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a b s t r a c t

Shot peening is frequently used in industry to primarily improve surface properties in term of material
fatigue and corrosion. It is nevertheless questionable whether such shot peened surfaces would simul-
taneously withstand fouling conditions. The present study endeavours to put this question into
perspective. Two different shot peened surfaces with intensities of 4N and 6N were investigated in which
the stainless steel surfaces AISI 304 BA was used as baseline substrate. The surface characterizations
showed that shot peening increased the surface roughness up to 7-fold compared with the untreated
stainless steel surface. The degree of wettability in terms of water contact angle was also reduced up to
28.3% in comparison to the untreated surface. The shot peened surfaces were then subjected to the
deposition of CaSO4 during convective heat transfer. Compared to the untreated stainless steel surface,
the induction period reduced by more than 30% along with increased initial fouling rate by more than 2-
fold. The overall heat transfer coefficient also decreased up to 65%. In addition, visual observations
confirmed that the deposit layer on the shot peened surfaces was thicker, more adhesive, rough and less
porous than the one that was formed on untreated stainless steel surface.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Water is extensively used as coolant in many industrial pro-
cesses. This, though, may lead to crystallization fouling (scaling), if
water is mineralized, and corrosion especially in heat exchangers
when cooling and heating is required. Fouling or/and corrosion
may, in turn, compromise the performance, and effectiveness of
heat exchangers in desalination plants, water treatment processes,
and power plants. Crystallization fouling occurs whenever the
concentration of mineral salts, such as carbonates, sulfates, and
silicates of calcium exceeds its equilibrium solubility product,
resulting in scale formation on the surface. This would, in turn, lead
to major operational problems for poorly treated waters [1]. There
is a large body of research on the impact of scale formation onmetal
heat transfer surfaces [2,3]. In general, the deposit layer acts as
barrier to heat transmission which would substantially deteriorate
the thermal performance of heat exchangers as a result of the low
thermal conductivity of the deposit layer [4]. Depositionwould also
compromise the performance of exchangers in terms of higher fuel

consumption, lower production throughput due to increased
pressure and reduced exchanger efficiency [5e7].

The occurrence of scaling may also accelerate under-deposit
corrosion, e.g. even minor components of the deposits can some-
times cause severe corrosion of the surface substrate [8]. Corrosion
may, in particularly, attack and ultimately damage the substrate of
the cooling system and exacerbate the above-mentioned fouling
drawbacks. In a typical desalination plant, about 40% of the addi-
tional heat transfer area is required to compensate the reduction in
heat transfer arising from scale formation problems [9]. Uneven
scale deposition on various parts of the surface may also result in
pitting corrosion [10].

The resistance to corrosion can greatly be improved by a cold
working process called shot peening. The process is an economical
and effective technique of producing and making surface residual
compressive stresses to improve stress-corrosion resistance [11] as
well as to increase the product life of treated metal parts. The effect
of shot peening on stress corrosion resistance is well documented
for different processes [12]. One feature of shot peening is to in-
crease surface roughness to some extent depending on the in-
tensity of the process. This may not cause any problem at all if the
working fluid is not prone to deposition. If so then the new small* Corresponding author.
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generated cavities and pits would act as nucleation sites which
may, in turn, accelerate the formation of scales on the shot peened
surface. Taborek et al. [13] showed that surfaces with higher surface
roughness would be prone to more crystallization fouling. In
addition, Keysar et al. [14] also reported experimentally that a
stronger adhesive bond would be anticipated as surface roughness
increased.

There is not any known study in the open literature to quantify
the relative importance of shot peening process on heat transfer
surfaces under fouling conditions. The main objectives of this work
were therefore i) to utilize the shot peening process as a surface
treatment for the heat transfer surfaces; ii) to shed light on the
influence of such surface treatment on the surface characterization
and fouling propensity through experimental investigations, and
finally iii) to understand the drawbacks associated to the use of shot
peening technique when the shot peened surface is prone to
crystallization fouling. The resultant findingwould serve as a tool to
make decision about the intensity of shot peening and whether or
not to use this technology when such surfaces would be exposed to
crystallization fouling.

2. Shot peening procedure and surface characterization

The selected specimens for this study were made of high-grade
stainless steel sheet metal AISI 304 BA with a thickness of 0.3 mm
and 50 mm � 59 mm dimensions. The chemical composition,
mechanical and physical properties for the substrate are also given
in Table 1.

Shot peening was performed with the standard condition of low
intensity (N) type Almen strip which basically refers to the utili-
zation of glass and ceramic beads for hitting the target surface. Two
Almen intensities of N4 and N6 were attempted. To shot peen the
surfaces, an air blast Pang born Es-1580machinewas used inwhich
the compressed air was introduced at the rear of the nozzle pro-
ducing a low pressure, high velocity air flow in the nozzle body. The
peening shots were then stored in an overhead hopper before
directing them to the nozzle by means of gravity assist, where they
were accelerated by the air of high velocity before hitting the target
surface.

Prior to fouling runs, the influence of shot peening process on
surface characteristics of the specimens was investigated in terms
of two essential parameters of i) surface roughness profile (Ra), and
ii) surface wettability. The roughness profile is a general evaluation
parameter which describes the roughness of machined surfaces as
the arithmetic mean deviation of the assessed profile. A stylus in-
strument (Perthometer M4Pi, Mahr, Germany) was used to deter-
mine the roughness profile of the specimens over a length (l)
15 mm in three horizontal and vertical lines, respectively. To obtain
the required accuracy in measurement, the roughness profile value
was determined by averaging themean values of the 9 points at the
intersection between the horizontal and vertical lines, as described

in Eqs. (1)e(3) and shown in Fig. 1.

ðRaÞspecimen ¼
P3

i¼1
P3

j¼1ðRaÞij
9
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ðRaÞi þ ðRaÞj

2
(2)

Ra ¼ 1
l

Z l

0

jZ xð Þ jdx (3)

The attraction between liquid molecules and the molecules of
another surface (i.e. solid surface) is referred as wettability. The
wetting interaction between a liquid and a solid can be evaluated
through the measurement of the contact angle (q) which may vary
from 0� to 180�. Wetting occurs once the molecules of a liquid have
a stronger attraction to the molecules of a solid surface than to each
other. In this study, the drop shape analysis device (DSA) was used
to measure the effect of shot peening process on wettability
through the observation of a sessile drop of water on the specimen
The instrument consists of a micro-syringewith a needle of 0.5 mm
inner diameter and a video camera type charge-coupled device
(CCD) with a resolution of 768 � 512 pixels.

The presence of any contaminations on the specimen would
influence the wetting characterization of the surface [15]. To avoid
this to occur, the specimens were ultrasonically cleaned firstly by
acetone (96%) and deionized water in sequence before drying them
with a dried air stream to ensure that no acetone remains on the
surface. Afterwards, water droplets were placed upon the speci-
mens at room temperature. The drop image was then recorded by
the video camera and displayed on a monitor. Once stabilized, a
frozen picture of the droplet was taken in order to measure the
contact angle by the use of the DSA program with an accuracy of
±0.1�.

The characterization results of the shot peened and untreated
stainless steel surfaces are listed in Table 2. A closer look at the data
in the table reveals that:

i) A significant increase in the surface roughness profile is
noticeable. It increased more than 7-fold compared to the un-
treated stainless steel surface. The plastic deformation in the
surface that is occurred due to shot peening process creates a
roughness profile that is linearly proportional to the velocity/
intensity of the shot [16]. This is because during the shot
peening process with the hit of high energy particles, many pits
and extruded ridges around the edge of the pit will be formed on
the surface [17]. For industrial applications, surface roughness
sometimes may be considered undesirable since it would cause
friction and drag, while a beneficial influence can be achieved
through the increased convective heat and mass transfer due to
the agitation of the viscous sub-layer [18]. Generally, larger shot
sizes result in greater roughness [16]. This is in fact clearly
shown in Table 2, where the roughness profile of the large in-
tensity shot-peened 6N surface is greater by 22% to that of the
4N surface.
ii) The degree of surfacewettability was also affected by the shot
peening process. The indicated parameter for such influence
was the profound reduction in the measured water contact
angle. Up to 28.3% reduction in water contact angle in compar-
ison to the untreated stainless steel surface was measured as
illustrated in Fig. 2. Such reduction can be attributed to the in-
fluence of the sharp edge of the roughness profile. In other
words, the sharp edge may pin the triple line position far from a

Table 1
Chemical composition, physical and mechanical properties of 304 BA stainless steel
substrate.

Chemical composition

Element C Mn Si P S Cr Ni
Weight (%) 0.08 2 0.75 0.045 0.03 18e20 8e10.5

Physical properties Mechanical properties

Thermal conductivity @100 �C,
(W/m$K)

16.3 Tensile strength (N/mm2) 520

Specific heat @ 0e100 �C,
(kJ/kg$K)

0.5 Yield strength (N/mm2) 205

Melting point, (�C) 1400e1455 Elastic modules, (GPa) 193
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