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In the present study, Ni-P composite coating layer has been produced under direct plating condition.
The voltage during the experiments has been measured, the results showed that voltage increases
with increasing the experiment time. The average applied currents were 0.05 A, 0.08 A and 0.12 A.
The employed current densities led to Ni-P rich deposition in all experiments but the average coating
thickness was increases with increasing the applied current density. The increasing of electroplating
path temperature can also causes increasing in the thickness of Ni-P deposition layer. The best
obtained hardness result was at current density of 0.08 A as 285.7 HV. The low alloy steel samples
coated by Ni-P deposition layer were heat treated at 400 °C for lhr causing increasing in
microhardness from 270 to about 443.8 HV. XRD analysis showed that Ni-P deposits with 8wt.%
are considered as amorphous phase and after heat treatment it was crystallized at steady phases of Ni
and NisP deposits.
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1. Introduction

Most often utilized structural materials are low-alloy steels, which
have an alloying element content of 4% or less. For a wide range of
technical applications, these materials are very appealing due to their
inexpensive price and good mechanical performance following
suitable heat treatment. [1]. Another name for AISI 4140 alloy is
"chrome-moly" steel. 4140 alloy is strong, ductile, and wear resistant,
making it perfect for forging and heat treatment. The highest possible
Rockwell hardness range is C20-C25. It melts at 1510 °C [2]. The
majority of industry sectors make substantial use of AISI 4140 alloy
steel for a variety of applications, including pump shafts, bolts,
crankshafts, and hydraulic shafts and parts [3]. AISA 4140 can be heat
treated in a variety of ways to provide the benefits of appropriate
hardness, strength, and ductility all at once [4].  Numerous methods,
including mechanical, physical, chemical, and electrochemical ones,
are available for coating deposition [5]. Among these, basic
electroplating has several benefits. It is a low-cost electrolysis cell
technique that operates in an aqueous solution at room temperature,
normal pressure, and relatively low temperature, making it perfect for
industrial scaling up [6-7-8]. Ni-P alloy electrodeposits are mostly
used in the automotive, aerospace, and general engineering industries
as protective, functional, and ornamental coatings [9]. Applications of
Ni-P in the production of high precision parts, diffusion barriers,
catalytic coatings for hydrogen evolution, thin film magnetic discs,
micro-galvanic, and decorative coatings for the automobile industry
are noteworthy [9]. The current study set out to examine how heat
treatment affected the Ni-P alloy coating that was applied to the
surface of plain carbon steel using an electrodeposition technique.
Additionally, various current densities were used to determine how
they affected the average thickness of the Ni-P deposit. Lastly, the
impact of heat treatment on the resulting microstructure phase was
determined by XRD analysis.

2. Literature Review

In (2022), M. S. Senthil Saravanan, et. al., [10], studied the properties
evaluation of electroless Ni-P coated low-carbon steels. The purpose
was to determine how long a heat treatment process had on the
mechanical and corrosion performances of a Ni-P coating on low-
carbon steel. The coating is performed on the low-carbon steel using
Ni-P salt bath. The coated samples were heat treated at (400 °C) under
atmospheric condition using muffle furnace. The heat treatment offers
greater corrosion resistance and mechanical qualities. The coated
samples were analyzed using scanning electron microscope for
morphological studies and X-ray diffraction analysis for phase change
during heat treatment. According to the experimental findings, a heat
treatment prior to coating with Ni-P layer increases hardness and
corrosion resistance while lowering friction.

In (2021), F. Lekmine, et. al., [11], studied the effects of current
density on Ni—P coating obtained by electrodeposition. In this work,
Ni—P coatings are deposited on the steel substrate by electrodeposition
from a solution containing nickel sulfate and sodium hypophosphite
(NaH2PO:»). The effect of the current density on the morphology, phase
structure, microhardness, and corrosion performance of the Ni-P
coatings are studied. Scanning electron microscopy and energy
dispersive (X-ray) analysis and (X-ray) diffraction are used to study
the morphological, composition and phase structure. The corrosion
performance of the coatings is evaluated by weight loss,
electrochemical impedance spectroscopy and Tafel polarization.
Results showed that the morphology of the electrodeposited Ni-P
alloys coatings has spherical grains for all the samples, and the (NisP)
phases are formed all over the microstructure of the coatings. It is
observed that the phosphorus content and microhardness are
dependent on the current density. The corrosion tests show that (5
Adm™?) current density is the optimal value which gives the best
protective coating against corrosion. It also exhibits superior
microhardness originated from the higher (NisP) amount.

In (2020), F. Lekmine, et. al., [12], investigated the mechanical
characterization of electrodeposition of Ni-P alloy coating. In this
study, Ni-P coatings were deposited on (X52) steel substrates by
electrodeposition technique from a solution containing nickel sulfate,
sodium  hypophosphite =~ (NaH2PO:). = Composition,  surface
morphology, and mechanical properties of the Ni-P deposits were

studied using (SEM), (EDAX), the Vickers method, weight loss and
potentiodynamic polarization techniques. The effects of the current
density were investigated on the surface morphology, phosphorus
content, microhardness and corrosion of the coatings. It was observed
that both the phosphorus content and microhardness are dependent on
the current density. Results demonstrate that the morphology of the
electrodeposited Ni-P alloys shows that the grains are spherical in
nature for all the samples. It has been observed that the influence of
current density on the P content of the deposit is an inverse relation
with phosphorous content and also the as-plated coatings at current
density of (5 Am™) exhibit the superior microhardness. Corrosion tests
show that (SAm™) is the best current density value which gives the
best protection coating against corrosion.

3. Experimental Details

3.1 Ni-P Electrodeposition Experiments Apparatus

The system employed in this work for direct current electrodeposition
of Ni-P deposits is shown schematically in Figure (3.1). The main
components of this system are: (i) A power supply (Model PAD, (0~35
Volts, 20 Amperes); (ii) 250ml beaker was used in this study; (iii) Bath
temperature controller; (iv) Heater (Model REXIM RSH — 1D); (v)
(3.5cm x 1.4 cm x 0.15 cm; AISI 4140 low alloy steel samples), (0.4
C, 0.88 Mn, 0.95 Cr, 0.2 Mo and Fe balance) wt. % [13], one face of
the cathode was only exposed to the electrolyte. The cathode was
connected to the positive side of the power supply; (vi) Anode
(Graphite 10 cm x 2.5 cm x 0.4 cm), the surface area of anode
approximately six times greater than that of cathode: (vii)
Voltameter/Ammeter (Model FLUKE 75 MULTETER); (viii)
Magnetic stirrer (stirring velocity was 300 rpm for all deposition
sessions); (ix) Anode/Cathode holders (Copper rod holders). A
modified watt-baths were used to electrodeposit Ni-P deposit. and the
temperature of the baths were (60 °C and 70 °C). Before each
deposition session, the steel cathode surface was mechanically cleaned
and polished to achieve mirror-finish surface.

(iv)
Fig. 1: A Schematic of Ni-P Deposition Cell Used in this Work.
3.2 Ni-P Electroplating Bath
Table (1) shows the baseline chemicals and their composition of the
first bath employed in Ni-P electrodeposition experiments.

Table 1: The Baseline Chemicals and their Composition of the
First Bath Employed in Ni-P Electrodeposition Experiments.

Dissolved Chemical Purity  Mol. Wt.  Concentration
Substance Formula % (g/mol) in Bath (g/L)
Nickel Sulfate NiSO46H.0 99 262.845 150
Nickel Chloride NiCl.6H.0 99 237.690 45
Sodium
Hypophosphate ~ NaH-PO:H-O 100 105.970 50
Boric Acid H;BO:; 99.5 061.811 50

3.3 Ni-P Electroplating Bath

(i) Prepare the required weight of each salt and acid; (ii) The salts and
acids are added one by one to 75 mL, distillated water (pH 5); (iii)
Temperature during salt mixing process was (60°C-80°C); (iv)
Stirring velocity during mixing was (300 rpm); (v) Mixing time (1 hr);
(vi) The bath solution was poured into a volumetric flask (200 mL);
(vii) Distillate water was added to adjust (200 mL) volume.

3.4 Ni-P Electrode Electrodeposition Preparation

(i) Five low alloy steel plates (3.5cmx1.4cmx0.15¢cm) were abrasive
polished No. (400 AGP, 800 AGP, 1000 AGP, 1500 AGP, 2000 AGP,
6 um AGP and 1 um AGP) respectively; (ii) Rinsing using distillated
water, then drying; (iii) Ultrasonic cleaning using alcohol solution for
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(1 min) period time; (iv) (6 pm) polishing using diamond paste
lubricated by kerosene; (v) Soap washing followed by rinsing, then
drying; (vi) Ultrasonic cleaning using alcohol solution for (1 min)
period time; (vii) (1 pm) polishing using diamond paste lubricated by
kerosene; (viii) Soap washing followed by rinsing, then drying; (ix)
The cathode immersed in solution hydroxide for (30 m 9n); (x) The
cathode immersed in pickling diluted (HCI) solution for (60 seconds);
(xi) Graphite anode surface was polished using abrasive paper in order
to get smooth surface. Figure (2) showing the plain carbon steel plate
(cathode) before surface preparation and the stages of low alloy steel
plate preparation for Ni-P electroplating.

Before 400 AGP 800 AGP 1000 AGP 1500 AGP

h u u |

1500 AGP 6 pm AGP 6 pm AGP
Fig. 2: The AIAI 4140 Low Alloy Steel Plate (Cathode) before
Surface Preparation and the Stages of AISI 4140 Low Alloy Steel
Plate Preparation Using AGP for Ni-P Electroplating.
3.5 Ni-P Electroplating Experiment Steps
(i) The electroplating cell was connected as shown in Figure (3.1); (ii)
The electroplating path temperature was adjusted; (iii) The
electroplating path pH was measured; (iv) The current from the
rectifier was switched on; (v) To avoid contamination with carbon
produced by the graphite anode, the anode surface was covered with
filtration paper prior to immersed into the path solution; (vi) The
anode-cathode distance adjusted doe (3 cm); (vii) Voltage was
measured periodically after (10 min, 20 min, 30 min, 40 min, 50 min
and 60 min); (viii) After the electroplating process has finished: (a)
The electroplated low alloy steel sample was washed with soap,
followed by rinsing with distillated water; (b) The sample then
weighted; (c) The weight of deposited Ni-P was calculated.
3.6 Sample Preparation to Measure the Average Thickness
of Ni-P Deposit

(i) Sectioning: At the middle of the low alloy steel plate, a small area
(1.4 cm x 1.0cm) was cut; (ii) Cold Mounting: The small sample size
was embedded in epoxy material type; (iii) Grinding: In order to
remove the damage on the sample surface, an abrasive grit paper was
used; (iv) Polishing: In order to produce a smoot sample surface,
different types of an abrasive grit papers were used (120, 320, 400,
800, 1500 and 2000) respectively. Figure (3) showing the steps of
sample preparation to measure the Ni-P deposition layer on the carbon
steel plate.

Ultrasonic Cleaning

T

| Ultrasonic Cleaning ‘

Fig. 3: The Steps of Sample Preparation to Measure the Ni-P
deposition layer on the Low Alloy Steel Plate.
3.7 Heat Treatment of Plain Carbon Steel Samples Coated

with Ni-P Deposit
3.7.1 Sample Preparation Prior to Heat Treatment Process
(i) Sample was ultrasonic cleaned followed by rinsing then drying; (ii)
The sample was covered with aluminum foil in order to avoid any
oxidation during heat treatment; (iii) The sample was preheated prior
to heat treatment process.
3.7.2 Heat Treatment Procedure
(i) The sample was put in furnace crucible; (ii) Argon gas was pumped
continuously until it was confirmed that all gases inside the furnace
had been expelled; (iii) The furnace was turned on, and its temperature
was set at (400 °C); (iv) The gradually increasing of the furnace
temperature was monitored; (v) When the furnace temperature reached
(400°C), the crucible containing the sample was placed inside the
furnace and left inside the oven for a full hour; (vi) The furnace was
turned off and left it to cool until the temperature reached (300°C);
(vii) The sample was taken out of the furnace and left to cool in
atmospheric air; (viii) Sample was ultrasonic cleaned followed by
rinsing then drying. Figure (4) showing the schematic sketch of
ceramics heat Treatment furnace.
3.8 Ni-P Deposition layer Hardness Test
The electrodeposited low alloy steel plates were cold mounted, then
polished to finish-mirror followed by ultrasonic cleaned for (1 min).
Because of the average thickness of Ni-P deposits was thin (few
microns), the hardness was characterized by a microhardness
indention method. The hardness tests were carried out by Vicker
Hardness Tester (LECO, DM-400) with a load of (50 g). Load (F)
applied perpendicular to the smooth free surface of the Ni-P deposit.

Exhauy
| eew— | =

Steel Tube

-

~

el
Argon Inlet

Program Control Sample Crucible

Fig. 4: A Schematic Sketch of Ceramics Heat Treatment Furnace.
4. Obtained Results
4.1 Ni-P Electrodeposition Operating Conditions:
4.1.1 Ni-P Electrodeposition Experiments Operating Conditions:
Table (2) shows the operating conditions for the Ni-P
electrodeposition experiments (1.1, 1.2, 1.3, 2.1, 2.2 and 2.3).
Table 2: The Operating Conditions for the Ni-P Electrodeposition
Experiments (1.1,1.2,1.3, 2.1, 2.2 and 2.3).

Experiment Applied Current  Bath Temp.  Experiment Duration
No. (A) (°C) Time (min)
11 1.20 70 136
1.2 1.90 70 85
13 2.86 70 60
21 1.20 60 136
2.2 1.90 60 85
2.3 2.86 60 60

4.1.2. Ni-P Electrodeposition Experiments Voltage Registration:
Table (3) showing the voltage registration for each (10 min) of the Ni-
P electrodeposition experiments (1.1, 1.2, 1.3, 2.1, 2.2 and 2.3).

4.2 Average Thickness of Ni-P Deposit:

The averages thickness of the Ni-P deposition layer coated on the
surface of low alloy steel plate were listed in Table (4). Figure (5.1)
and (5.2) showing the Ni-P deposits on the surface of low alloy steel
plate photos for experiments (1.1, 1.2, and 1.3) and experiments (2.1,
2.2 and 2.3) respectively under microscope (500 X) magnification.
4.3 Hardness Measurements Prior and After Heat Treatment:
Table (4.4) Showing the microhardness measurements average prior
and after heat treatment process. Figure (6) showing the comparison
between the microhardness measurements prior and after the heat
treatment of the low alloy steel samples coated by Ni-P deposits.
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Table 3: The Voltage Registration for Each (10 min) of the Ni-P
Electrodeposition Experiments (1.1, 1.2, 1.3, 2.1, 2.2 and 2.3).

Interval Time Voltage Registration (volt)
(min)
Ni-P Electrodeposition Experiment No.
11 12 13 21 22 23
0 0.758 1846 0979 0965 0980 1531
10 0.980 1.850 1.610 1.691 1469 1944
20 1141 1865 1.765 1.802 1619 1924
30 1533 1885 1.884 1.846 1.740 1929
40 1614 1636 1.924 1.836 1332 1.783
50 1616 1.673 1.930 1.843 1375 1.743
60 1644 1782 1.852 1.842 1386  1.737
70 1615 1.850 - 1.881 1.406 -
80 1462  1.856 - 1.888 1.606 -
90 1.655 - - 1.8857 1.720 -
100 1.650 - - 1.862 - -
110 1.723 - - 1.879 - -
120 1.696 - - 1.893 - -
130 1.710 - - 1.851 - -
136 1.790 - - 1.868 - -

4.4 Ni-P Deposition layer Cross-Section and Composition
Determination:

The chemical composition of heat treated the plain carbon steel
samples coated by Ni-P deposits was determined by energy dispersive
specimen (EDS) using (SEM) with a (Nouran) instruments
microanalysis system. The results of chemical composition were taken
under a (SEM) at (500X) magnification. Figures (7a), (7b), (7c), (7d),
(7€) and (7f) showing (SEM) micrograph cross-section of deposits by
modified watt-bath at (1.90 A/dmz?, 60 °C), (2.86 A/dm?, 60 °C), (1.20
A/dmz, 60 °C), (1.90 A/dm?, 70 °C), (2.86 A/dmz, 70 °C), and (1.20
Aldmz, 70 °C) respectively. Table (5) listed the (%) average phosphor
and nickel contents in Ni-P deposits.

4.5 Identification of the Chemical Composition of AISI 4140 Low
Alloy Steel Used as A Cathode in the Present Work:

The chemical composition of plain carbon steel used in the present

work was identified using (SEM) at (500X) magnification. The types

of main elements and their compositions of chemical composition are

listed in Table (7). Figure (8) shows the (SEM) results of the plain

carbon steel used in the present work.

Table 4: The Ni-P Deposition layer Averages Thickness.

Experiment Applied Current  Ni-P Deposit Averages Thickness
No. (A) (um)
11 1.20 33.42
12 1.90 39.69
13 2.86 56.69
2.1 1.20 29.02
2.2 1.90 39.79
23 2.86 44.16

Table 5: The Microhardness Measurements Average Prior and After
Heat Treatment Process.
Average Microhardness (HV)

Experiment No.  Prior to Heat After Heat Microhardness
Treatment Treatment Increasing After Heat
Treatment (%)
1.1 270.0 419.1 35.58
1.2 285.7 425.3 32.82
1.3 253.2 416.5 39.21
2.1 260.0 442.6 41.13
2.2 275.4 431.6 36.19
2.3 270.7 443.8 39.00
Average 37.32

Experiment 1.1 Ni-P
Deposit at Right Corner

Experiment 1.1 Ni-P
Deposit at Left Corner

Experiment 1.1 Ni-P
Deposit at Center

Experiment 1.2 Ni-P
Deposit at Center

Experiment 1.2 Ni-P
Deposit at Left Corner

Experiment 1.2 Ni-P
Deposit at Right Corner

—

Experiment 1.3 Ni-P
Deposit at Right Corner

Experiment 1.3 Ni-P
Deposit at Left Corner

Experiment 1.3 Ni-P
Deposit at Center

Fig. 5.1: The Ni-P Deposits on the Low Alloy Steel Surface of
Experiments (1.1, 1.2, and 1.3) (Microscope 500 X Magnification).

3.6 Identification the Ni-P Deposits Using (XRD):
To identify the phases of the Ni-P deposits, one sample (the
experiment 2.1) was selected for testing with XRD machine.

3.6.1 Anchor Scan Parameters:
The Anchor scan parameters for the Ni-P deposits (XRD) of the
experiment (2.1) are listed in Table (7).

3.7 (XRD) Peak List and Graphic:

The Ni-P deposit (XRD) peak list of the experiment (2.1) is listed in
Table (4.7) and the (XRD) graphic patterns before and after heat
treatment process are shown in Figure (9) and (10).
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Table 6: (%) of Phosphor and Nickel Contents in Ni-P Deposits.

Experiment ~ Average Mass Fraction of ~ Average Mass Fraction of

No. Phosphor in Ni-P Deposit (%) Nickel in Ni-P Deposit (%)
11 13.97 86.03
1.2 12.33 87.67
13 09.50 90.50
21 14.88 85.12
2.2 13.78 86.22
2.3 12.44 87.56
Experiment 2.1 Ni-P Experiment 2.1 Ni-P Experiment 2.1 Ni-P Table 7: AISI 4140 Low AIon Steel Chemical Composition.
Dep0§it at Left Corner Deposit at Center . -Dfposit at Right Corner Element Chemical Symbol Chemical Composition Mass (%)
3 Carbon c 00.40
Manganese Mn 00.88
u Chromium Cr 00.95
- Molybdenum Mo 00.20
- Iron Fe 95.50

Experiment 2.2 Ni-P Experiment 2.2 Ni-P Experiment 2.2 Ni-P
Deposit at Left Corner Deposit at Center Deposit at Right Corner

Fig. 8: AISI 4140 Low Alloy Steel (SEM) Micrograph.

Table 8: The Anchor Scan Parameters for the Ni-P Deposits (XRD)

] 5 e of the Experiment (2.1).
Experiment 2.3 Ni-P Experiment 2.3 Ni-P Experiment 2.3 Ni-P Dataset Name Experiment (2.1)
Deposit at Left Corner Deposit at Center Deposit at Right Corner Start Position [°2Th.] 20.010
Fig. 5.2: The Ni-P Deposits on the Low Alloy Surface of E’;‘t’ezossi';':’[‘ogg ;‘-] gg-ggg
Experiments (2.1, 2.2, and 2.3) (Microscope 500 X Magnification). Scan Step Time [a] 00.500
Divergence Slit Type Fixed
450 Specimen Length [mm] 10.000
Measurement Temperature [°C] 25.000
Anode Material Cu
k-Alpha [°A] 01.54056
Generator Setting 30mA, 40mA

600

500

Experiment 2.1

Experiment 2.1

400

400
350
300
250 ‘
200 = | =
150 .5 _

100

50

0

Average of Microhardness Mcasurements (HV)

Intensity [a.u]

Before Heat Treatment Prior to Heat Treatment 300

Fig. 6: The comparison Between the Microhardness Measurements " a0
Prior and After the Heat Treatment of the Low Alloy Steel Samples

Coated by Ni-P Deposit. o

2.0 ) 4.0 N 6.0
Position[*2Thete]

Fig. 9: The Ni-P (XRD) Graphic Patterns of the Experiment (2.1)
(After Heat Treatment Process).

NisP

NisP

(1.90A/dm?,60° C) (2.86A/dm? 60° C) (1.20A/dm?, 60° C)

I

Intensity [a.u]

W

Sor

(1.90A/dm?, 70° C) (2.86A/dm?, 70° C)  (1.20A/dm?, 70° C) Postntaec
Fig. 10: The Ni-P (XRD) Graphic Patterns of the Experiment (2.1)
Fig. 7a, b, ¢, d, e and f: (SEM) Micrograph Cross-Section of (Before Heat Treatment Process).

Deposits by Modified Watt-Bath
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Table 9: Peak List Ni-P Deposit of the Experiment (2.1).

Position  Peak Intensity d-Spacing Rel. Peak
[°2Th.] Counts [°A] Intensity [%] Width [°2Th.]
23.100 20 3.8567 1.0 0.320
30.090 58 2.9748 4.0 0.120
31.450 38 2.8492 18 0.240
36.235 552 2.4832 26.3 0.160
40.085 69 2.2532 33 0.120
40.970 117 2.2065 5.6 0.120
41.575 2098 2.1758 100.0 0.220
42.665 625 2.1227 29.8 0.100
43.465 2034 2.0855 97.0 0.140
43.465 1640 2.0809 78.2 0.060
44.380 458 2.0446 21.8 0.240
45.120 762 2.0128 36.3 0.200
45.855 388 1.8922 18.5 0.100
46.510 1406 1.9558 67.0 0.200
50.425 424 1.8128 20.2 0.100
51.860 384 1.7659 18.3 0.060
52.550 600 1.7444 28.6 0.180
55.220 161 1.6662 1.7 0.240
58.715 61 1.5751 2.9 0.160
60.060 49 1.5430 2.3 0.120
64.385 16 1.4494 0.8 0.320
65.870 26 1.4203 12 0.320
66.860 52 1.4017 25 0.240
68.270 18 1.3761 0.9 0.240
71.725 19 1.3181 14 0.320
74.100 55 1.2816 2.6 0.200
75.245 196 1.2649 9 0.320
76.570 71 1.2463 34 0.160
77.580 42 1.2326 2.0 0.160
78.705 96 1.2178 4.6 0.200
80.995 32 1.1891 15 0.480
85.535 44 1.1372 2.1 0.200
87.905 32 1.1126 15 0.320
89.060 121 1.1011 5.8 0.120

5. Results Discussion:

5.1 Anode-Cathode Voltage

The voltage measurements showed that the voltage increases with
increasing the Ni-P electrodeposition experiment time, after
approximately (30 min), the voltage either increases slightly or remain
constant, this attributed to the increasing of the electrolyte resistance
according to the Ohm’s Law of Voltage (Voltage = Current
Density/Resistance) [13]. As listed in Table (3), the suddenly
decreases in the voltage is attributed to the presence of the impurities
in electrolyte.

5.2 Cathodic Current Density

The nucleation rate and hence the grain size of electrodeposition has
been found to be strongly dependent upon the average plating current
density. The employed current densities in this work led to Ni-P rich
deposition in the whole of performed experiments, but the Ni-P
deposit average thickness was varied and highly related with the
applied current density. The Ni-P average deposit thickness increases
with increasing of the applied current. The Ni-P deposit averages
thicknesses in this works deposition experiments were ranged from
(33pum to 56pum).

5.3 Electrolyte Bath Temperature

As the temperature of the electrodeposition electrolyte was maintained
at (70 °C), the Ni-P deposit average thickness increases sharply with
increasing the current density, while at (60 °C), the increase in Ni-P
deposit average thickness was less comparing with (70 °C), this was
attributed to the decreasing of the cathodic current density. Thus, the
increasing in electrolyte bath temperature during electrodeposition
process leads to more average thickness of the deposit.

5.4 Effect of Heat Treatment on Microhardness of Ni-P Deposit:
Figure (6) showed that the microhardness of the crystalline structure
of Ni-P deposit (after heat treatment process) is much greater than that
of the amorphous Ni-P deposit. After heat treatment, the average
increasing of the Ni-P microhardness was about (37%).

5.5 Phase Identification

(XRD) patterns of Ni-P deposit before and after the heat treatment
process according to the Figures (9) and (10) respectively, indicating
that the Ni-P deposit before heat treatment process consisted of an
amorphous nickel, that was illustrated on the Figure (9) with no peaks
were considered. After the heat treatment takes place, the new

additional pattern peaks (NisP-phase) as on Figure (10) were

performed, which reflected that the Ni-P phase was transformed from

amorphous to crystalline structure. A similar phenomenon of
crystallization of metastable Ni-P into a stable (NisP - phase) has been

reported in references (14, 15 and 16).

6. Conclusions

In this work, direct electrodeposition was used to create the Ni-P
deposits on the surface of low alloy steel plates at various current
densities and temperatures. The electrolyte bath used for
electrodeposition was made up of boric acid, sodium hypophosphate,
nickel chloride, and nickel sulphate. These approaches were effective
for examining how heat treatment affected the Ni-P deposits' increased
microhardness. Based on the findings, the following conclusions can
be made:

(i) The voltage increases with increasing the Ni-P electrodeposition

experiment time;

(i) The Ni-P deposition layer average thickness increases with
increasing of the applied current;

(iii) The increasing in electrolyte bath temperature during Ni-P direct
electrodeposition process leads to more average thickness of the
deposit.

(iv) The microhardness of the crystalline structure of Ni-P deposit
(after heat treatment process) is much greater than that of the
amorphous Ni-P deposit. After heat treatment process, the average
increasing of the Ni-P microhardness was about (37%).
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