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Introduction 

Electroless nickel technology has been available to engineers for over 
30 years. Electroless (or autocatalytic) nickel deposition, like hard 
chromium plating, is applied for the engineering properties obtained 
from these respective deposits. A wide variety of electroless nickel 
process types are available to choose from with the more common being 
alloys of phosphorus or boron. 
nickel deposit vary markedly with deposit composition and the plating 
conditions. For this reason, care must be taken in matching a 
particular deposit with the application. 

The properties of the electroless 

Electroless nickel deposition has been periodically examined as a 
possible replacement for hard chromium plating because of the 
advantages offered by these deposits including: uniform plate 
thickness distribution, good corrosion and wear resistance, and 
deposit hardness (1,2,3). Unfortunately, the use of electroless 
nickel as a replacement for hard chromium has not flourished. It has 
likely experienced limited growth in this market area as a result of 
previous failure and the misconception that electroless nickel is more 
costly to produce than hard chromium. This failure was likely a 
result of the improper understanding of electroless nickel's 
properties, and the types of prnresses av=i!&?e t= &tair! the desired 
characteristics. The cost issue may vary somewhat with application, 
but an excellent cost comparison has been provided recently by 
Jeanmenne (3). This report considered the performance of the deposits 
as well as costs involved with racking (thieving b fixturing), 
masking, post grinding, process chemistry, and waste treatment. 

Throughout the years of electroless nickel's development, engineers 
who have attempted to replace hard chromium deposits may have also 
discovered that many of  the reported electroless nickel properties 
were not reproducible. 
electroless nickel that much more difficult. In the past electroless 
nickel was often treated as a generic coating. 
deposit properties such as microhardness, wear resistance and internal 
stress have highlighted differences within each type and formulation. 

This made replacing hard chromium with 

Close examination of 
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Current res t r i c t ions  on chromium waste discharge and the recent 
development o f  the lower nickel  phosphorus technology al lous a more 
d i rect  comparison t o  hard chromium deposits t o  be made. 
of t h i s  paper i s  t o  br ing some of  the data on the range o f  electroless 
nickel  deposits t o  provide a comparison u i t h  the properties o f  hard 
chromium. In  addition, the data w i l l  demonstrate that  the phosphorus 
content does make a difference. 

The purpose 

Hard Chromium Deposition 

The baths used t o  deposit hard chromium have been described by 
Dubpernell (41, and Guff ie ( 5 ) .  Many processes operate a t  32 oz/gal 
o f  chromic acid u i t h  a r a t i o  o f  chromic acid t o  su l fa te a t  about 1OO:l 
and a temperature range o f  130-150*F. The current density range i s  
usually 1-3 amps per square inch. Several high speed catalyst 
formulations are avai lable which produce deposits w i t h  somewhat 
d i f ferent  properties. 

Electroless Nickel Deposition 

With a var iety o f  electroless nickel  processes available containing 
from less than 11 phosphorus t o  more than 13X phosphorus, choosing the 
process that w i l l  produce the optimum phosphorus content for a given 
application i s  d i f f i c u l t  because of  the e f fec ts  the phosphorus content 
has on the propert ies o f  the Ni-P alloy. 
question "What i s  the optimum phosphorus content required for my 
application?" can be a d i f f i c u l t  decision. 

Trying t o  answer the 

I n  general, higher phosphorus a l l oy  deposits are sof ter as plated, can 
be heat treated t o  improve hardness, are non-magnetic as plated, and 
they do not wear qu i te  as wel l  but are more corrosion resistant 
especially i n  acid environments. Conversely, the lower phosphorus 
a l loy deposits tend t o  be harder both as plated and a f te r  heat 
treatment. The iower pnosphorus aiioy deposits veai- better and tend t= 
exhibi t  bet ter  corrosion resistance i n  a lka l ine environments. 

Experimental Considerations 

The electroless nickel  deposits were prepared using the commercial 
processes and fol louing the procedures provided by the commercial 
l i terature.  

ASTH microhardness speci f icat ions E 384 and B 578 and IS0  4516 
covering Knoop and Vickers microhardness test ing were folloued. The 
microhardness values obtained using the Knoop and Vickers indenters 
are d i f ferent  due the the d i f fe ren t  indenter shapes, and the resul ts  
cannot be used interchangeably. Comparisons between Knoop, Vickers 
and Rockwell C can be obtained if measurements are made using 
comparable standards. Figure 1 shows the relat ionship between Knoop 
and Vickers values and Figure 2 shows the relat ionship between Knoop 
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and Rockwell C obtained using steel Rockwell C standard blocks. I t  i s  
also important that  the load be specified since the microhardness 
values change with load (6). 
Shimadzu Type M Hardness tester wi th a Knoop indenter a t  a 100 gram 
load. 

Microhardness was measured using a 

Wear i s  of ten measured as weight loss of  material during use. 
i s  no shortage o f  studies on the wear properties of  electroless nickel  
deposits, a few of  which are referenced here (1,7-13), and most of  
them use hard chromium as a comparison. 
consider the e f fec t  o f  hardness on the wear propert ies obtained. Not 
a l l  studies show a d i rect  re lat ionship o f  hardness t o  wear resistance 
because o f  the  various types of wear and the i r  conditions. 

There 

Many of  these studies 

The wear character ist ics o f  the various electroless nickel  deposits 
were recent ly investigated by Ueisenberger and Greene (14). This work 
emphasized the Tabor Abrasive wear resistance (TWI- Tabor wear index) 
and Falex Adhesive wear resistance o f  a wide range o f  Electroless 
boron and phosphorus deposits. These tests  have been used frequently 
t o  evaluate coatings for wear resistance although the conditions of  
the test ing of ten vary markedly. 

The Teledyne Taber Abraser i s  described i n  the ASTM C 501 
specif icat ion. Following ear l ie r  work (1,8), the plated panels were 
tested using CS-10 abrasive wheels that  were refaced for 50 cycles 
over 150 abrasive paper a f te r  each 1000 cycles. The i n i t i a l  1000 
cycle resu l ts  were discardedras i s  general practice. 
of  samples was recorded a f te r  each 1000 cycles. 

The weight loss 

The adhesive wear tests  were accomplished using the Falex Wear tester 
which i s  described i n  ASTM D 2670. The plated 6.35 mm (0.25 i n )  
diameter p i n  (SAE 3135) i s  rotated at  290 rpm between two unplated 
(AIS1 1137) V-blocks under load. The procedure used by Weisenberger 
and Greene (14) and Parker (11 was reprcduced: I ?  5 fiiiirite break-in at  
50 I b  load; 2) 60 minutes at  200 I b  load; 3) 40 minutes at 400 l b  
load. A white mineral o i l  (340-365 SUS) was used as a lubricant i n  
these tests. I n  order t o  improve adhesion on the hardened Falex pins, 
a sulfamate n icke l  s t r i k e  was plated over the pins before they were 
plated i n  the electroless nickel  p la t ing  bath. 

Plated deposits are deposited w i t h  some form of  in ternal  stress 
(ei ther tens i le  or compressive). Deposits with tens i le  stress shrink 
and compressive deposits expand t o  re l ieve  the stresses. 
tens i le  stress increases, there i s  a greater loss i n  fat igue strength. 
Compressively stressed deposits have the least loss i n  fat igue 
strength and, i n  those applications where fatigue strength i s  
especial ly important, the use o f  electroless nickel  ha5 proven 
e f fec t i ve  (15). The cracking associated with hard chromium deposits i s  
due t o  high tens i l e  internal  stresses (16). 

A s  the 
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ASTH 0 636 describes the use o f  the sp i ra l  contactometer t o  measure 
stress o f  electroplated deposits. A few procedure modifications are 
required t o  adapt i t s  use t o  electroless nickel  plat ing. Much of  the 
older published data on electroless n icke l  stress can be questionable 
because o f  problems i n  stress measurement. The stress values vary 
s ign i f i can t l y  w i t h  the techniques, apparatus, and the thickness o f  the 
deposit. Figure 3 i l l u s t r a t e s  the var ia t ion of  internal  stress with 
deposit thickness. In addition, the in ternal  stress measured a t  
p la t ing  temperature i s  considerably d i f fe ren t  than that obtained when 
the he l i x  i s  cooled t o  room temperature. 

Comwrison o f  Properties 

Mic rohardness 

There i s  no shortage o f  data on the hardness/microhardness o f  chromium 
deposits i n  the l i t e r a t u r e  (17-20). The microhardness of  the chromium 
deposit has been shown t o  vary wi th the p la t i ng  conditions. 
var ia t ion o f  the microhardness w i t h  operating temperature and current 
density i s  shown i n  a topological format i n  Figure 4. The data 
reproduced here was obtained fo r  a chromic acid su l fa te  bath. The 
f luor ide catalyzed process produces a s imi lar  map (19). The most 
common p la t i ng  condit ions are about 140OF and 1-3 amps per square inch 
(144-432 ASF) suggesting a hardness range o f  950-1100 HV. 
paper (17) reported conventional deposits w i t h  a microhardness range 
o f  800-1000 HKloo and mixed catalyst  deposits a t  950-1050 HKloo 
confirming the or ig ina l  observations i n  Figure 4. Hard chromium 
deposits also soften w i t h  subsequent heat treatments. 

The 

A recent 

The microhardness o f  e lectroless nickel  a l loys  i s  affected by the 
a l loy  composition and subsequent heat treatment temperatures. Table 1 
i l l u s t r a t e s  the typ ica l  as plated microhardness ranges and heat 
treatment characteristics o f  representative phosphorus and boron 
a l loys (14). The hardest as plated deposits are the 2.0X boron with a 
range o f  770-809 HKioo, and the 42 phosphorus (alkal ine and acid 
baths) a t  a range o f  688-802 HKloo. Post p la t ing  heat treatments 
increase the microhardness i n  both types o f  deposits. Figure 5 shows 
the relat ionship between heat treatment temperature and the resul t ing 
microhardness depending on the amount o f  phosphorus i n  the deposit. 
Figure 6 shows the same re la t ionship for  boron electroless nickels. 
The heat treatment conditions t o  obtain the best hardness can vary 
w i t h  the deposit, and the conventional 400OC fo r  one hour i s  not 
always the best treatment (20). 

The d i f f i c u l t i e s  i n  comparing microhardness values expressed as 
various units has been recently discussed ( 6 ) .  The Knoop, Vickers and 
Rockwell C values cannot eas i ly  be converted. 
obtaining correct values i s  t o  use the three indenters on the same 
metal and w i t h  the same load. Figures 1 and 2 were obtained by using 

The best method of 
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Rockwell C standard steel  hardness blocks with the Knoop and Vickers 
indenters. 

Wear Character i s t  i c s 

Taber abrasion wear resu l t s  using the 3-4% phosphorus deposit are 
shown i n  Figure 7,  CI summary of  abrasion wear resul ts  for  the f u l l  
range of  electroless nickel  deposits (14) i s  provided i n  Figure 8 and 
Table 2. Hard chromium provides the best resul t  with t h i s  test  with a 
Taber Clear Index (TWI) o f  3-4 mg/1000 cycles. The 4i! phosphorus 
deposited from the acid and alkal ine baths and the 0.2X boron al loys 
provide the next best resu l t s  with a TWI of  8-10 for both as plated 
and heat treated deposits. I t i s  interesting t o  note that the 0.22 
boron deposit d i d  not have a high microhardness as plated or af te r  
subsequent heat treatment as compared t o  the 2.0X boron deposit but 
provided the best abrasive wear. 
poorly i n  the as plated condition but improve when heat treated. 

The other deposits are shown t o  wear 

The Falex Wear Tester may be used t o  test  adhesive wear i n  many ways, 
since there are standard methods. Parker (1) tested a l l  possible 
combinations: plated p i n  and blocks, plated p i n  and unplated blocks, 
and unplated p i n  and plated blocks. Weisenberger and Greene (14) 
chose t o  work with the plated p i n  and unplated blocks since some of 
the more important electroless nickel  applications involve a plated 
p i n  assembled with unplated gears (something that might be found i n  a 
automobile transaxle assembly). The load conditions chosen were those 
used by Parker (1). 

Figure 9 displays the resu l t s  obtained using the Falex tester with 
pins plated w i t h  4 X  phosphorus deposit against the unplated blocks 
under two load conditions. 
f igures p lo t ted for the other electroless nickel deposits (14). 
Figure 10 compares the Falex resul ts  for the range of  deposits heated 
t o  the i r  optimum (maximum) microhardness. The chromium plated p in  
survives w i t h  the least  amount of  loss, but the mated surface i s  badly 
damaged. I t  i s  known that ga l l i ng  occurs when both pins and blocks 
are coated w i t h  hard chromium (1). Others have also shown that 
chromium deposits do not provide the best wear under certain 
conditions. Jones (17) recently reported subjecting hard chromium 
deposits t o  higher loads for longer times and saw considerably higher 
wear. 411 o f  the electroless nickel  deposits, being somewhat 
lubricous, are much more forgiving, and damage t o  the mated surface is 
s ign i f i can t l y  reduced, O f  these, the 4% and 9 X  phosphorus al loys 
(acid baths) provided the best wear resistance t o  the plated surface 
and also provided the best protection for the mated blocks. 

These resul ts  can be compared w i t h  s imi lar  

B lau  (21) points out that a persistent problem i n  engineering wear 
test ing procedures involves the correlat ion of  lab bench test ing t o  
actual wear behavior i n  the f ie ld.  I n  many f i e l d  wear situations, the 
precise loads, temperatures, contact geometries and chemical 
environments are d i f f i c u l t  t o  know. I t  i s  also l i k e l y  that more than 
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one mode o f  wear may be operating and the contact conditions could 
change w i t h  time. The test  resu l t s  presented i n  t h i s  and ea r l i e r  
papers provide de f i n i t e  indicat ions o f  the character ist ics of  the 
plated deposits. 
i n  the speci f ic  application. 

However, the u l t imate test  i s  the use o f  the deposit 

In ternal  Stress 

The internal  stress o f  hard chromium deposits i s  highly tensile. 
Figure 11 shws the internal  stress measured for deposits from a 
su l fa te bath by Stareck (22). The stress i s  very high for  deposit 
thicknesses less than 1 m i l .  The stress drops w i t h  increasing 
thickness as the deposit begins t o  form microcracks. Some stress 
r e l i e f  may also be accomplished as chromium deposits form inside the 
cracks t o  provide some expansion forces (22). 

Past studies have shown the in ternal  stress o f  electroless nickel  
deposits t o  increase w i t h  p la t i ng  bath age, possibly the e f fec ts  of  
su l fa te  or phosphite b u i l d  up i n  the solution. 
stress can have a negative e f fec t  on the fat igue l i f e  of  high strength 
a l l oy  substrates used i n  the aircraft/aerospace industry. 

fh is  increase i n  the 

I t  has been shown that the in ternal  stress o f  high phosphorus 
deposits tend t o  be compressive for  a few metal turnovers then become 
highly tensile. The 4% phosphorus deposits exhib i t  low internal  stress 
which can be s l i g h t l y  compressive or s l i g h t l y  tens i le  depending on 
conditions o f  deposition (see Figure 3). A t  low thicknesses, the 
stress i s  compressive, and as the deposit thickness i s  increased t o  
0.9 m i l ,  the stress i s  near zero and increases t o  a very low tens i le  
stress as deposit thickness continues t o  increase. 

Summary 

The wear, stress and hardness character ist ics of electroless n i c k e l  
deposits are strongly affected by the a l l oy  content and conditions of  
plat ing. 

The lower phosphorus electroless nickel  processes ( in  the range 3-4X 
P) appear t o  be f i l l i n g  a long needed requirement in  the p la t ing  
industry. The high as plated and heat t reatable microhardness, very 
low tens i le  or compressive stress and good wear character ist ics make 
i t  idea l l y  suited t o  replace hard chromium i n  many applications. 

The wear resistance propert ies and uniform deposition thickness of 
electroless nickel  a l loys have always been one o f  the key features for  
th is type o f  deposit. The lower electroless nickel  phosphorus 
deposits i n  the range of 3-4X have the best propert ies t o  perform 
under the varying conditions stated. 
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The 3-47: phosphorus deposits exhibit as plated hardness that is 
similar to that o f  the much more expensive boron alloy deposits and 
can be heat treated to match the hardness of hard chromium. 

Wile hard chromium performs well against a hard abrasive surface like 
the Taber CS-10 wheel, it is not so attractive when it must be mated 
with other softer metal surfaces. Since many wear situations can 
generate heat, low phosphorus electroless nickel deposits are 
preferable over hard chromium deposits because electroless nickel 
nicrohardness increases with increasing temperatures while hard 
chromium deposits soften under those conditions. 

The 3-4Z phosphorus and high phosphorus deposits provide near zero to 
low compressive stress which provides for the least loss in fatigue 
strength . 
The lower pho~iphorus process and deposits have much to attract the 
parts designers as well as the platers. 
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Deposit 

Chrom i ura 
Alkal ine 4 Y J  
Acid 4X P 
k i d  9. P 
Acid l l X  P 
0.2X B 
2.0X B 

Deposit 

Table I 
Microhardness for Electroless Nickel Deposits 

Heated a t  Temperature for One Hour 
HKIoo Microhardness 

A s  Plated 250OC 3OOOC 350OC 4OO0C 450OC 

800- 1 000 Deposits soften with increasing Temps. 
688-709 814-870 856-906 855-942 794-895 630-744 
728-802 782-838 795-877 980-985 927-987 854-860 
513-527 612-643 872-918 862-952 834-897 800-934 
517-531 560-572 870-918 856-977 866-967 811-894 
575-603 598-658 593-630 525-540 507-533 439-514 
770-809 1127-1186 1041-1180 975-1037 926-960 809-994 

C h r o m  i um 
EN-Kan igen 
Acid 8.SLP 
Acid 127' 
Alkaline 47' 
Acid 4Y.P Fresh 
Acid 479 8 T.O. 
Acid 9 Y 2  
Acid 117' 
0.21: B 
2.0X B 

Table I1 
Taber Abrasive Wear Results 

CS-10 Wheel at 1000 gram load 

Taber Wear Index 
A s  Plated Best Hardness Treatment Ref 

3 
18 
28 
30 
9 
9 
9 

20 
24 
8 

23 

8 
11 
12 
8 
7 

10 
10 
8 

13 
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290 O C 
4OO0C 
400°C 
3OOOC 
36OOC 

350 * C 
400 O C 
SS(jGC 
35OOC 

1 
lOhr 1 

11 
11 
14 

14 
14 
14 
14 

I 
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Figure I 
Microhardness Units Comparison 
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Figure 3 
34% Phosphorus Deposit 
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Figure 5 
EN Microhardness vs. Heat Treatment 
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Figure 6 
EN Microhardness vs. Heat Treatment 
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Figure 7 
Taber Wear Index for 34% Phosphorus Deposit 
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Figure 9 
Falex Wear: Plated Pins vs. Unplated Blocks 
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Figure 11 
Hard Chromium Stress Vs. Thickness 
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Mr - J - Howard Schumaker , Jr . 
Executive Director 
American Electroplaters and Surface Finishers Society 
12644 Research Parkway 
Orlando, FL 32826-3298 

Mr. J. Howard Schumaker Jr. 

As a representative for the Waste Reduction Resource 
Center and an AESF member, I attended-the SURF/FIN ' 9 2  
technical conference in Atlanta on June 22-25. The 
conference was excellent and the proceedings are a major 
source of up-to-date information. 

I've attached a copy of'the WRRC operations. 
can see, we supply technical assistance and copies of 
technical articles on a no charge basis. 
Clearinghouse and Tech Assist group for Region IV EPA. 

A s  you 

The WRRC is the 

Two copies(two volumes each) of the International 
Technical Conference Proceedings June 22-25, 1992 were 
purchased to become sources of information for Technology 
Transfer. One copy is in the EPA Region IV library in 
Atlanta. The other copy is being used as a reference 
document at the WRRC in Raleigh, NC. Reference Documents 
are used by many s t a t e  offices, Universities, and 
industry. The WRRC also sends copies of articles on 
request by the general public. + 

I request that the WRRC and Region IV EPA Library be 
allowed to make copies of the papers in The Proceedings 
of the AESF Annual Technical Conference SURF/FIN 92.  
This will save us (taxpayer supported) the expense of 
contacting each author/presenter fo r  copies of their 
presentations. 

respectfully 

Vic Young 
Staff Engineer 

Waste Reduction Resource Center 
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Mr. Victor Young 
Waste Reduction Resource Center 
3825 Barrett Drive, Suite 3 0 0  
Raleigh, NC 27609 

Dear Mr. Young: 

This is in response to your letter of July 25th in 
which you requested that. the AESP w a i v e  its copyright 
on the papers .and the proceedings of the' AESF SUR/FIN@ 
Technical Conference '92. 

I believe that we have discussed the waiver of AESF 
Copyright in previous correspondence. Since you are a 
member of the AESF, you, no doubt, are well aware that 
the Society derives its income in order to offer 
services to its membership and to the general public 
through the sponsorship of educational programs and the 
sale of its publications. 
in a position to permit the Waste Reduction Resource 
Center to make copies of the papers and the 
proceedings. These may be obtained at a very nominal 
cost through your Society Headquarters and it is not 
necessary to contact the author or presenter fo r  copies 
of these presentations as the authors have given this 
right to the Society as per the author form required 
prior to their presentation of the paper. 

I sincerely hope that you understand our position. 

* .  

I am sorry that we are not 

Tran 
C. 
'n. MA 

Watch or Executive Director 
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The Proceedlngs o# the 79th 
AESF Annual Technical Conference 
SUWFE'N~ Hs= S M N  

The American Electroplaters and Surface Finishers Society, inc. (AESF) is an international, individual- 
membership, professional, technical and educational society for the advancement of electroplating 
and surface finishing. AESF fosters this advancement through a broad research program and 
comprehensive educational programs, which benefit its members and all persons involved in this 
widely diversified industry, as well as govemment agencies and the general public. AESF dissemi- 
nates technical and practical information through its monthly joumal, Plating and Surface finishing, 
and through reports and other publications, meetings, symposia and conferences. Membership in 
AESF is open to all surface finishing professionals as well as to those who provide services, supplies, 
equipment, and support to the industry. 

According to the guidelines established by AESF's Meetings and Symposia Committee, all authors of 
papers to be presented at SUWFIN@have been requested to avoid commercialism of any kind, which 
includes references to company names (except in the title page of the paper), proprietary processes 
or equipment. 

Statements of fact or opinion in these papers are those of the contributors, and the AESF assumes 
no responsibility for them. 

All acknowledgments and references in the papers are the responsibility of the authors. 

Published by the 
American Electroplaters and Surface Finishers Society, Inc. 
12644 Research Parkway Orlando, FL 32826-3298 
Telephone: 407/281-6441 Fax: 407/281-6446 

Copyright 1992 by American Electroplaters and Surface Finishers Society, Inc. All rights reserved. Printed in the United States of 

Printed by AESF Press 

SUR/FINe is a registered trademark of the American Electroplaters and Surface Finishers Society. Inc. 



ELECTROLESS NICKEL AS A REPLACEHENT FOR HARD CHROMIUH 
THE PHOSPHORUS CONTENT MAKES THE DIFFERENCE 

Brad Durkin 
David Crotty 

A l l i e d  Kel i t e  
19 Witco Company 

29111 M i l f o rd  Road 
New Hudson, MI 48165 

Abstract 

The wear resistance propert ies o f  e lectroless nickel  a l loys have 
always been one o f  the key design features for  t h i s  type o f  
deposit. 
hard, wear resistant surface there were few choices, wi th hard 
chrome or boron electroless n icke l  being the main alternatives. 
Unfortunately, hard chrome does not provide a uniform thickness and 
boron electroless nickel  i s  very expensive. 

However, i n  the past,when a parts designer needed a very 

The other types o f  e lectroless nickel  have been useful i n  a wide 
range o f  applications, but never came close t o  the wear resistance 
and hardness required for some applications without heat treatment. 
The recent development of high speed acidic processes that deposits 
electroless nickel  a l loys w i t h  3-4X phosphorus provides an answer t o  
some o f  these design problems. 
plated microhardness that equals the as plated hardness o f  boron 
electroless nickel,  and a heat treated microhardness that i s  s imi lar  
t o  that obtained by hard chrome. 

T h i s  type of  deposit provides a 

The wear, in ternal  stress, and microhardness character ist ics of  low 
phosphorus electroless n icke l  w i l l  be compared w i t h  the 
character ist ics o f  other electroless nickel  deposits and hard 
chromium. 

1151 


