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ABSTRACT 

In this research, slurry erosion-corrosion and slurry-erosion resistances of electroless Ni-P coatings 

have been investigated. These coatings were applied on AISI 5117 steel discs by electroless 

deposition process and then they were heat treated at 650  C for 1 h. Slurry erosion-corrosion and 

slurry-erosion resistances of deposits were measured by the whirling-arm tester. Also, 

microstructure of deposits before and after heat treatment was evaluated by X-ray diffraction (XRD) 

analysis. The results showed that the electroless Ni-P plating greatly increased the erosion and 

erosion-corrosion resistances for all impact angles. Moreover, the effectiveness of plating was the 

highest for an impact angle of 45
o
, where the erosion and erosion-corrosion resistances were 

increased by 60% and 70% respectively, compared with that of the substrate. The results showed 

also that the coated and blank specimens behaved as ductile materials under erosion and erosion-

corrosion tests and the maximum weight loss occurred at an impact angle of 45
o
.  

Keywords: Slurry erosion-corrosion, Ni-P coating, AISI 5117 steel. 

1. Introduction 

Considerable economic losses occur every year due to erosion- corrosion in mechanical 

parts of machines and equipments during service. In order to reduce this loss, properties of 

the surface of the materials should be improved. One of the methods used to improve the 

surface quality is surface coating. 

Solid particle erosion, a typical wear mode, is material removal/damage to a solid surface 

produced by repeated impacts of solid particles. It is to be expected whenever hard 

particles are entrained in a gas or liquid medium impinging on a solid at any significant 

velocity. The solid-liquid erosion is known as slurry erosion. Slurry erosion has become a 

serious problem for the performance, reliability, and service life of slurry equipment used 

in many industrial applications such as: mining machinery components, hydraulic transport 

of solids in pipelines, marine, oil gas and power generation industries as reported in Refs. 

[1-6]. 

The problem of material surface degradation becomes more serious when the liquid-

laden particles are corrosive, as in the sea water. By definition, erosion-corrosion is the 

acceleration in the rate of metal deterioration caused by the combined action of mechanical 

erosion and electrochemical attack. The joint action of erosion and corrosion is termed 

erosion-corrosion. This combined effect, often termed synergy, can lead to greater damage 

and higher metal loss rate beyond that due to either erosion or corrosion alone. The 

erosion-corrosion is not only responsible for material removal but also leads to premature 

failure of engineering components. The monetary loss due to erosion-corrosion also 

includes cost involved in replacement and downtime cost. 
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Slurry erosion is a complex phenomenon and it is not yet fully understood because it is 

influenced by many factors, which act simultaneously. These factors include flow field 

parameters, target material properties and erodent particle characteristics. Among these 

parameters, the impact angle and microstructure of the target material play an important 

role in the material removal process, based on the data reported in Refs [7-11]. Materials 

are characterized as either ductile or brittle according to the dependence of their erosion 

rate on the angle of attack curves [7-9]. For ductile material the erosion rate increases from 

zero at 0
o
 impact angle to a maximum when the angle of impact lies between 30

o
 and 50

o
. 

After reaching the maximum, the erosion rate decreases to a minimum value at 90
o
. The 

effect of impact angle erosion mechanisms of 1017 steel and high-Cr white cast iron using 

a slurry whirling-arm test rig were investigated [12]. Test results showed that, the effect of 

impact angle on erosion mechanisms of 1017 steel had three regions. For impact angles ≤ 
15

o
, shallow ploughing and particle rolling were the dominant erosion mechanisms. For 

impact angles lies between 15
o
 and 75

o
 microcutting and deep ploughing were observed 

and for impact angles ≥ 75
o
, indentations and material extrusion prevailed. For high-Cr 

white cast iron the test results showed that, the erosion mechanisms involved both plastic 

deformation of the ductile matrix and brittle fracture of the carbides. At low impact angles 

(up to 45
o
) observations of microphotographs of the impacted surfaces revealed that, 

plastic deformation of the ductile matrix was the dominant erosion mechanism and the 

carbides fracture was negligible which led to small erosion rate. Whereas, at high impact 

angles (greater than 45
o
) gross fracture and cracking of the carbides were the main erosion 

mechanisms in addition to indentation with extruded lips of the ductile matrix. 

In oil production, the presence of sand combined with various salts and gases results in 

erosion-corrosion (E-C) of tubing in downstream and upstream conditions [13, 14]. The 

combined effects of erosion and corrosion can be significantly higher than the sum of the 

effects of the two processes acting separately. According to a recent survey, erosion-

corrosion was rated in the top five most prevalent forms of corrosion damage in the oil and 

gas production and causes significant economic loss [15]. A number of researches have 

been conducted to investigate the effects of various operating parameters, such as fluid 

flow velocity, characteristics of the solid particles, temperature, dissolved oxygen, etc., on 

E-C of the steel [16-18]. 

Electroless plating is a chemical reduction process, which depends on the catalytic 

reduction of a metallic ion from an aqueous solution containing a reducing agent, and the 

subsequent deposition of the metal without the use of electrical energy. The as-plated 

electroless nickel deposits has an amorphous phase structure [19]. Subsequent heat-

treatment is an important factor that affects the thickness, hardness, structure and 

morphology of deposit [20]. The electroless deposition is a promising method to prepare 

durable metal films on both conducting and non-conducting substrates of different 

geometries. During the past five decades electroless plating has gained popularity due to its 

ability to offer excellent deposition characteristics, such as uniform coverage, freedom 

from porosity, hardness, corrosion resistance, solderability, braze and weldability, wear 

resistance and lubricity [21]. Electroless nickel coatings are the most popular version of 

electroless coatings which possess some distinct collection of properties [22]. Electroless 

coatings find their use in almost every domain. From simple knitting needles to the mighty 
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aerospace applications, their range of applications is continuously broadening. However, 

studies on the effect of electroless nickel-plate method in resisting slurry erosion are still 

very limited [23] and not yet widely explored. 

In the present work, the slurry erosion-corrosion resistance of low alloy steel (AISI 

5117), electroless coated by Nickel-Phosphorus is investigated for different impact angles.  

2. Experimental procedures 

2.1. Deposition of electroless Ni-P coating 

The electroless Ni-P was deposited on AISI 5117 alloy steel flat-surfaced discs of 14 mm 

in diameter and 10 mm height. The steel nominal composition and mechanical properties 

are given in Tables 1 and 2, respectively. The substrate flat surfaces were carefully 

polished with SiC emery papers (from grades No. 80 to No. 4000). All the specimens were 

subjected to the following pre-treatment and plating procedure: 

1- Rinsing by immersion in distilled water at room temperature for 3 min. 

2- Ultrasonically cleaned in acetone for 5 min. 

3- Rinsing by immersion in distilled water at room temperature for 3 min. 

4- Alkaline cleaning in 40% NaOH for 30 sec. 

5- Rinsing by immersion in distilled water at room temperature for 3 min. 

6-Acid pickling in 10% HCL (MW= 36-46) for 60 sec. 

7. Rinsing by immersion in distilled water at room temperature for 3 min. 

Table 1 

Chemical composition of low alloy steel AISI 5117 [24]. 

Element  C Si Cr Mn S P Fe 

Wt. % 0.17 0.3 0.9 1.2 0.003 0.005 Balance 

Table 2  

Mechanical properties of low alloy steel AISI 5117 [24]. 

Yield 

Strength(MPa) 

Tensile Strength 

(MPa) 

Modulus of 

Elasticity (GPa) 

Hardness, Hv 

(200g) 

Density 

(Kg/m
3
) 

600 950 210 200 7850 

The electroless deposition was carried out in acidic bath. The bath was a glass vessel of 1 

L. The chemical constituents for acidic solution bath as well as experimental conditions are 

presented in Table 3. By using inert metallic wire the samples were hanged in the plating 

solutions when its temperature reaches 70 °C. Solution stirring is carried out by magnetic 

stirrer with 110 rpm. After plating is completed (after 60 min) the samples are immediately 

washed thoroughly by distilled water. 

In order to study the film properties, coated samples were thermally treated in a tube 

furnace under nitrogen. The coatings were isothermally heat treated at 650 °C for 1 h. 

during heating process, then the samples were allowed to cool down in furnace. The 

surface morphologies and elemental compositions of the coatings were characterized by 
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optical microscope and X-ray energy dispersive spectrometer. The hardness of coatings 

and substrate was measured using (Adolph I, Buehler, Inc) Vickers diamond indenter at a 

load of 100 g for a loading time of 20 s. The average of five repeated measurements is 

reported. 

Table 3  

Electroless nickel phosphorus plating with acidic solution  

Chemical Name Formula Function Amount, g/L 

Nickel Sulfate NiSO4- 6H2O Nickel source 15 

Sodium hypophosphite NaH2PO2 Reducing agent 26 

Sodium acetate CH3COONa·3H2O Adjusting pH 13 

Temp 80-90 °C 

pH 5 

2.2. Experimental procedure 

The slurry erosion-corrosion and slurry erosion tests were carried out in a slurry whirling 

arm rig, which is shown schematically in Fig.1. In whirling test rig, the wear specimens 

were rotated in a vacuum chamber and a jet of solid liquid falls on the specimen due to 

gravity flow. The rig is composed of a specimen rotation unit, a slurry unit, and a vacuum 

unit. Full description of this rig and how it works as well as its dynamics are found in Refs. 

[25-28]. In this test rig two specimens were clamped in specimen fixtures mounted on two 

horizontal arms rotated by a variable speed electric motor. The effective rotation diameter 

of the whirling arms is 248 mm. The specimen fixtures have tilting and locking facilities to 

adjust the required inclination of the test specimen. The specimen rotation unit provides 

impact velocity. During slurry erosion tests, only the front surface of specimen is exposed 

to the impinging slurry since the sides of the specimen are held by the specimen fixture. 

The front surfaces of the specimens, test surfaces, were 23mm ×10 mm.The impact angle 

can be adjusted to any required value by rotating the specimen holder around its horizontal 

axis, as shown in Fig. 2. This assembly is kept in a vacuum chamber as shown in Fig. 1. 

The slurry in the chamber falls freely under gravity from a barrel of 25 L capacity, where 

a stirrer is used to keep the solid-liquid under suspension. The erosion-corrosion tests were 

carried out in corrosive slurry containing 1 wt. % silica sand and 3 wt. % NaCl aqueous 

solution. For comparison, slurry erosion tests were conducted under the same particle 

concentration free from NaCl and the weight loss rate in the water slurry was referred to as 

erosion rate. The test specimens were cleaned in acetone and then weighed for weight loss 

using electric balance with an accuracy of 0.1 mg. The velocity of falling slurry stream 

from the 3 mm diameter funnel orifice is 1.67 m/s, at the specimen surface, impacting 

every specimen at any pre-set angle between 0 and 90 deg. The impact angle )θ) and 

impact velocity (v) are correlated to ensure the intended value, which can be obtained from 

the velocity vector diagram of particle impact, as shown in Fig. 2. In these series of tests, 

the impact velocity of slurry stream was 15 m/s. The distance between the funnel orifice 

and the specimen surface is 40 mm. The slurry test chamber is evacuated by a vacuum 

system (up to 28 cm Hg) to minimize aerodynamic effects on slurry system. 
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Natural silica sand sieved to a nominal size range of 250 - 355 µm was used as an 

erodent. A scanning electron microscope (SEM) photograph of typical sand particles is 

shown in Fig. 3. These particles were characterized using an image analysis method in 

terms of the aspect ratio (W/L) and roundness factor(P
2/5πA), where W is the particle 

width, L is the particle length, A is the projected area of the particle, and P is its perimeter. 

The statistical values of the particle parameters are given in Table 4. 

Table 4 

Statistical values of particle size and shape as obtained by image analysis of SiO2 particles 

Particle 

size range 

(µm) 

Statistical 

parameters 

Area 

A (µm
2
) 

Average 

diameter 

D (µm) 

Length 

L (µm) 

Width, 

W (µm) 

Aspect 

Ratio, 

W/L 

Perimeter 

P (µm) 
P

2/)5πA) 

250-355 

Mean 76336.88 301.10 387.08 272.76 0.7180 1117.48 1.36 

Median 76040.1 300.99 375.81 276.32 0.736 1108.79 1.25 

Standard 

deviation 
20507.5 43.60 64.29 44.68 0.14 161.34 0.38 

Since the properties of solid particles are of great importance, a single source of erodent 

particles was used throughout the experiments. Also, fresh particles were used in each test 

to avoid any degradation of impacting particles during erosion tests.  

The difference between the used apparatus in the current study - slurry whirling arm rig - 

and the other apparatus used in this field is the absence of dependence on time in the 

present apparatus regarding the comparison among the different impact angles. As shown 

in Fig. 2, the amount of particles which impacts the surface of specimen per one revolution 

differs from angle to another. It was found that [25], the mass of particles striking each 

specimen per one revolution is given by;      [    ሺ  ሻ         ሺ  ሻ    ]                  (1) 

Where, 

mp: is the mass of particles striking each specimen per one revolution 

l: is the length of wear specimen surface in m 

θo: is the angle between the surface plane of the specimen and the horizontal plane. 

An: is the area of orifice in m
2
 

Q: is the volume flow rate of slurry in m
3
/min., and 

D: is the rotational diameter of the wear specimen in m 

N: is the rotational speed of the wear specimen in rpm. 

Cw: is the weight fraction of solid particles in the water 

ρw: is the water density in kg / m
3
 



1472 
B. Yossief Mohamed Saleh, Slurry erosion-corrosion resistance of electroless Ni-P plating on AISI 

5117 steel, pp. 1467 - 1479 

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 4, July, 

2013, E-mail address: jes@aun.edu.eg  

 

Fig. 1. Schematic diagram of the designed slurry erosion whirling-arm rig. 

3. Results and discussion 

3.1. Coating surface morphology 

Figure 4 shows the optical images of the surface morphologies of Ni-P coating before 

and after heat treatment. The deposit surface morphology before heat treatment reveals that 

all the electroless Ni-P deposits were uniformly and continuously covered with precipitates 

of the electroless Ni-P deposition, and there were no obvious flaws or apertures on the 
coating surface. As well as, all deposit surfaces are smooth, the smooth coating suggests 

the better protectiveness of the Ni-P coating. However, the surface morphology after heat 

treatment showed a discernible changes, where a clear crystalline structure appeared. 
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Fig. 2. Schematic diagram of impact velocity and impact angle. 

 

 

Fig. 3. SEM photograph of silica sand (mean diameter = 302µm). 

Mounting 

angle 
indicator 

V1: vertical velocity of the falling 

slurry stream at the surface of the 

test specimen 1.67 m/s, 

V2: rotational speed of the wear 

specimen, 

V:  resultant impact velocity 15 m/s, 

impact angle between 0 
o
 and 90

 o
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(a) (b) 

Fig. 4. Optical micrograph of electroless nickel coated layer, (a) as-deposited and 

(b) after heat treatment 

This has been observed in many works [e.g. 29-31]. Rabizadeh et al. [29] made a scan 

analysis of Ni-P coating heat treated at 600 °C (for 15 min). Their results showed a 

formation of an inter-diffusional layer and its elemental distribution that affected the 

coating properties. They explained the formation of an inter-diffusional layer, as a result of 

inter-diffusion of nickel and phosphorous from the coating to the substrate and iron in the 

reverse direction from the substrate would develop upon heating at 600°C. The deposit 

thickness was determined from optical micrographs of the metallographic cross-section of 

the electroless coating and is shown in the Fig. 5. The thickness value was in the range of 

25-28 µm. Figure 6 shows the X-ray diffraction (XRD) patterns of electroless Ni-P 

coatings of as plated and post heat treated films. As shown in Fig. 6, the XRD patterns of 

the as-plated sample before heat treatment revealed a single peak at 45
o
. When Ni-P 

deposits were heat-treated for 1 hr at 650 °C, their structures underwent modification as 

shown in Fig. 6. It can be seen from the XRD patterns that many XRD peaks 

corresponding to crystalline fcc Ni and NixPy appeared. 

Many researches have shown that heat treatment of the as-deposited coatings caused a 

transformation from a supersaturated solid solution of phosphorus in nickel to a nickel 

matrix plus Ni3P [32]. It has been reported that different heating conditions also have 

shown significant influences on both the microstructural properties and crystallization 

behaviors of the electroless nickel deposits [32]. As a result of solid-state diffusion, the 

structures will revert to the thermodynamically most stable state. The amorphous deposits 

undergo a crystal growth process, and such heat treatment results in a mixture of relatively 

coarse-grained metallic nickel together with intermetallic phase.  

 

 



1475 
B. Yossief Mohamed Saleh, Slurry erosion-corrosion resistance of electroless Ni-P plating on AISI 

5117 steel, pp. 1467 - 1479 

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 4, July, 

2013, E-mail address: jes@aun.edu.eg  

 
 

 

Fig.5. Cross-section SEM micrographs of 

Ni-P coating, x: thickness of Ni-P deposit. 

Fig. 6. XRD analysis result of Ni-P 

coating, A: as-plated, and B: heated at 

650 °C for 1 h. 

3.2 .Effect of impact angle 

Figure 7 shows the relationship between the cumulative mass loss and impact angle for 

the blank and Ni-P coated specimens for erosion and erosion-corrosion tests. For 

comparison, the results obtained in tap water slurry are also presented. The mass of erodent 

was 112.374 gm for all impingement angles. As the corrosion of the specimens in tap 

water is negligible [3], the mass loss in tap water slurry is referred to as erosion mass loss 

WE. The mass loss in the sodium chloride slurry is referred to as the erosion-corrosion 

mass loss WEC. The WEC-curve varies in a similar manner to the WE-curve for blank and 

coated specimens. The mass loss initially increases and then decreases with impact angles 

increasing from 15° to 90°, reaching a maximum at about 45°. However, WEC is higher 

than WE at all impact angles for coated and blank specimens. It is clear from the results 

that the coating resulted in lower mass losses for corrosive and erosive tests at all impact 

angles. However, the highest effectiveness for coating is marked at 45°. The highest mass 

losses are obtained for the blank specimen. The WEC- and WE- curves shown in Fig. 6 

show typical ductile erosion behavior, as explained below. For ductile materials, 

impingement at low impact angles will increase material removal by microcutting and 

ploughing due to the oblique shear force [33] and thus increase the mass loss. At high 

impinging angles, the resolved normal stress will produce accumulated damage mainly 
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Fig. 7. Relationship between the mass loss of coated and blank specimens and impact 

angle for tap water slurry and NaCl slurry. 

 during the microforging and extrusion processes [34]. These processes produce less 

erosion damage than that produced by cutting removal and ploughing at low impinging 

angles. Hence, the maximum mass loss appears at an impact angle of approximately 45°.  

Therefore, in hydraulic equipment made of low carbon alloy steel, it is recommended to 

carry out Ni-P coatings for surfaces subjected to slurry erosion especially when the angle 

of impact is low or intermediate. At normal impact angle the economic factor must be 

considered. 

3.3 .Change of mass loss with time for impact angle of 45°  

To highlight the effect of coating on the enhancement of erosion and corrosive 

resistance, the mass loss variation of coated and blank specimens with test time at an 

impact angle of 45
o
 is presented in Fig. 8. It is clear from this figure that coating of steel 

improves the erosion-corrosion resistance and the erosion resistance, but the improvement 

of the former is the higher. The results at a time of 420 min shown in Figs. 8 and 9 

illustrate that the erosion-corrosion and erosion resistance of AISI 5117 steel increases by 

70 % and 60 % respectively as a result of coating. As observed in Fig. 8, the WEC and WE 

are found to increase linearly with increasing erosion time for coated and blank specimens 

in the tap water slurry and the sodium chloride slurry. This indicates that the erosion 

mechanism does not change noticeably, implying a steady erosion damage during the 

impingement processes. 
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Fig. 8. Mass loss of coated and blank specimens versus test time for tap water 

slurry and NaCl slurry at impact angle of 45
o
. 

 

 

 

Fig. 9. Mass loss of coated and blank specimens for tap water slurry and NaCl 

slurry at impact angle of 45
o
 and 420 min test time. 
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4. Conclusions 

The slurry erosion-corrosion and slurry erosion processes, microstructure and thickness 
of electroless Ni-P deposited on AISI 5117 carbon steel at an acidic bath for 1 h and heat 
treated at 650 °C were investigated. The obtained results may be summarized as follow.  

1. Electroless Ni-P plating of AISI 5117 low carbon alloy steel specimens showed 
much better slurry erosion-corrosion and slurry-erosion resistances than the blank 
specimens for all impact angles, but the highest resistance was at an angle of 45

o
. 

2. The maximum mass loss for erosion and erosion-corrosion appears at an impact 
angle of 45

o
 for coated and blank specimens.  

3. Electroless Ni-P plating showed greater resistance to erosion-corrosion than the 
resistance to erosion. 
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للتآكل بΎلنحر فوسفور ϭالبΎلنيكل اكϬربΎئي مطلية ال (AISI 5117) فواذمقϭΎمة سبيكة ال
 ΏئيالمصحوΎكيميϭرϬلتآكل الكΎفي الماط ب 

 العربى ملخصال
 ήلنحΎكل ب΂لت΍ϭ ئيΎيϤكيϭήϬلك΍ كل΂لتΎب ΏصحوϤل΍ ήلنحΎكل ب΂لت΍ كاً من ΔمϭΎمق Δس΍έΩ تϤحث تΒل΍ ΍άفي ه
 Ϋلفوا΍ ΔيكΒص من س΍ήق΃ ىϠئي عΎبήϬلاك΍ اءτل΍ سيبήتم ت Ϊقϭ .έلفسفو΍ لنيكل معΎئي بΎبήϬلاك΍ اءτϠل

AISI 5117) ΔعΎس ΓΪϤل ΔيϠτϤل΍ ص΍ήأق΍ كϠت ΔلجΎلك تم معΫ Ϊبعϭ ) Γέ΍ήح ΔجέΩ Ϊ056عن  .ΔويΌم ΔجέΩ
ήϬلك΍ كل΂لتΎب ΏصحوϤل΍ ήلنحΎكل ب΂لت΍ϭ ήلنحΎكل ب΂لت΍ Ε΍έΎΒخت΍أ΍ ίΎϬج ϡ΍ΪΨستΎيت بήج΃ ئيΎيϤكيϭΫ ωέ

.Δيέ΍ήلح΍ ΔلجΎعϤل΍ Ϊبعϭ لΒاء قτϠل ΔقيقΪل΍ ΔنيΒل΍ لك تم فحصάكϭ .Γέ΍ϭΪل΍ 
έ يزي΍ ΪلϤقϭΎمΔ لكا ΍لت΂كϠين لكل ϭ΍ίي΍ ϥ Ύلτاء ΍لاكήϬبΎئي بΎلنيكل مع ΍لفسفوϭ΃لق΍ ΕήϬυ΃ ΪلنتΎئج 

 Δيϭ΍ί Ϊنت عنΎك ΔمϭΎقϤϠل ήΒأك΍ ΔليΎلفع΍ لكنϭ ϡ΍Ϊτاص΍55  ήلنحΎكل ب΂تϠل ΔمϭΎقϤل΍ ΕΩ΍ί حيث ΔجέΩ
 έ΍ΪقϤئي بΎيϤكيϭήϬلك΍ كل΂لتΎب ΏصحوϤل΍ ήلنحΎكل ب΂لـت΍ϭ06ϭ %06  لتي΍ كϠبت ΔنέΎلي مق΍لتو΍ ىϠع %

ϠيΔ تتصήف ΍لتصήف حت ΍لنتΎئج ΃ي΍ ϥ΃ Ύπلعين΍ ΕΎلغفل ΍ϭلعين΍ ΕΎلτϤلسΒيك΍ ΔلفواΫ بρ ϥϭΪاء. ϭ΃ϭض
 έΩجΔ. 55كϠين ΍ ϥ΃ϭلفق΍ Ϊأعψم في ΍لΓΩΎϤ كϥΎ عن΍ Ϊلزϭ΍ي΍΂ ΔلϥΪϠ لكا ΍لت
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