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AFSRACT 

Differential scanning calorimetry (DSC) in conjunction with X-rays and 
transmission electron microscopy were employed to elucidate the mechanism of 
amorphous to crystalline transformation in bulk electroless nickel (Ni--10.9 wt. ?% P) 
alloy_ As-deposited amorphous electroless nickel was heated from room tempera?ure 
to 650°C in a DSC cell in an arson atmosphere at 2O’C min-‘_ Three exothermic 
reactions were observed_ HeatinS runs were interrupted after each reaction for 
microstructural and crystal structure determinations_ It was found that the first 
reaction was associated with the precipitation of fine nickel particles in an amorphous 
Ni,P matrix, the second with crystallization of the amorphous Ni,P matrix into 
spheruiitic gains, and the third with recrystallization and gain Srowth of the Ni3P 
matrix and coarsenins of nickel precipitates_ The transformation temperatures and 
heats of reaction were also determined. This demonstrates the application of high 
sensitivity differential scanning calorimetry to the study of solid state reactions in 
general. 

When a metal or alloy is quenched or cooled at a very fast rate from the liquid 
state, an amorphous or non-cr-stahine structure is formed_ In other words, one can 
preserve the liquid state structure in a solid by a high rate of cooling. Such a structure 
is characterized by having a short ranse order or clustering of atoms, and the absence 
of any long ratqe order such as is found in crystalline soIids. The above method of 
producing noncrystalline solids is called splat cooling’. 

Amorphous structures can aIso be obtained by vapor quenching’ on a cold 
substrate, by chemical deposition from solution (electroless deposition)3 or by 
electrodeposition from solution4. Numerous applications have been developed for 
electro!ess nickel deposits and electroless nickel has been the subject of several 
investigatiocs’-’ 6. 

*Presented at the 5th North American Thermal Society Meeting, Peterborough, Ontario, Canada, 
June S-14, 1975. 
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Most of the literature on electroless nickel deals with the details of the process, 

i.e.. the chemistry of deposition 5_ Some work has a!so been reported on the structural 

aspects 6-s-“-i1 of as-deposited alloy and aspects of physical*-’ ’ and mechanical 

properties’. Even there, discrepancies exist about the effects of heat treatment on the 

physical and mechanical properties of electroiess nickel deposits. 

The structure of as-deposited electroless nickel thin films is we11 estab!ished to 
bc amorphous or liquid-1ike9- “-’ *_ The structure of bulk electroless nickel. however, 

was reported to be either amorphous6 or fineiy po1ycrysta11ine’. 
Randon et al_’ 5 carried out DTA and X-ray studies of eIectroIess nickel and 

mixture of nickel and phosphorous powders. DTA analysis of electroless nickel 

(4-12 \v-t_ o/o P) showed a diffused ION- intensity peak covering 200-3OO’C and a 

sharp peak at 3 IO ‘C_ 
Schlesinger and Mar-ton * * observed, upon heating the as deposited Ni-P 

films in vacuum, the crystallization takin: place at a characteristic temperature of 

350°C. Bagley and Turnbull I2 recently studied the transformation of thin films of 

amorphous electro-deposited Ki-P alloy (Ni-14.9 wt. % P) using differential 

scanning calorimetry (DSC). They observed two esothermic transformations, the 

first of which occurred at 280 ‘C and the second at 41O’C. 

The current authors have recently made a detailed study on the mechanism 

of the amorphous to crystaIIine transformation in bulk electroless nickel usins various 

techniques as follows: differential thermal analysis (DTA), differential scanning 

calorimetry (DSC), thermal mechanical anaIysis (TMA), X-ray and electron diffrac- 

tion methods, optical scannin g and transmission electron microscopy, and micro- 

hardness measurements_ 

This paper deals with the use of thermal analysis, especially DSC, to study 

the mechanism of amorphous to crystalline transformation in electroless nickel. 

This detailed study would not have been possible without the use of DSC. This 

study demonstrates the application of high sensitivity differential scanning calorimetry 

to the study of soiid state reactions in general. 

The bulk electroless nickel used in this investigation had been deposited on a 

nickef cathode to a thickness of 0.17 inches. and on a cast iron wheel to a thickness of 
0.02’ from a standard production plating bath”. The chemical analysis of the deposit 

showed an averac composition of IO.9 iv-t. O,b P, balance Ni, which is very close to 

the eutectic composition” (see Fig. 1). Spectrographic analysis revealed traces of 

Fe, Si, Mn, and Cu_ Heat treatments were carried out in a tube furnace with a hydro- 

gen atmosphere. A DuPont 990 Thermal Analyzer was used to perform DSC, DTA 

and TMA analysis. DSC runs were interrupted at various stages of the transforma- 

tion for hardness measurements, microstructural observations, and X-ray diffraction 

analysis. Hardness measurements were made on the well-prepared rnetalIo_g-aphic 

sampies wi+h either a Leitz or a Zeiss microhardness tester. Samples for transmission 
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electron microscopy Lvere prepared with an automatic dual-jet polisher usin a 
specially prepared electrolyte, and operating it at optimum conditions’ 9. They were 
esamined with one of two electron microscopes, namely a Philips (IO0 Kv) and a 
Hitachi (200 Kv). X-ray diffraction analyses were done using a Siemens X-ray 
diffraction unit with Cu-K, radiation_ 
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Fig. 1. Xi-P phase disgram. 

RESULTS AXD DISCUSSIOS 

( I ) Nature of elecfroless nickei deposirs 
As-deposited electroless nickel showed a lamehated structure, the lamellae 

parahel to the base metal (Fig. _ 7). These bands are believed to have resuhed from the 
periodic variations in the phosphorous content of the deposit_ Chemical analysis 
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of the deposit showed phosphorous variation between 9 and 1 I wt. % with an average 

phosphorous content of 10.9 wt. %. This is ciose to the eutectic composition in the 

M-P binary alloy. The equilibrium phase diagram ” for Ni-P is shown in Fig. 1, 

which shows a low melting eutectic (880°C; 1616 ‘F) at 11 wt. oio phosphorous_ 

z -_ -__ -_-_- 
~_ _ -;. 

Fig_ 2- E!cctrolas nickel as deposited. Etched ehzctrolyticzdly in 5% H2S04_ 
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The melting point of our alloy was found to be 91O’C. The microstructure of a 
sample slowly cooled from the melt showed a eutectic structure (Fig. 3). This confirms 
the results of the chemical analysis. 

Fig. 3. Optical micrograph of clcctrolas nicke! cooled from melt shotving eutectic stnxtwt. Etchant: 
Carapellas rcagcnt. 

Figure 4 is a transmission electron micrograph and selected area diffraction 
(SAD) pattern of the as-deposited sample. The broad diffused ring in the SAD pattern 
is indicative of a lack of long ranse crystailinity. This type of diffraction pattern is 
typical of amorphous or iiquid meta structures* 1. X-ray diffraction also confirms 
this findins. The avera_ge hardness of the as-deposited sample was 600 DPHN. 

(2) Egecrs of heat irealnzent 

The effect of heat treatment on the hardness was studied at temperstures from 
200 to 16OO’F with various holding times”. The results of the time-temperature 
effect on the hardness are shown in Table 1 and Figs. 5 and 6. A hardness of about 
I 100 DPHN is reached by heating the alloy for a few minutes between 700 and SOO”F. 
It takes about one hour to reach the same hardness when the alloy is heated at 6OO’F. 
This shows that the hardening is associated with some kind of time-temperature 



Fig. 1. Transmission electron micrograph and SAD pattern of as deposited amorphous electroless 

nickel. 

dependent reaction or transformation. X-ray analysis of the fully hardened sampIes 
shows the presence of crystalline nickel and Ni,P. The hardenins upon heat treatment 
of amorphous nickel seems to be associated with the amorphous to crystalline 
transformation. 

(3) Mechanism of amorphous IO cryszailine transformorion 

To study the mechanism of amorphous to crystalline transformation, we 
empIoyed DTA, DSC and TMA in conjunction with electron microscopy and X-ray 
diffraction_ The results of these studies are presented below: 

(A) lX&enria/ rhermai ana&sis (DTA). A DuPont 1600°C cell was used as a 
mod&e in the DuPont 99G thermal analyzer. SampIes were heated at 2O’C min- i 

in an arson atmosphere. High purity aiumina was used as a reference material. A 
typical DTA scan is presented in Fi g. 7. The first peak (exotherm) is associated with 
crystallization of electroJess nickel and the second peak (endotherm) is associated 
with the melting of the ahoy. 

(B) Difirenfial scanning caZorime& (DSC). The DuPont DSC cell module 
was used with the DuPont 990 thermal analyzer. Samples weighing 70-80 mg were 
heated between room temperature and 65O’C in an argon atmosphere at 2OC min- ’ _ 

Figure 8 shows a typical DSC trace. The three exothermic peaks observed are labeled 
as Stzqe I, Ii and III_ Both the transformation temperatures (at onset of transforma- 
tion) and transformation energes :+-ere determined from the DSC scan. A calibration 
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TABLE 1 

EFFECT OF HEATING TIME AND TEMPERATURE ON THE HARDNESS OF 
ELECTROLESS NICKEL (Ni--IO-S wt. O/b P) ALLOY 
AS cast from 1850’~600 DPHN- 

Temp. (‘F) Microhardness, DPHN” 

Hearing Time 

Minrtres 

2 IO 30 

- - 623 
- - 630 
- - 615 

626 683 703 
652 900 loss 

1100 1132 1145 
1115 11-l’ 1135 
- - 10.56 
- 1042 971 
- - 553 
- 93s 795 
- - 776 
- - 712 
- 762 650 
- - 591 

- - - - 
- - - - - 
- - - 

706 - 7’S 
1130 113, 1135 
it40 1130 1135 
1140 1137 113c 2 

- 
827 

- 

1130 

1 17-J .- 

- 
- 
- 
113’ 
1135 

900 

loo0 
IlCO 

1100 
1300 
1400 
1500 
1600 

- - - - - 
956 - - - - 

- - - 
79.5 - - - - 

- - - 
- - - 

635 - 
- - 

- 
- - 
- - - 

a Diamond Pyramid Hardness as determined using a Leitz microhardness tester. IOOg load. Reported 
values 3rc averages of 5 to IO mcasurcmen;s. 

of the DSC cell using the heats of fusion of indium, tin, lead, and zinc standards 
was carried out. The details of the method used to determine the transformation 
energies are described elsewhere’ **22. The onset of the first sta_ge of transformation 
occurred at 150 &2”C (T,), with an eneqy of 0.5 cal s- ‘, the second at 335 &- 5’C 
(T,,), with an ener_q of 24.0 caI g- * and the third at 400 +5’C (T,,,) with an energy 
of IScal g-r_ The DSC runs were interrupted at 250,3 IO, 375 and 500 ‘C to determine 
hardness, crystal structure and mIcrostructure. These results are presented below. 

The microstructure and SAD pattern of the sample run in DSC from room 
temperature to 25OC are shcwn in Fig 9. Note the very fine nickel precipitates 
(black dots) appearing in an otherwise amorphous matrix. Tiltins the specimen in 
the electron microscope showed these precipitates to be very thin plates. These thin 
plateIets lie in the plane perpendicuiar to the direction of the electroless nickeI 
deposit. The broad diffused rings in the SAD pattern in Fi_e. 9 are from the amorphous 
matrix, and the faint spotty rinSs are the result of the crystalline nicke1 platelets 
precipitating out. X-ray diffraction analysis showed slight sharpening of the diffused 
broad peak at d -2.03 A and appearance of the two other weak broadened lines at 

1.24 and I.06 A. This also shows the precipitation of crystalline nickel of small 



Fig. 5_ Effect of temperature and heating time on hardness of bulk elcctroless nickel deposits_ 
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Fig_ 6. Effa~ of tcmpcraturc and heating time on hardness of bulk eIcctroIcss nickel deposits. 
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Fig. 8. DSC scan of electroIess nickel showing various stages of transformation with corresponding 
hardness vafues- 

Fig. 9. Transmission electron micrograph and SAD pattern of electroless nickel heated 10 25O’C 
showing fine nickel precipitates in the amorphous Ni,P matrix. 
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crystallite size_ The hardness of the sample at this stage was about 665 DPHN, 

which is not appreciably different from that of theas-depositedsampfe (600 DPHN). 

A heatin? run interrupted at 31O=C and cooied to room temperature produced 
the microstructure shown in Fig. IO_ The hardness value at this stage was 993 DPHN. 

Here the transformation of amorphous matrix to crystalline Ki,P is shown to have 

Fig. 10. Transmission electron micrograph and SAD pattern of ebtroless nickel heated to 31O’C 
showing the early stage of crystallization of the Xi3P matris into sphenditic grains. 

proceeded with the formation of spherulites. The micrograph also shows fine disper- 
sion oi nickel crystallites in the now crystalhne Ni,P matrix. This is inferred from the 

SAD pattern, in which the continuous fine rings originate from the fine nickel particles, 

and the spot pattern is from the relatively large spherulitic Ni,P Fains. The Ni,P 

spherulites seem to grow radially from the center. Note the boundary between two 

spherulites which resulted from impingement of one growing spherulite with another, 

shown in Fig. 10. This kind of spherulitic morphology is generaIIy observed in 

polymers cooled from the melt or metals solidified from the liquid state’ 6. Similar 

morphoIo_q was also reported in vapor deposited amorphous Ni-P film prepared by a 

flash evaporation technique’ -_ 

The amorphous to crystalline transformation in our sample was found to be 

complete at 375°C as shown in Fig. I 1 _ Note some coarsening of the nickel dispersoid 

in the micro_mph, and note aIso the multiple diffraction effect in the SAD pattern. 

Here again the spot pattern corresponds to the crystalline nickel. X-ray diffraction 

anaIysis of the sample at this staze also showed the presence of crystalline nickel and 
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Xi,P. The completion of amorphous to crystalline transformation at this stage seems 

to correspond to the maximum hardness of about 1 IO0 DPHN obtainable in this 

a!lov _- 
Heating the as-deposited sample to 500°C gave rise to recrystallization of the 

Ni,P matrix and coarsening of the Xi particles as shown in Fig_ 12. This results in a 

drop in the hardness value from 1100 DPHN to 835 DPHN. Note that the spherulitic 

morphoIogy has now been replaced by normal grain boundaries, and the structure 

looks like any other recrystallized material. 
The high hardness value of the eIectroIess nickel as a result of heating to 

375’C from the amorphous state is caused by a microstructure consisting of a fine 

dispersion of ;\ii particles in a crystalline Ni,P matrix. This is consistent with the 

accepted theory of precipitation hardening, which requires a crystalline lattice as the 

matrix_ Most of the investigators’-6-‘3 report that the final microstructure of electro- 

less nickel after heat treatments consists of a fine dispersion of Ni,P in a nickel matrix. 

Our study indicates that the reverse is true, in agreement with Ziehlke et al.‘*. This 

discrepancy, we believe, could be due to the difference in phosphorous content of 

electroIess nickel alloys studied, i.e.. dependins on whether the alloy composition was 

hyper-eutectic or hypo-eutectic. 

TABLE 2 

EFFECT OF ISOTHERMAL ANSEALISG AT 300 C ON 
TRAMiITIOX TEMPERATURES 

Time (mid Temp. ( ‘C) 
______-_ ___----.--- 

r, Tl, T 111 

15 - 335 400 
30 - 330 395 
60 - 310 390 

1so - - 355 

TABLE 3 

EFFECT OF HEATIKG RATE ON TRANSITION TEMPERATURES 
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The effect of isothermal annealing at 300°C for various lengths of time on the 
transition or transformation temperature is shown in Table 2. The higher the holding 
time during isothermal annealing, the lower is the transition temperature_ Note that 
the crystallization peak disappears in specimens annealed 3 h at 3OO’C. 

The effect of varying the heating rate from 5’C min- ’ to IOO’C min- ’ on the 
transformation temperatures was also investigated. The results of this are presented 
in Table 3. At a very slow- rate of heating (5’C min - *) we observed just one broad 
crystallization peak at 315’C: increasing the rate of heating to 10°C min-’ or 

Fig 13. TMA trace of electroles nickel in the direction of deposition_ Heating rate 10 C min- ‘_ 

I I I I I I 
I 

I I I I 
0 so 100 110 100 as0 a00 3SO 400 .so 500 
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Fig. 14. TMA trace of electroles nickel along the plane of deposition. Heating rate IO’C min- ‘_ 
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higher reso!ved the three stages of transformation. Further, increasing the heating 
rate increased the observed transition temperatures_ These observations confirm 
the earlier findings that the amorphous to crystalline transformation in electroless 
nickel (I%--10.9 wt. 76 P) alloy is a time-temperature dependent reaction_ 

(C) Ti~ernromechnkai anaij-sis (TillA). A DuPont 912 thermomechanical 
ana!yzer was used in conjunction with the DuPont 990 thermal analysis system to 
obtain the phase transition or transformation temperature_ Rectangular specimens, 
0.25 x0.25 x0.120 in.. with the 0.120 in. dimension parallel to the direction of 
deposition_ were prepared by wet mi!!in,o_ The specimen was kept at room temperature 
during this operation. TXIA runs were made in an argon atmosphere both para!!e! 
to and normal to the direction of deposition at a heatin? rate of 10 ‘C mix-t- I_ 

The TMA trace in the direction of deposition is shown in Fis_ !3_ The 
contraction between 310 and 3K’C is due to the crysta!!ization of amorphous Ni3P, 
and this trace substantiates the earlier DSC findings_ 

Figure 14 shows the TkIA trace in the direction normal to the direction of 
deposition. i.e., a!ong the plane of deposition. T\vo transitions are to be noted here. 
Ihe first one, at about IOO’C we believe to be associated with the precipitation of 
crystalline nickel platelets in the amorphous >i;P matrix. This will correspond to the 
first stage of transformation in the DSC scan (,Fig. 8). T!Gs transition is not observed 
in the direcrion of deposition (Fis. i3). Transmission electron microscopy shows 
the precipitation of crysta!!ine nickel as thin p!ate!ets in the plane of deposition, 
i.e., normal to the direction of deposition_ The difference in the onset of the transforma- 
tion may be due to the difference in heating rates. It is also probable that this transition 
may be associated with some intermediate phase formation before cry-stailine nickel 
precipitates out_ Hotvever, this is h&h!?; unlikely because X-ray diffraction analysis 
did not show the presence of any other phase. The second transition is the same as 
observed in Fig. 13, namely the transition due to the crystallization of Ni,P. 

Differential scannirg ca!orimetric (DSC) studies performed on electroiess 
nickel (Ki-10.9 1t-t. 0% P) afloy showed the amorphous to crystalline transformation 
to take place in three distinct stages. Microstructure and se!ected area diffraction 
(SAD) patterns correspondin, 0 to the critical stages of the transformation are shown 
on the DSC scan (Fig. 15). As-deposited electroless niclce! has an amorphous or 
liquid-like structure_ The onset of the first stage of the transformation occurred at 
150 iZ’C with an ener_q of 05 ca! s- ‘_ This was found to be associated with 
precipitation of crystalline nickel in an amorphous NijP matrix. The crystallization 
of Ni3P occurred during the second stage of the transformation at 335 _+5’C with 
an ener_q of 24.0 ca! s- ’ _ The third stage of the transformation occurred at 400 
f S’C with an ener_q- of I.5 ca! s- *. During this stage, rccrysta!!ization and grain 
growth of the Ni,P matrix occurred_ Some coarsening of the nickel precipitates was 
also observed. 
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The technique described in this paper for studying the amorphous to crystalline 
transformation is quite ,oeneral and can be applied to the study of other solid state 
reactions. 
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