapped in its pores.

Infuence  of voids on properties

The influence of small voids (less than 50 A) on propertie
thin films has not been well explored. Nakalanaggests
that probable effects include a decrease in ductility, ¢
resistance, elastic modulus, adhesion, and corrosion f
tance, and an increase in electrical resistivity and hydrg
embrittlement. Willcox and Cadyoted an increase in har
ness and stress in gold-0.4 percent nickel deposits that
void density on the order of ¥Osoids/cni. As the result of
the work reported in this paper, we report an increas
electrical resistivity, hardness, and stress, and improved
resistance for non-cyanide deposits containing small va

ieguation developed for irradiated metdls:
es a
e.
A)
where HV is the hardness increase, C is a constanty(is3),
thatshear modulus, b is Burger’s vector, N is the void density
waihhd d is the diameter of a typical void. Hardness of the non-
veganide deposits is around 135 kg/moompared to 55 kg/
mn? for cyanide deposits from a solution with no additives.
Use of the above equation for non-cyanide silver deposits
(Burger’s vector = 2.86 x 19 m and the shear modulus for
ssifver = 2.64 x 10MPa}?suggests that a 44 kg/hardness
increase can be attributed to the voids. This indicates that the
espall voids are responsible for about 50 percent of the
eligrdness increase obtained with the non-cyanide deposits
gehen compared with hardness of pure silver electrodeposits.
- The remaining hardness increase is attributed to the
hagdaiced grain size and codeposited impurities. The Hall-
Petch®equation relates the grain size, d, with the hardness, H,
edha metal:
wear
ids.

HV = 2Cub(Nd)+2

H =H, + K"

The terms Hand K, are ex-
perimental constants and are
different for each metal. Hs

Table 3 the value characteristic of dis-
Impuiies  in Siver  Deposits location blocking and is re-
Deposit ~ Current density Carbon  Hydrogen Oxygen Nitrogen lated to the friction stress.
A/dm? ppm ppm ppm ppm KtH tlz;\_lf_?s a}ct(r:]ougt ofdthe_ petn-
etrability of the boundaries to
Non-CN 0.32 1060 80 1660 300 moving dislocations and is re-
Non-CN 0.54 820 82 1220 190 lated to the number of avail-
NO”'CN 1.07 560 50 810 130 ab'e S||p SystemgThe equa_
Cyanide 0.54 60 8 40 <10 tion has been found applicable
Cyanide 1.07 40 7 120 <10  to several polycrystalline ma-

« Hydrogen, oxygen, and nitrogen were determined
was determined by combustion in oxygen.
» See Table 1 for operating conditions.

» The cyanide plating solution contained 40 g/L silver cyanide, 12 g/L  potassium
cyanide, 15 g/L sodium carbonate and no brighteners.
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terials!® electrodeposited
gold; iron!® nickel”® chro-
mium % and coppet! hot
hollow-cathode-deposited
chromium?®® vacuum-depos-
ited Ni-20Cr# and sputtered

by gas fusion; carbon
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Table 4

Table 5

Beoicd  Ressily _ Stress in Deposts
Material Electrical resistivity Condition Stress (MPa)
microhm-cm Silver cyanide 10
Bulk gilver . 1.8 Non-cyanide silver (as-deposited) 165
Cyamd_e Deposits Non-cyanide silver (aged)* 97
No brighteners (0.54 A/din 21 Non-cyanide silver (heated at 38 for 1 hr) 77
No brighteners (1.08 A/dtn 25 Non-cyanide silver (heated at 38 for 2 hr) 55
Technic matte 2.7
Silver E (antimony) | 3.2 « Measured using a version of the rigid strip technique.
Silversene K (organic) 3.0 All deposits were 12 6m thick and plated at 54 Afm
Silver E-2 (colloidal selenium) 4.0 * Electrolytically aged, 1.8 A/L.
Non-cyanide Deposits
Cy-Less L (0.32 A/df) 4.2 trical resistivity of silver deposits as a result of anne i
Cy-Less L (0.54 A/df) 4.3 The reasons for the higher values for the non-cyanide
Cy-Less L (1.08 A/di) 3.4 deposits include: 1) the small voids discussed above, 2)
L-2* (1.08 A/dnr) 4.7 codeposited impurities and 3) finer grain size. Joshi and

L-2* (1.08 A/dnt (Heated 60 min @ 9%C) 3.5 Sanwald attributed a decrease in electrical resistivity for
gold deposits that contained up td1€n? voids to the voids
being annealed out as a function of temperature. We noted a
similar occurrence with our non-cyanide deposits because of
an improvement (decrease in resistivity) was obtained as a
result of heating. Another contribution is the total impurity
content. With copper, Safranékeported a direct correlation
gold®2and coppefé Hardness values of 55 kg/rafar agrain | between total impurity content and resistivity for deposits
size of 4um compared with 135 kg/n#for 600-A grain size| produced in cyanide, fluoborate and pyrophosphate solu-
deposits suggest that a similar dependency is operativetfons. Figure 2 shows a similar correlation for the non-
silver deposits. Willcox and Catigpbserved an increase [ncyanide and cyanide silver deposits (with no additives). Of
microhardness from 80 KHNto 230 KHN, for electrode-| the impurities, oxygen (50-53 percent) and carbon (34-38
posited gold-0.4 percent nickel, where the grain size of| thercent) are the prominent impurity constituents in the non-
former was two orders of magnitude smaller than that for pusganide deposits, and this will be discussed in more detalil
gold. Coincidentally, the grain size of our non-cyanide silvéater. Finally, with respect to grain size and its influence on
deposits is about two orders of magnitude smaller than thatedistivity, with acid copper sulfate deposits, Laatkal.*?
pure electrodeposited silver. noted an increase in resistivity as grain size decreased. This
Another contributor to the high hardness of the npsame trend was noted with our silver deposits. For example,
cyanide deposits are codeposited impurities. Ashpastu- | non-cyanide deposits with resistivities in the range of 3.4-4.2
lated that high silver hardnesses for bright deposits were theerohm-cm had grain sizes of 0.067-0.04% while the
result of a large amount of additive incorporated in fheyanide deposits with resistivities of 2.1-2.5 microhm-cm
deposits. Others have reported an increase in hardness exthibited grain sizes around.4n.
carbon content for golt, nickel?® nickel-cobaR’” and tin- Of additional interest is the fact that the cyanide deposits
lead electrodeposité The non-cyanide deposits have a highvith no additives exhibited higher values than reported by
concentration of impurities, particularly carbon and oxygen,
compared to those produced in the cyanide solution conte 5.1
ing no additives (Table 3).

« All solutions except the cyanide with no brighteners are
proprietary products of Technic, Inc.
* Modified version of the Cy-Less L solution.

Bledtical

Electrical resistivity was measured per ASTM B193
ASTM B114. Testing was done at22at a relative humidit
of 42 percent. Specimens (free-standingui®b-thick depos-
its) were mechanically cut to form a flat zigzag band thr
mm wide and up to 65 cm long. A four-electrode Thoms
Kelvin bridge was used with silver-plated electrodes. E
value in Table 4 is an average from six runs of the te
Experimental error does not exceed five percent. The
show that the cyanide deposits without additives hav
lowest values of resistivity (2.1-2.7 microhm-cm). Cyan
deposits with antimony (~0.1%) were 3.2 microhm-cm, whi
cyanide deposits with selenium (ppm range) were 4.0(r
crohm-cm. The non-cyanide deposits ranged from 3.4 tq . 0 EO0 1000 1800 2000 2800
microhm-cm. Annealing of one of the non-cyanide dep Total impurities, ppm
for 60 min at 93°C reduced the resistivity from 4.7 to 3|5Fig. 2—Electrical resistivity of silver deposits as a function of impurity
microhm-cm. Others have noted a marked decrease in kelegstent.
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others forcyanide containing solutions.
For example, Balmer and Baiféye-
ported values of 1.69 to 1.85 microhm:
cm for silver cyanide deposits used fo
electroformed wave guides. Althougt
not mentioned, perhaps special care wi
taken to purify and maintain high clean
liness with these deposits because the
were intended for wave guide applica
tions. By contrast, no special care wa
taken with our silver cyanide plating
solutions other than to circulate then
through a carbon filtration unit for 24 hr
prior to use.

Dudly

The zigzag strips used for electrica
resistivity measurements provided ¢
qualitative measure of ductility. In bend-
ing the 3-mm wide strips around a man
drel, ductility or lack thereof became

quite evident, inasmuch as some were

Table 6

Impurites  in Deposits & Relative
Abundances (wt %) of Carbon, Hydrogen, Oxygen
& Nitrogen in Succinimide Compounds
Impurity Non-cyanide Deposits*
0.32 A/n? 0.54 A/m 1.07 A/m
Carbon 34.2 35.5 36.1
Hydrogen 7.5 3.6 3.2
Oxygen 53.6 52.8 52.3
Nitrogen 9.7 8.2 8.4
* Deposits plated at three different current densities were evaluated.
Succinimide  Compounds
Succinimide Succinamic Succinic (Mono)Ammonium (Di)Ammonium
Acid Acid Succinate Succinate
48.5 41.0 40.7 35.6 31.6
5.1 6.0 5.1 6.7 7.9
32.3 41.0 54.2 47.4 42.1
14.1 12.0 0 10.4 18.4

noticeably more brittle than others and would break. Figuseme degree of brittleness. Of these, deposits plated using
3 is a composite photograph showing some of the samptérect current appear less brittle than those deposited with
tested for resistivity. The cyanide deposits were clearly| thelsed current techniques. Also, for the direct current depos-
most ductile and exhibited no sign of failure. Although opligs, ductility improved as a function of current denséyg(,

the cyanide deposits from the non-brightened solution| dhe deposit plated at 1.08 A/d@rappeared noticeably less
shown in Fig. 3, all cyanide deposits exhibited similar dugtibrittle than that plated at 0.32 A/d@n

ity. By contrast, all of the non-cyanide deposits exhibited Voids in the deposits and hydrogen are potential causes of

the lower ductility of the non-cyanide
deposits. Pre-existing voids, along with
hydrogen, are responsible for reduced
ductility of electroless copper depos-
its 343> Chromate coatings on copffer
and gold and nickel-phosphorus films
prepared by electrodepositiBnalso
contain a high density of voids that
contribute significantly to brittleness
in these films.

Fig. 3—Ductility of strips used for electrical resistivity measurements: photos 3, 5 and 10 show pulse current non-cyanide deposits plated at 0.32, 0.54
and 1.07 A/ photos DC 3, DC 5, and DC 10 show direct-current, non-cyanide deposits plated at 0.32, 0.54 and?.@b&s1CN 5 and CN 10 show
non-brightened cyanide deposits plated at 0.54 and 1.07. A/m

Decenber 1997
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Table 7
Falex ISC Pin-on-Disk  Test Results for Non-Cyanide &Siver Cyanide Deposits*

Non-cyanide Non-cyanide Cyanide E Cyanide E-2 Silversene K Silversene ST

Mass Loss(g) 0.0002 0.0002 0.0209 0.0105 0.0162 0.0161
Avg. scar width, disk (mm) 0.357 0.0363 0.337 0.334 0.315 0.415

Pin scar diameter (mm) 0.368 0.415 0.349 0.416 0.469 0.455
Disk Volume loss (mr) 0.0525 0.0592 0.0473 0.0461 0.0387 0.0884

Avg. friction co-efficient 0.76 0.84 0.6 0.7 0.76 0.76

*All solutions are proprietary products of Technic, Inc., Providence, R.I.

Stess for Ni*® and Fe-Ni“? electrodepositse(g, the smaller the
Stress was measured using a version of the rigid strip pigmain size, the higher the level of stress generated). Clearly,
ciple described in Ref. 38. With this technique, opposite sidéss situation is a possible contributive factor with the non-
of a two-legged strip are plated, and the resulting depasjanide deposits.
causes the strip to spread apart. Deposit thickness for these
tests was 12.p8m. Data are summarized in Table 5. Stresg f@odeposited  Impurities
cyanide deposits was noticeably less than that for naks mentioned above, oxygen and carbon are the major
cyanide deposits. For example, cyanide deposits exhibiteidhgurities in the deposited films. Observed impurities in the
tensile stress of 10 MPa compared to 165 MPa for maren-cyanide silver deposits at various current densities and
cyanide deposits. Electrolytically aging the non-cyanide|salso the relative abundances in several compounds related to
lution (1.9 A/L) reduced the stress to 97 MPa, and heatderived from succinimide are listed in Table 6. These data
treating the deposits at 38 for two or three hr reduced theindicate that the relative atomic abundances are approxi-
stress to 55 MPa. mately constant with regard to current density, which sug-
Although various theories have been proposed to explaiests that the codeposited material may be a compound. Of
the origins of stress in electrodeposits, no overall theory|tiia¢ succinimide-related compounds, the closest material ob-
encompasses all situations has been formulated to da@ved to the codeposited material is (mono) ammonium
Excellent review articles by Wé&ilsuggest the following succinate.
more prominent theories: Crystallite joining, incorporation
of hydrogen, changes in foreign substances, excess en&ktpar
and lattice defects. Based on data discussed earlier in Thig types of wear tests (Taber and pin-on-disk) were used
paper, three of the above can be linked to the stress in|nfon-evaluating deposits. Coating thickness for all tests was
cyanide deposits—incorporation of hydrogen, lattice d&5um and substrate material was copper. Coatings included
fects, and changes in foreign substances that accompanyrthihe tests were non-cyanide silver, unbrightened silver
impurities in the deposits, particularly the high amounts ofanide, proprietary silver cyanides and some proprietary
carbon and oxygen. Still another factor is the small grain $idi- and Co-hardened golds. The Taber tests were performed
Others have noted a relationship between grain size and stiesgcordance with ASTM D4060, using CS-17 wheels with

140
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Fig. 4—Taber wear test results.
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100-g loading at 70 rpm for 1000 cycles. Results of the Tald& A.-W. Thompson & H.J. SaxtoMetallurg. Trans, 4, 1599
tests are included in Fig. 4. Aside from the non-cyanide (1973).

deposit plated at 0.32 A/cnall silver deposits perform
better than the gold deposits. Non-cyanide deposits plal
0.54 A/dnt and 1.08 A/drhwere among those exhibiting th
least wear.

The pin-on-disk tests were performed in accordance

19. C.P. Brittain, R.W. Armstrong & G.C. Smitl§cripta
e tMetaIIurgica, 19, 89 (1985).
69(? S. Komiya, S. Ono and N. UmeZihin Solid Films45, 473
(2977).
2%. N. Agarwal, N. Kane & R.F. BunshahVac. Sci. TechnglL2,
WItN 519°(1975).

ASTM G99. The pin was a ball-type with a diameter of 1.2%

cm, constructed of 52100 steel. Pin load was 300 g. Te
was done at a humidity level of 18 percent and temperaty
23°C. No lubricant was used, linear speed was 15.5 cn
and test duration was 1 hr. Results of these tests, includ
Table 7, show that the non-cyanide deposits exhibited
mass loss than any of the cyanide silver deposits. In add
although not obvious from Table 7, the friction coefficie
of the non-cyanide deposits were less erratic than those
cyanide deposits.

Summary

A non-cyanide silver plating solution has been develg
that is capable of producing sound, thick (>L&9 deposits.
Transmission electron microscopy was used to show th4
deposit is extremely fine grained (~10 A) with a high v
density (about @cm®). The deposit has a higher electri
resistivity than cyanide silver deposits, higher stress,
improved wear resistance.

Editor's note: Manuscript received, February 1997; rey
sion received, June 1997.
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