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ABSTRACT 

Thin film nickel-phosphorus alloys are electrodeposited at a high rate using a specialized rapid electrolyte flow sys- 
tem. Current densities up to 2.33 A/cm 2, which are difficult to maintain in conventional plating processes, can be used to 
produce satisfactory films. The deposits are characterized by x-ray diffraction and differential scanning calorimetry. Phos- 
phorus content decreases with increasing current density and is virtually independent  of the electrolyte flow rate above 
5.7 m/s, where the system is operating in the turbulent regime. Deposit structure depends strongly on the phosphorus con- 
tent; it is amorphous or highly microcrystalline at >14 atom percent (a/o) and crystalline at <14 a/o. The low phosphorus 
deposits decompose directly from a solid solution of nickel and phosphorus to a mixture of nickel and nickel phosphide 
(Ni3P) at a temperature in the range of 380~176 The high phosphorus deposits transform first to a metastable interme- 
diate (NixPy) which subsequently transforms to nickel and nickel phosphide at higher temperatures. 

Nickel-phosphorus alloys are of great importance for 
corrosion protection, wear coating, electrical applications, 
and catalysis. In the automotive industry, this material is a 
key layer in the coating of plastic parts for decorative pur- 
poses. Nickel-phosphorus coatings have been used suc- 
cessfully in fuel tanks which must resist corrosion from al- 
cohol or alcohol-gasoline mixtures. This coating is further 
used as a wear resistant layer on tooling, where the inclu- 
sion of phosphorus gives a deposit considerably harder 
than pure nickel (1). Nickel-phosphorus has also been tried 
for discrete thin film resistors (2). Recently, the catalytic 
activity of nickel-phosphorus alloys has been reported (3, 
4). The large number  of recent publications on nickel- 
phosphorus alloys shows a resurgence of interest in the 
material and suggests it will be used more widely in the 
future. 

Nickel-phosphorus alloys are facile transition metal- 
metalloid glass formers which can be created by vacuum 
deposition, chemical reduction (electroless .deposition), 
rapid quenching, and electrodeposition. Of the two chemi- 
cal approaches, electroless deposition is the slower, but it 
has the advantage of uniform surface coverage. A reducing 
agent here converts the nickel ions to metal, generating in- 
cluded elemental phosphorus. By contrast, electrodepo- 
sition is faster, but it cannot cover arbitrary shapes uni- 
formly. This process is field-driven and the surface 
coverage is thus controlle d by electrolyte conductivity and 
workpiece (cathode) contour. 

While electroless deposition is the dominant commercial 
route for making nickel-phosphorus, there is renewed in- 
terest in electroplating the alloy, to gain thicker coatings 
and higher production rates (5). Electrolytic nickel-phos- 
phorus technology traces back to pioneering work by 
Brenner at the National Bureau of Standards (6). The elec- 
trolytes are typically combinations of nickel sulfate and 
chloride with phosphoric and phosphorus acids or salts. 
Mayer et al. (7) built up 1 cm spheres from a mixed sulfate- 
chloride bath at 10 A/dm 2 to demonstrate that amorphous 
nickel-phosphorus can be electroformed into bulk shapes. 
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Rajagopal (8) also electrodeposited nickel-phosphorus 
from a similar bath at current densities of 5-15 A/din 2, 
reaching thicknesses of about 100 ~m. Ratzker et al. pro- 
vided fresh insight on the character of this electrodepos- 
ited alloy, using deposits laid down at current densities 
reaching 150 A/dm 2 (9). 

As-plated, the nickel-phosphorus alloy is metastable and 
highly microcrystalline, even amorphous under certain 
conditions (10). Nickel-phosphorus is a relatively complex 
system (Fig. 1) which Can form a number  of stable com- 
pounds (11). Reported electrolytic and electroless deposits 
contain typically less than 25 atom percent (a/o) phos- 
phorus, and they convert with heating, making the mate- 
rial harder and more brittle (12). As deposited, this mate- 
rial is a supersaturated solution of phosphorus in the 
face-centered cubic lattice of crystalline nickel. Ca- 
lorimetry shows a transition around 300~ the enthalpy of 
which is proportional to the percent contained phos- 
phorus (13). Two careful studies (12, 14) of the recrystalli- 
zation of amorphous nickel-phosphorus alloy indicate that 
below the crystallization temperature, nickel crystals pre- 
cipitate to a relatively small extent. At the crystallization 
temperature, crystals of Ni3P grow at the expense of the 
fcc Ni phase. The crystallization temperature of under- 
eutectic alloys also decreases as the phosphorus content 
rises. Some investigators (12, 15, 16) also found an interme- 
diate phase of NipPy whose x-ray pattern cannot be in-. 
dexed. 

A complete understanding of the nucleation and film 
growth in high rate electrodeposition is still lacking. In a 
simplified view, for a single depositing element, we com- 
pute the continuum growth rate for a uniform film as 
follows- 

dh iM 
[1] 

dt nFp 
where h is the electrodeposit thickness, M, the molecular 
weight of metal, n, equivalents per mole, p, the metal 's den- 
sity, and F, the Faraday. 

For current densities in the range 1-10 A/cm 2, we predict 
rates to be on the order of 500-5000 nm/s. This implies that 
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Fig. 1. Phase diagram of Ni-P system [Ref. (22)] 
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n e a r - n e i g h b o r s  are pu t  in place on a t ime  f rame of  10 -3 to 
10 %. 

S ince  e l ec t rodepos i t i on  yields  me ta s t ab l e  n icke l -phos-  
p h o r u s  films of  t echnolog ica l  impor tance ,  it b e c o m e s  im- 
p o r t a n t  for app l ica t ions  to d e t e r m i n e  h o w  thei r  s t ruc tu re  
re la tes  to fo rma t ion  condi t ions .  The s t ra tegy here  was  first 
to iden t i fy  t h o s e  me ta s t ab l e  s t ruc tu res  w h i c h  form at t he  
h igh  depos i t i on  ra tes  n o w  rout ine ly  achievable ,  and  n e x t  
to d e t e r m i n e  the  l imi t ing rate and  un i fo rmi ty  wi th  w h i c h  
t h e s e  th in  film s t ruc tu res  can be  depos i ted .  

Experimental 
The high-speed deposition system.--An air p re s su re  

d r iven  labora tory  depos i t i on  sy s t em was  used  to create  
n i c k e l - p h o s p h o r u s  alloys (18). The so lu t ion  is d r iven  f rom 
one  reservoir ,  wi th  c o m p r e s s e d  air, t h r o u g h  the  depos i t ion  
c h a n n e l  to a s e c o n d  rece iver  tank.  When  this  s econd  t ank  
is filled, the  d i rec t ion  of  p u m p i n g  is reversed.  All inner  sur- 
faces  con tac t ing  the  solut ion are l ined wi th  iner t  fluoro- 
c a r b o n  material .  The e lec t ro ly te  is m a i n t a i n e d  at opera t ing  
t e m p e r a t u r e  by  s t eam heat.  

The flow c h a n n e l  f ixture is c o n s t r u c t e d  of  two Luc i te  
m e m b e r s ,  c l a m p e d  and  sealed wi th  an O ring. A nickel  
a n o d e  is m o u n t e d  in the  lower  sect ion,  and  a r emovab le  
c o p p e r  c a t h o d e  is inse r ted  in the  u p p e r  sect ion,  he ld  by a 
set  screw.  Init ial  a n o de -ca thode  separa t ion  is 0.21 cm. 

Conditions.--The e lec t rodepos i t ion  so lu t ion  is formu-  
la ted  and  run  as follows, 150 g/1 NiSO4 �9 6H20; 45 g/1 NiC12 - 
6H20; 40 g/1 H3PO3; 49 g/1 HaPO4; pH 1.0, ad jus ted  wi th  
NiCO3 and  H2SO4; and  T 75~ (-+ 2~ 

Co p p e r  s amples  (6.45 cm ~) for the  h igh  s p e e d  pla t ing are 
first p r e p a r e d  by  the  fol lowing procedure :  30s u l t rasonic  
clean, 1 m i n  ca thod ic  alkal ine clean, wa te r  r inse,  30s HC1 
acid dip,  and  wa te r  r inse  and  air dry. 

F l o w  rates u sed  were  5.7, 8.7, 11.7, and  14.2 m/s, corres-  
p o n d i n g  to appl ied  air p re s su re s  of 10, 20, 30 and  40 psi. 
R u n  t ime  and  cur ren t  are ad jus ted  to yield a total  p la t ing  
cha rge  of  1000C. Sa mp l e s  were  run  in t r ipl icate  for each  se t  
of  condi t ions .  

The  e lec t ro less  ba th  has  a pH of  4.7 and  con ta ins  NiC12 �9 
6H20 (30 g/l), NaH2PO2 �9 2H20 (10 g/l), and  HOCH2COOH 
(35 g/l); total  p la t ing t ime  was  lh.  In the  conven t iona l  
(tank) p la t ing  process ,  the  e lec t ro ly te  u sed  wi th  t he  h igh  
flow s y s t e m  was  e m p l o y e d  wi th  a m o d e r a t e  agi ta t ion pro- 
v ided  by  a stirrer.  

Characterization procedure.--Copper ca thodes  are 
w e i g h e d  before  and  after  depos i t ion  to p e r mi t  cu r r en t  ef- 
f ic iency de te rmina t ion .  Depos i t  m o r p h o l o g y  and  compos i -  
t ion are t h e n  r e c o r d e d  wi th  s cann ing  e lec t ron  m i c r o s c o p y  
and  ene rgy  d i spe rs ive  x-ray analysis.  As a check ,  a por t ion  
of  each  film is d i sso lved  in ni tr ic  acid and  the  relat ive 
a m o u n t s  of  n icke l  and p h o s p h o r u s  are d e t e r m i n e d  us ing  
a tomic  abso rp t i on  spec t romet ry .  The s a mp l e s  are n e x t  cut  
c lose  to the  depos i t  wi th  a s low speed  saw, and  the  c o p p e r  
is r e m o v e d  by  soaking the  cut  por t ion  in c h r o mi c  acid to 
m a k e  free s t and ing  foils for ca lor imet ry  and  s t ruc tu re  
analysis.  The phase  t r ans fo rma t ions  of  t hese  me ta s t ab l e  
foils are s tud ied  us ing  different ia l  s cann ing  ca lor imet ry  at 
a hea t ing  rate of  50~ X-ray d i f f r ac tograms  are re- 
c o r d e d  for s amples  bo th  a s -depos i t ed  and  fo l lowing vari- 
ous levels of  heat ing.  For  the  as-pla ted  samples ,  the  micro-  
s t ruc tu res  were  inves t iga ted  us ing  x-ray d i f f rac t ion  wi th  
S e e m a n - B o h l i n  th in  film geomet ry .  This d i f f rac t ion  geom-  
e t ry  uti l izes a small  f ixed inc iden t  angle  to inc rease  the  
sca t t e r ing  f rom a th in  film surface  region.  

Results and Discussion 
Effect of plating conditions on composition.--The de- 

pos i t  c o m p o s i t i o n s  ob ta ined  at d i f fe ren t  cu r r en t  dens i t i es  
and  e lect rolyte  flow rates  are s u m m a r i z e d  in Table  I; for 
compar i son ,  resul ts  f rom bo th  e lec t ro less  and  conven-  
t ional  p la t ing  p rocesses  are inc luded.  C o m p o s i t i o n s  f rom 
E D A X  m e a s u r e m e n t s  agree well  wi th  t hose  d e t e r m i n e d  
by  chemica l  analyses  (Table II): Impur i t i e s  i nc luded  low 
levels  (<1.5 a/o) of  copper ,  iron, and  cobalt .  The  cu r ren t  ef- 
f ic iency was  ca lcula ted  accord ing  to the  fol lowing ca- 
thod ic  reac t ion  m e c h a n i s m  

Ni +2 + 2e --~ Ni(s) [2] 

HPO3 -2 + 2H20 + 2e ---) H2PO2- + 3 OH-  [3] 

Table I. Experimental results 

Plating 
system 

Current 
density 
(AJcm ~) 

Flow 
rate 
(m/s) 

Composition 
(a/o) 

Ni P 

Current 
efficiency 

(%) 

Thickness 
(~m) 

Theoretical Measured 

Deposition 
rate 

(~m/min) 

Electroless 

Conventional 
plating 

High 
flow 
system 

0.022 
0.044 

0.31 

0.62 

1.09 

1.55 

2.33 

- -  81.6 18.4 - -  20.7 20.3 0.33 

Stirrer 71.0 29.0 29.2 20.0 - -  0.17 
Stirrer 71.2 28.8 24.6 16.8 15.2 0.28 

5.7 71.3 28.7 18.1 12.3 12.7 1.48 

5.7 71.6 28.3 16.6 11.2 10.2 2.69 

5.7 81.6 18.4 26.0 16.3 15.3 6.85 
8.7 77.1 22.9 14.5 9.4 ~ 3.94 

11.7 77.1 22.9 11.2 7.2 - -  3.03 
14.2 78.6 21.4 15.2 9.7 10.2 4.08 

5.7 86,9 13.1 26.3 15.9 - -  9.51 
8.7 86.3 13.7 23.8 14.5 8.7 

11.7 86.9 13.1 26.3 15.9 - -  9.54 
14.2 86.7 13.3 23.4 14.1 15.2 6.48 

5.7 87.4 12.6 25.9 15.5 17.8 13.95 
8.7 85.4 12.7 25.6 15.0 - -  13.5 

11.7 87.2 12.8 22.6 13.7 - -  12.3 
14.2 87.5 12.5 21.0 12.6 - -  11.3 
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Table II. Comparison of composition measured by SEM/EDAX and 
chemical analysis 

Method 
Chemical 
analysis SEM/EDAX 

(a/o) (a/o) 
Sample Ni P Ni P 

35 

3 
0.31 A/cm 2, 5.7 m/s 75.1 24.9 71.3 28.7 ~ 20 
1.09 A/cm 2, 5.7 m/s 82.6 17.4 81.6 18.4 
1.55 A/cm 2, 5.7 m/s 87.9 12.1 86.9 13.1 
2.33 A/em 2, 5.7 m/s 88.5 11.5 87.4 12.6 f~ 

g 15 

a n d  

HePO2- + e -+ P(s) +2 OH [4] 

Fo r  t he  t h i c k n e s s  ca lcula t ion ,  t he  al loy was  c o n s i d e r e d  to 
c o n t a i n  on ly  n icke l  a n d  p h o s p h o r u s  a n d  its dens i t y  was  
ca l cu la t ed  by  the  fo l lowing  e q u a t i o n  

1 w/o of Ni w/o of P 
- + [ 5 ]  

Palloy 100  Jr- PNi 1 0 0  X pp 

w h e r e  w/o is w e i g h t  pe rcen t .  These  ca lcu la ted  t h i c k n e s s e s  
we re  f o u n d  to agree  w i t h i n  15% w i t h  m e a s u r e d  va lues  
(Table  I). 

F i g u r e  2 shows  t he  al loy c o m p o s i t i o n  as a f u n c t i o n  of 
f low rate.  E lec t ro ly te  flow exer t s  c o n s i d e r a b l e  in f luence  on  
a n  e l e c t r o d e p o s i t i n g  s y s t e m  w h i c h  is o p e r a t i n g  in t he  lam- 
i na r  reg ime.  In  general ,  t he  m a s s - t r a n s f e r  l imi t a t ion  is 
m o r e  seve re  at  h i g h e r  c u r r e n t  dens i ty ,  a n d  a r ap id ly  flow- 
ing  e lec t ro ly te  is c o m m o n l y  u sed  to a l levia te  th i s  p rob l em.  
However ,  as th i s  flow ra te  is i n c r e a s e d  in to  t he  t u r b u l e n t  
reg ime ,  i ts  in f luence  wanes .  In  th i s  work ,  t he  e lec t ro ly te  
flow ra te  was  va r i ed  f rom 5.7 to 14.2 m/s, c o r r e s p o n d i n g  to 
a R e y n o l d s  n u m b e r  r ange  of  1.8 x 104 to 4.6 x 104, wel l  
a b o v e  t he  l a m i n a r / t u r b u l e n t  t r a n s i t i o n  po in t  for a rec tan-  
gu la r  channe l .  As s een  in Fig. 2, t h e r e  is no  s t rong  influ- 
e n c e  of  f low ra te  on  al loy c o m p o s i t i o n  in  th i s  t u r b u l e n t  re- 
g ime.  E v e n  t he  l owes t  flow ra te  (5.7 m/s) is suf f ic ien t ly  h i g h  
to i n d u c e  m i x i n g  of  t he  f luid at  t he  e l ec t rode  surface.  

The  al loy compos i t i on ,  on  the  o the r  h a n d ,  var ies  w i th  
c u r r e n t  dens i ty ,  as s h o w n  in Fig. 3 w h i c h  i nc ludes  resu l t s  
f rom the  e lec t ro less  b a t h  a n d  t he  c o n v e n t i o n a l  p la t ing  pro-  
t ess .  B r e n n e r  (19) and  R a t zke r  (9) h a v e  r e a c h e d  th i s  con-  
c lu s ion  prev ious ly .  In  our  work ,  t he  p h o s p h o r u s  c o n t e n t  
r a n g e d  f rom 28.7 a/o at  0.31 A/em 2 to 12.5 a/o at  2.33 A/cm 2. 
A d i f f e rence  for the  h i g h  flow depos i t i on  is t h a t  a c o h e r e n t  
h i g h  p h o s p h o r u s  al loy fi lm can  be  p r e p a r e d  at  s ign i f ican t ly  
h i g h e r  c u r r e n t  dens i t y  t h a n  can  be  a c h i e v e d  w i t h  t a n k  
p la t ing .  Fo r  example ,  Ra tzke r  (9) u s e d  the  c o n v e n t i o n a l  
p l a t i ng  p roces s  to p r o d u c e  a s a m p l e  w i t h  11 a/o phos-  
p h o r u s  at  a c u r r e n t  dens i t y  of 0.62 A/em 2, w h e r e a s  t he  
s a m e  c u r r e n t  dens i t y  can  yield a n  al loy w i th  28.3 a/o phos-  
p h o r u s  in  th i s  w o r k  (Fig. 3). With  a r ap id ly  f lowing fluid, 
t he  b o u n d a r y  layer  nea r  t he  sur face  b e c o m e s  ve ry  t h i n  a n d  
t he  t r a n s p o r t  of  ions  t h r o u g h  th i s  layer  is g rea t ly  en- 
h a n c e d .  In  cont ras t ,  on ly  low c u r r e n t  dens i t y  c an  be  u sed  
in t he  c o n v e n t i o n a l  p la t ing  p roces s  due  to m a s s - t r a n s f e r  
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limitation of the reacting species. Another advantage of 
the high flow system is the significantly higher deposition 
rate (~m/min), as shown in Table I. 

The plating current efficiencies in this work (Table I) are 
generally below 30%. Figure 4 shows the effect of current 
density on current efficiency at different flow rates. The 
curves suggest a trend of increasing current efficiency 
with current density until the latter reaches 1.55 A/cm 2 
after which the current efficiency decreases. This trend is 
in agreement with the work by LaBoda (18) on high speed 
nickel plating. A limiting current situation exists around 
1.55 A/cm 2 where the surface concentration of the reacting 
species reaches zero, and any further increase in current 
density only enhances the evolution of hydrogen gas. A 
higher flow rate also increases the transport of hydrogen 
ions to the surface and gives a lower current efficiency. 

Structure and microstructure of  As-plated deposits.--All 
depos i t s  a p p e a r e d  b r i g h t  a n d  metal l ic .  A typ ica l  e x a m p l e  
is s h o w n  in t he  Fig. 5 p h o t o m i c r o g r a p h ,  t he  r e su l t  of  de-  
pos i t i ng  at  2.33 A/cm 2 c u r r e n t  dens i t y  and  11.7 m/s  l inear  
f low veloci ty .  The  l ine  p a t t e r n  fol lows t he  d i r ec t i on  of  flow, 
b u t  m o r e  w o r k  is n e e d e d  to iden t i fy  its cause.  

D i f f r ac tog rams  of al loys w i th  h i g h  p h o s p h o r u s  c o n t e n t  
(>14 a/o) e x h i b i t  r o u n d e d  b r o a d  m a x i m a  (Fig. 6a, b) w i th  
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Fig. 4. Effect of current density on current efficiency at different flow 
r o t e s .  
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Fig. 5. SEM picture of NiP deposit (2.33 A/cm 2, 11.7 m/s) 

widths which correspond to a crystallite size of 1 nm, sug- 
gesting that these alloys are amorphous. As the phos- 
phorus concentration decreases, the diffraction peak 
sharpens (Fig. 6c, d), indicating that a transition from 
amorphous to microcrystal]ine has occurred. The sharp 
peaks in Fig. 6d are those of the copper substrate. The 
peak width for an alloy with a phosphorus content of 18.4 
a/o (Fig. 6c) corresponds to a crystallite size of 2 nm. 

A further decrease of phosphorus concentration to 12 a/o 
leads to a further decrease in diffraction peak width and a 
dramatic increase in peak intensity (Fig. 6e). This diffrac- 
tion pattern is interesting in that it exhibits only one 
strong peak, corresponding to the fcc (111) d-spacing. 
Close examination reveals that weak (220) and (311) peaks 
are also present. This suggests that there is some preferred 
crystal orientation texture in this sample. In order to fur- 
ther investigate texture, x-ray diffraction in symmetric re- 
flecting geometry was performed. In this diffraction geom- 
etry, the crystallographic planes which diffract are parallel 
to the sample surface. Only two peaks were observed, the 
(111) and (222), indicating a preference for the close- 
packed planes to lie in the plane of the sample. Rocking 
curve measurements  confirmed this conclusion; however, 
the rocking curve is relatively broad (>15~ In addition, 
analysis of the peak widths indicates that there is substan- 

tial inhomogeneous strain (1.7%) in this sample. The fcc 
structure of the deposit is highly strained by the phos- 
phorus content and the high flow growth conditions, and 
growth in the (111) direction is thus preferred, as sug- 
gested by Bestgen (10). 

Phase transformation of alloys.--Phase transformation 
of the metastable nickel-phosphorus deposits were charac- 
terized by the combination of calorimetry and x-ray dif- 
fractometry. The crystallization of amorphous Ni-P alloys 
has been known to proceed through several metastable 
phases before reaching the final equilibrium phases (14, 
20). These intermediate phases can be quite different in 
structure, depending on the phosphorus content. 

In this work, Ni-P deposits prepared under high current 
density and high flow conditions were examined for their 
phase transformation during heat-treatment. From the 
DSC and x-ray results, the transformation process of elec- 
trodeposited alloys can be grouped into three categories: 
high phosphorus (28-29 a/o), low phosphorus (12-14 a/o) 
and medium phosphorus (18-23 a/o). The transformation 
behavior of electroless Ni-P alloys is also different from 
that of their electrodeposited counterparts. 

High-phosphorus alloys (28-29 a/o).--An alloy with a high 
phosphorus content of about 28-29 a/o was prepared either 
in the conventional plating tank (0.022 and 0.044 A/cm 2) or 
in the high flow process (0.31 and 0.62 A/cm2). As-plated, 
these alloys are amorphous with a broad peak around the 
Ni (111) orientation. When heated, the samples show a 
DSC trace containing three (Fig. 7a) or two (Fig. 7b) peaks, 
depending on current density. For samples produced in 
the conventional tank (Fig. 7a), the first small peak at 315~ 
represents the separation of fine nickel particles from the 
amorphous matrix. This peak was not observed in the high 
flow samples (Fig. 7b). 

At a higher temperature of about 360~176 all samples 
exhibit  a sharp peak, signaling the start of a significant 
phase transformation. X-ray diffractograms (Fig. 8) were 
taken for samples heat-treated to 450~ to identify the pos- 
sible phases. No elemental Ni peak was found in the pat- 
tern, and a computer  search (21) recognized only the Ni3P 
phase. However, three of the major peaks (marked * in Fig. 
8) cannot be indexed with a high confidence level, but they 
can be indexed to either NisP2, Ni12P~, or Ni2P, This un- 
known phase, NipPy, has been observed by other investi- 
gators (12, 15-17), and Pit termann and Ripper (14) postu- 
lated Ni~2P5 (29.4 a/o P) as its possible indentity. Without 
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Fig. 6. X-ray diffraction of as-plated deposits with different phos- Fig. 7. DSC traces of high phosphorus (28-29 a/o) deposits: (a) con- 
phorus content, ventional plating, (b) high flow rate system (5.7 m/s). 
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Fig. 8. X-ray diffraction of the heat-treated (to 450~ high phos- 
phorous deposit prepared at 0.44 A/cm ~ with the conventional plating 
process. 
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any definite identification, we will refer to it as Ni~Pu. It is 
stable up to at least 450~ 

With further heating, another small broad peak appears 
at 500~176 The x-ray pattern taken at 600~ (Fig. 9) can 
be indexed to a mixture of Ni and Ni~P. The complete 
phase transformation can thus be represented by two 
steps, first, the crystallization of the amorphous Ni-P to an 
intermediate Ni~P, phase. 

Ni-P(alloy) ---> Ni~P~ [6] 

Ni~P~ is metastable and decomposes on further heating 
(500~ 

Ni~P~ -~ Ni3P + Ni [7] 

Low phosphorus alloys (12-14 a/o).--Deposits prepared at 
1.55 and 2.33 A/cm z have 12-14 a/o P and are crystalline as 
plated (Fig. 6e). Differential  scanning calorimeter mea- 
surements (Fig. 10) show only one sharp peak at 420 ~ 
430~ X-ray diffraction results at 600~ can be indexed to a 
mixture of Ni and Ni~P. The supersaturated alloy thus 
crystallizes through the following path 

Ni-P(alloy) --> Ni (fcc) + Ni~P [8] 

A small peak precedes the sharp crystallization peak in the 
DSC isotherm, and is due to the precipitation of fine Ni 
particles from the solid solution. 

1 P = 28.8 at.% 
H e a t e d  to 600~C 

10,00 24.00 38.00 

28 

Fig. 9. X-ray diffraction of high phosphorus deposit (same prepara- 
tion condition as in Fig. 8) heat-treated to 600~ 
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Fig. 10. DSC trace of low phosphorus deposit prepared with the high 
flow system (5.7 m/s). 

Medium phosphorus alloys (18-23 a/o).--In between the 
high (amorphous) and low(crystalline) phosphorus alloys 
lie the alloys with intermediate phosphorus content. The 
transition from amorphous to crystalline structure occurs 
at the current density of 1.09 A/cm 2 which gives a phos- 
phorus content of 18:23 a/o. At these transition stages, it is 
likely that both crystalline and amorphous phases exist in 
the deposit, and the two-phase transformation processes 
mentioned above will occur simultaneously when the 
sample is heated. 

Figures l l a  and b show the DSC traces for deposits with 
18.4 and 21.4 a/o P, respectively. They each have three exo- 
thermal peaks, with the first two appearing close to each 
other in the temperature range of 370~176 X:ray diffrac- 
tion patterns at 450~ for both samples (Fig. 12) clearly in- 
dicate that Ni(fcc) is the major constituent, with a minor 
amount  of both Ni3P and the intermediate Ni=Py phases. 
The lower temperature peak (383 ~ and 375~ represents 
the transformation of crystalline Ni-P to Ni and Ni3P, as 
given by Eq. [8]. At higher temperatures (408 ~ and 386~ 
the amorphous part of the deposit transforms to the inter- 
mediate phase, NipPy, according to Eq. [6]. Finally, at fur- 
ther heating (488 ~ and 478~ the intermediate NixP, phase 
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Fig. 11. DSC traces of medium phosphorus deposits prepared at 1.09 
A/cm 2 with the high flow system. (a) P, 18.4 c/o, 5.7 m/s; (b) P, 21.4 
a/o, 14.2 m/s. 
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decomposes to crystalline Ni and Ni3P (Eq. [7]). X-ray dif- 
fraction patterns at 600~ show only Ni and Ni3P. 

Alloys prepared by chemical deposition (electroless) in 
this work have about 18 a/o P and are amorphous as- 
plated. During heating (Fig. 13), a phase separation occurs 
at about 280~ when fine Ni particles are precipitated out 
from the amorphous matrix. At 375~ crystallization starts 
by forming the final mixture of Ni and Ni3P, as verified by 
x-ray diffraction patterns. This phase transformation is dif- 
ferent from those of electrodeposited samPles at the same 
phosphorus content and probably is the result of prepara- 
tion technique (16). 

Conclusions 
With a controlled high flow system, amorphous nickel 

phosphorus alloys can be prepared by electrodeposition at 
high current densities inaccessible to conventional tank 
plating process. A deposit with 28 a/o phosphorus can be 
produced at a flow rate of 5.7 m/s, ten times faster than 
with conventional tank plating. 

The as-plated samples are supersaturated solid solutions 
of phosphorus in nickel which are amorphous or highly 
microcrystalline at a phosphorus content greater than 14 
a/o. At lower phosphorus concentration the deposits be- 
come more crystalline with the (111) plane being the direc- 
tion of preferred growth. When heated, the deposits ap- 
proach the final equilibrium phases by two different 
routes. For low phosphorus samples (<14 a/o), the nickel 
phosphide matrix decomposes directly to a mixture of Ni 
and Ni3P, the fraction of which grows in size with further 
heating. Deposits with higher phosphorus content, how- 
ever, go through the following phase transformation. 

380~176 470~176 
Ni-P ~ NixPy ==~ Ni + Ni3P 

NixPy is an intermediate phase whose x-ray diffraction pat- 
terns cannot be indexed, and its stability increases with in- 
creasing phosphorus content. It eventually decomposes to 
Ni and Ni3P at higher temperatures. 
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