JMEPEG (1999) 8:83-86 OASM International

Influence of Electroless Nickel-Phosphorus
Deposits on the Corrosion-Fatigue Life of
Notched and Unnotched Samples of an AISI 1045 Steel
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(Submitted 26 June 1998; in revised form 15 September 1998)

Electroless nickel-phosphorus deposits of approximately 10% phosphorus and aboutj2 thickness are
shown either to have no effect or sometimes to increase the corrosion-fatigue properties of a quenched
and tempered AISI 1045 steel in the stress amplitude range of 481 to 687 MPa, in the presence of an aque-
ous solution of 3% sodium chloride. Such an increase is produced when the stress amplitude is below 516
MPa. For the notched specimens, no substantial differences are found between the fatigue life of the
coated and uncoated specimens.

|[Keywords ~ corrosion, electroless nickel, fatigue, type 1045 stgel  creased after the deposition process but that there was a de-
crease in this property after the application of post-heat treat-

. ments at 400 °C for 1 h and for 12 h. Itis important to note that with

1. Introduction the 12 h post-heat treatment, the fatigue life was found to be longer
than the life of the samples with a post-heat treatment of 1 h.

In the last 40 years, many reports have been published about The general belief concerning this topic is that due to their
electroless nickel-phosphorus and nickel-boron deposits.tendency to crack under cyclic loads, electroless nickel-phos-
However, few of these have dealt with the deposit-substrate fa-phorus deposits can cause a significant reduction of the fatigue
tigue and corrosion-fatigue properties. Additionally, the infor- properties of steel substrates, although the magnitude of such
mation is not entirely reliable, and sometimes contradictory reduction would depend upon composition, heat treatment, and
results have been presented. Some studies (Ref 1, 2) have réhickness of the coating. For example, according to the early
ported a decrease between 10 and 46% in the fatigue strengtivork conducted by a number of researchers (Ref 4-9), depend-
for high-strength steels as a result of the deposition. Iningonthe type of electroless nickel-phosphorus bath, phospho-
notched specimens, the loss of fatigue strength can reach upus content, heat treatment temperature, and the presence of
to 15% (Ref 1). macroscopig n.otches, the reduction in the fatigue strength. and

Turns and Browning (Ref 3), working with low-strength endurance limit could range from 10 to 50%. Such deleterious

steels, found a decrease between 10 and 15% in the fatigugffects have been particularly marked in the hypophosphite-re-

strength when the tests were conducted in the as-deposited corfiic€d deposits with less than 10% P, as well as with nickel-bo-

dition and a decrease between 20 and 25% in deposits hedP" alloys which are believed to be under high levels of tensile

treated at 110 and 500 °C. On the other hand, according to Sal_nternal residual stresses (Ref 10). . .
g More recently, Wu et al. (Ref 6) studied the influence of an

franek (Ref 4), high-strength steels with tensile strength of ; . . =
about 1400 MPa can be electroless nickel-phosphorus deposglgémf(sigimeelap?gfg Tg;u;n?jet%cr)r?gec;;;h(%;?)“‘9([; e3| 'E;'ts?ef;
ited without loss in fatigue strength. Also, a few reports SLlggeStThe bath used nickel sulfate as a source of nickel i(,)ns and so.-
an increase in the fatigue strength after the application of theO|ium hypophosphite as a reducing agent in an acid medium
nickel-phosphorus electroless coatings (Ref 1). For example,The deposit was post-heat treated at 200 °C for 1.5 hiin ordert6
Broszeit et al. (Ref 5) Stl.Jdied Fhe fatigue-corrosion_ response pfdecrease the hydrogen content. These researchers found a de-
a 52 type steel coated with a nickel-boron alloy, which has simi- . .o 556 o anout 399 in the fatigue limit of the steel and a reduc-
lar properties to n|ckel-p_hosphoru_s alloys; _the corrosive envi- +ion of about 20% when the substrate was subjected to a shot
ronment was a 3% sodium-chloride solution and the coatedpeening process before coating. Another investigation, con-
samples were heat treated at different temperatures. The resuligycted by Zhang et al. (Ref 7), was devoted to the influence of

of this study showed that the fatigue-corrosion strength in- 5 pickel-phosphorus electroless coating with 9% P aneha3

J.A. Chitty, Department of Applied Mathematics, Faculty of Engi- t_hICkneSS or_l the fatigue life of the same steel previously men-
neering, Central University of Venezuela, Apartado Postal 47885, Los tioned. In this case, a shot peening process was also previously
Chaguaramos, Caracas 1045, Venezuklaertuz, School of Me- applied to some of the samples. The results of this investigation
chanical Engineering, Faculty of Engineering, Central University of were very similar to those of the previous study, but in addition,
Venezuela, Apartado Postal 47885, Los Chaguaramos, Caracas 104%ome fractographic evidence of the presence of fatigue mark-
VenezuelaH. Hintermann, Department of Mechanical Engineering, ing in the coating was shown. Therefore, it was concluded that

University of Neuchatel, Switzerland; aBdS. Puchi,School of Met- . . . .
allurgical Engineering and Materials Sciences, Faculty of Engineer- the overall failure mechanism was the fatigue failure of the

ing, Central University of Venezuela, Apartado Postal 47885, Los C0ating and the subsequent stress concentration on the sub-
Chaguaramos, Caracas 1045, Venezuela. strate surface. Zhang et al. also measured the residual stresses
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in the coating and determined that these were compressiveAll the samples were ground with emery papers (ranging from
stresses in all the conditions analyzed. grit 220 to 600) applied consecutively. A set of samples was
In previous studies, Puchi et al. (Ref 8) and Chitty et al. (Ref notched by means of a Rockwell hardness indentation pro-
9) have analyzed the fatigue and fatigue-corrosion behavior ofduced with a conic diamond indentor. The load applied was 60
two low carbon steels, namely, AlISI 1010 and 1045 respec-kg, which corresponds to a Rockwell A hardness scale. This
tively, previously annealed. The corrosive agent used in the fa-step was conducted before the heat treatment of the material in
tigue-corrosion tests was a sodium-chloride 3% solution. The order to avoid any plastic deformation in the areas near the
bath employed for the deposition contained nickel chloride as anotch. The depth of the notch was estimated by means of the
source of nickel ions and sodium hypophosphite as a reducingRockwell scale, which indicated a penetration of approxi-
agent in an alkaline medium. A 20n thick coating was ob- mately 2 pn by each hardness unit. After the notching process,
tained after 3 h of deposition and the phosphorus content wasall the samples were oil quenched from a temperature of 1123
approximately 10%. It was found that the electroless nickel- K and subsequently tempered at 773 K for 1 h. The final surface
phosphorus coating increased the fatigue life of both the 1010finish of the samples was obtained by a fine polish process with
and 1045 steels. In the case of the 1045 steel, the fatigue experemery papers (grit 600 and 1200) applied consecutively after
ments were conducted within a stress range of 220 to 331 MPathe heat treatment. Half of the specimens were coated with a
As expected, it was observed that the improvement in the fa-commercial electroless nickel-phosphorus bath using the fol-
tigue life of the samples was much higher when the stress amiowing composition per liter: 30 g nickel sulfate and 30 g so-
plitude decreased. In the case of the fatigue-corrosion tests alsdium hypophosphite. The bath temperature was kept at
an increase in the fatigue life as high as 154% was observed foapproximately 85 °C and a pH of 5. The energy dispersive x-ray
the samples tested at 220 MPa. This stress amplitude corre(EDX) evaluation of the coating showed a phosphorus content
sponded to about 60% of the yield stress of the material. At abetween 10 and 11%.
stress amplitude of 331 MPa the improvement in the fatigue life  Fatigue-corrosion tests were conducted under fully reversed
was about 70%. Both research works also investigated the efeonditions on a rotating beam fatigue testing machine (Fatigue
fect of the application of a post-heat treatment to the coating,Dynamics Inc.) at a frequency of 50 Hz. The corrosive medium
which was conducted in an argon atmosphere at 543 K for 4 hwas a 3% sodium-chloride solution at room temperature. Four
It was found that this treatment increased significantly the fa- stress level amplitudes were chosen for the fatigue tests: 481,
tigue life of the material in comparison with the as-deposited 516, 550, and 618 MPa which corresponded approximately to
condition but decreased the fatigue-corrosion properties. 60, 65, 70, and 80% of the yield stress of the material. A differ-
Therefore, the present investigation has been conducted t&nt set of uncoated samples was tested in air at stress levels of
study further the corrosion-fatigue behavior of a plain carbon 481, 618, and 687 MPa in order to compare the behavior dis-
steel (AISI 1045) with an initial mechanical strength that has played with that of the samples tested under corrosive condi-
been increased in relation to the annealed condition by quenchtions. Also, in order to determine the fracture surface
ing and subsequent tempering, and which has been coated witgharacteristics and the role of the coating in the failure mode,
a commercial electroless nickel-phosphorus deposit. Also, thesome fracture surfaces were observed in the scanning electron
effect of such a coating on the corrosion-fatigue behavior of microscope (SEM).
notched samples of the same material has been investigated and

compared with the results obtained using unnotched samples. . . .
3. Experimental Results and Discussion

2. Experimental Techniques _ _ _ _
3.1 Monotonic Mechanical Properties and Fatigue Tests

The present investigation has been conducted with notched The results of the tensile tests in samples of the substrate
and unnotched samples of AISI 1045 plain carbon steel with material after the heat treatment was applied indicated a yield
0.43% C, 0.65% Mn, 0.30% Si, 0.013% S, and < 0.02% P. Thestress of approximately 787 MPa and a tensile strength of about
material was initially provided as bars of approximately 25.4 938 MPa. The reduction in area achieved was approximately
mm diameter, which were subsequently cut to pieces of about48% and the hardness of the material attained a value of about
105 mm length. Cylindrical fatigue specimens were prepared 23 HRC. The application of the coating did not affect any of the
with a total length of 100 mm and central diameter of 6.35 mm. mechanical properties determined in tension. The number of

Table 1 Average value of the number of cycles to failuré\f) versus the stress amplitudeS) for the fatigue and
corrosion-fatigue tests conducted on both notched and unnotched specimens.

Substrate notched Notched and coated  Unnotched and coated

Stress amplitude, Substrate notched  Substrate specimens specimens in specimens in specimensin

MPa Substrate specimens in corrosive medium corrosive medium corrosive medium corrosive medium

481 213,220 123,940 116,560 261,133

516 130,240 131,266

550 344,780 89,210 96,717 65,180 63,740 92,133

618 144,180 45,900 44,980 45,520 42,080 47,280

687 65,980 28,930

840 Volume 8(1) February 1999 Journal of Materials Engineering and Performance



cycles to failure for both the fatigue and the corrosion-fatigue  In most corrosion controlled processes, the corrosion pits
tests conducted on the substrate material and the substratare formed before or concurrently with the nucleation of fa-
coated samples, both notched and unnotched, are given in Tatigue cracks. These pits act as stress raisers and decrease the fa-
ble 1. Each value represents the average of at least five tests. tigue life. This behavior is evidenced by multiple steps
observed in the fracture surface of the samples tested in the cor-
rosive medium as a result of the crack growth from different
corrosion pits. It was expected that this behavior would be
Figure 1illustrates the results presented in Table 1 plotted instrongly dependent on the test frequency. According to the re-
a double logarithmic scale as a numbeBdficurves. There-  sults obtained by Barsom (Ref 10), it was believed that at this
sults for each condition can be described by means of straightest frequency there would be little influence of the corrosive
lines, which suggest a possible relationship between the stress anenvironment in the crack growth rate during stage two of

3.2 Corrosion-Fatigue Tests

plitude § and the number of cycles to failutd ©f the form: propagation, and therefore, the principal contribution of the so-
dium-chloride solution would be the crack nucleation and ac-
S= AN celeration of stage one crack growth. Thus, the differences

obtained in the fatigue life between the notched specimens

) tested in air and in sodium-chloride could be the result of the fa-
Here, A andm represent material parameters that are deter- jgye nucleation process at the notch and the subsequent growth
mined from the experimental data. Table 2 summarizes the rexf multiple cracks due to the corrosive environment, a fact
sults obtained by applying a linear least square analysis to suCRhown in the photomicrograph corresponding to Fig. 3. At
data. In general, it can be observed that the correlation coeffi-higher stress amplitudes this difference vanishes.
cients for the samples tested in air are much better than those
determined from the corrosion tests. As expected, there was ¢

A S : ; 29
significant reduction in the fatigue life as a result of the corro-
sive environment, as shown in Fig. 2, in comparison with the 285 KEY
fatigue life of the specimens tested in air. This reduction is more o NaCl 3%
pronounced for low stress amplitudes because, under thes: o8l v AR
conditions, there is more time for the occurrence of the corro-
I i o
sive damage mechanisms. L .7
. 9
Table 2 Least square analysis of thBversusN; data o 27k
determined experimentally S
Resulting equation, 265
Material condition MPa
: o 2.6 SUBSTRATE
Unnotched samples of substrate material tested in airS = 3055N;~0-135
Unnotched samples of substrate material tested in airS = 5113N,0-196 055
Notched samples of substrate material tested in NaCIS = 5113N,0-163 O, 45 5 55 5
Notched samples of substrate material tested in NaCIS = 8488N;~0-245 '
Coated unnotched samples tested in NaCl S=3001N, 0148 Log (Nf) .
i = -0.244 . . .
Coated notched samples tested in NaCl S= 8279, Fig. 2 Number of cycles to failure as a function of the stress
amplitude both under corrosion-fatigue and air testing
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Fig. 1 Number of cycles to failure as a function of the stress am-
plitude under corrosion-fatigue testing. Substrate samples and sub-
strate and coated samples both in notched and unnotched condition  Fig. 3 SEM of a fracture surface showing multiple steps
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specimens indicates only a slight influence of the coating on the
notched samples.

No microscopic feature regarding the occurrence of inter-
granular fracture in the early stages of the crack growth was ob-
served, as reported by Chitty et al. (Ref 9), after testing this
same steel but in the annealed condition. Neither were any mi-
croscopic signs present indicating the possible occurrence of
hydrogen embrittlement. Finally, the photomicrograph corre-
sponding to Fig. 5 shows the brittle fracture of the deposit and
the defective adhesion of the coating to the substrate.

4. Conclusions

The corrosive environment generated by a 3% sodium chlo-
Fig.4 SEM of a coated sample tested under corrosion-fatigue ride solution produces a significant reduction in the _fatigue Iife
conditions at 481 MPa illustrating the detachment of the coating of the quenched and temPered AISI 1045 steel. Th_'s reduction
could reach up to approximately 73% for an amplitude stress
level of 550 MPa. Also, a higher reduction of the fatigue life
could occur for lower stress amplitude levels. The fracture sur-
face of the samples tested under a corrosive environment re-
vealed the presence of multiple steps as a result of the growth of
numerous cracks that nucleated at the corrosion pits. The elec-
troless nickel-phosphorus coating has a slight influence on the
corrosion-fatigue behavior of the AISI 1045 steel when tests
are conducted in a 3% sodium chloride solution. In this case, an
increment of about 20% in the fatigue strength was found at a
stress amplitude of 481 MPa which corresponded to approxi-
mately 60% of yield stress of the material. For higher stress lev-
els no appreciable differences in the fatigue life of the coated and
uncoated specimens were observed. The corrosion-fatigue life of
notched specimens was not affected by the deposition, at least
from 481 to 618 MPa, stress levels studied in this investigation.

Fig. 5 SEM showing a brittle fracture of the coating of a AcknOWIedgmen’Fs o . .
sample tested under corrosion-fatigue conditions at 481 MPa The present investigation has been conducted with the fi-
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