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ABSTRACT

nique at room
increasing silicon
percentage the thickness of the intermetallic layer increases. Howev.er, the Na.no-
nature. Therefore, it can be inferred th.at for bio-implant application the thickness oft e lay.ern
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1. INTRODUCTION

Hot-dip-aluminizing (HDA) is an impressive technique by
which 316L stainless steel can be altered to heat resistant and
oxidation. For sheets, the aluminizing takes place in a contiguous

more than 12 percent of chromium. The
present in stainless steel tells about its
ere are many fabrication processes used for
s steel (Zaba et al., 2015).

ae, corrosion behavior in various artificial body fluids of
als are examined by performing test in simulated body
fluid, urine serum, blood plasma, simulated bile solutions, saliva
prepared by artificially, Hank’s, Cigada and Ringer’ solution,
igada evaluated with different type of metals such as nickel alloys,
titanium alloys, zirconium metal, cobalt, chromium alloys, 316L
stainless steel and Mg alloys etc. These are used for biomedical
application and also as implant materials. The electrochemical
corrosion tests carried out in selected body fluids (Bansiddhi et al.,
2008). For bone implantation and surgery these metals/ alloys have
been used. The artificial body fluids are always found in human
body in form of blood plasma and saliva and made from different
compositions that is important aspect to be noted while choosing
implant material because, implant materials may be directly
affected by these body fluids and start depleting of ions could be
toxic for human body (Mary and Rajendran, 2012).

Biodegradable magnesium alloys—a new class of degradable
biomaterials — may be promising candidates and have recently
attracted much attention. In contrast to commonly used titanium or
steel implants, biodegradable magnesium alloys obviate the need
for a second surgical intervention for implant removal and minimize
stress shielding effects due to their elastic modulus, which is close
to that of bone. Furthermore, biodegradable 316L stainless steel is
more suitable for load-bearing applications due to their excellent

s, facilities such as a pot roll and a
ed as being immersed in the molten metal

getal., 2012).
pitic  stainless steels are important class of the
g material and widely used in many industries due its
good properties like good corrosion and wear resistance. AlIS1-316L
stainless steel have main content chromium and nickel and this is

also called the chrome steel. This is a non-magnetic stainless steel
and widely used in appliances and structural works. The austenitic

2. MATERIALS AND METHODS
2.1. Material selection

mechanical and corrosion resistance properties (Castellani et al.,
2011).

316L Stainless steel sheet of 2 mm thickness and 25x50 mm
dimensions purchased from the market.
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2.2. Preparation of aluminum alloy melts

Some of the initial experiments were conducted in an
electrically heated pit-type furnace. However, it was observed that
during the aluminizing of 50mm long specimens, it was difficult to
maintain the temperature over the entire length of the specimens.
Hence, a gas-fired furnace with a double burner was used.

The aluminum silicon alloy was melted in a graphite crucible
in a gas fired-furnace in which the temperature could be controlled
to within £5°C with the help of a K-type thermocouple. The molten
aluminum alloy was blanketed with a layer of KCI-NaCl-NaF flux.
The constituents adjusted in such a way that suitable melting
temperature can be achieved. The dipping was carried out at
temperature 850°C. Before every coating experiment, the
temperature was carefully measured and controlled at the required
level. After giving required time the samples taken out and hung to
drop the temperature. Aluminizing was carried out in aluminum
silicon alloy melt prepared by melting electrical grade conductor of
aluminum that was available in small cut-pieces. The additions of
silicon were made by adding calculated quantities of Al-50% Si
master alloy. The actual composition of the melt was also obtained
by taking small samples from the molten alloy which was later
analyzed on a ‘METOREX’ ArcMet930 Spark Emission
Spectrometer.

2.3. Cleaning/fluxing prior to aluminizing
The samples were cleaned by the process of sonication. In this
method sample dipped in Ethanol and IPA (propane-2) for 10/10
minutes each. Then they mechanically cleaned samplefv
carefully treated/pickled in a 50% diluted solution of HCI, rins
running water and then in methanol, then immediately dippet
aluminized bath. The method provided an eas

2.4. Coating
The 316L stainless
dimensions 25mm X

as immersed in the melts for 2
ded in two groups, one for diffusion

other group subjected to different

All the samples were sectioned by diamond disc cutter and cold
mounted vertically followed by sample preparation. The specimens
were grinded on 80, 120, 180, 320 400, 600, 800, 1000 and 1200
grit size paper for rough grinding. Final polishing was done using
3u and 6p diamond pastes on Teflon cloths. After polishing there is
no need of etching the samples as we can directly get
microstructures on optical microscope.

Microscopic examination of the polished and etched samples
was carried out on an Olympus GX-one camera microscope. This

microscope was fitted with a ‘Motiram’ digital camera coupled with
a computer. The various magnifications were calibrated with the
help of a stage micrometer.

Specimens subjected to studied metallographically to examine
the behavior of interlayer. For this purpose, the samples sectioned
across the line of the cracking observed on the specimen surface.
Different series of emery papers were used, and then polished
surface were examined at different angles to check the inter layer.

2.5.2. Nano-indentation

The continuous stiffness measurement
method for evaluating elastic modulus a
during indentation. Nano-indentation

hardness machine. When
coated specimen then t

pacing. It is interesting to note that the variation in the
C position is m ore in case of diffused samples and
igration of Iron and chromium is more outward in coating as
compared to inward diffusion of aluminum and steel. However, a
tep by step move to equilibrium composition close to
coating/substrate interface corresponds to decrease in coating
growth rate. Nevertheless, of the fact that an increase in the silicon
percent in the coating enhances the coating thickness but the
diffusion of the aluminum inside the lattice is hindered by Si.
Silicon acts as a diffusion limiting agent for Fe and Cr. Reason for
this is the high electron affinity of Si towards Fe. Similar results
were evident in other studies (Yun et al., 2017). Intermetallic
formed due to variation in thickness and composition. Detail of all
coatings is the part of future publication. Only one result is
explained here. All the points where the EDX were taken is shown
in SEM micrograph (Fig 11 in the section 3.2.1) with the results of
intermetallic formed at specified locations. The detail study of the
Nano-mechanical properties and correlation of the same with
microstructure is explained in subsequent sections

2.5.4. Diffusion of coated samples/siliconizing

Diffusion technique applied on coated samples. This is recent
technique of heat treatment of samples but inside the silica sand.
Round balls of silica sand and clay were made coated samples after
HDA positioned in these balls and then placed into muffle furnace
at 500 C for 1 hour. This technique is known as siliconizing at the
temperature silica allow the intermetallic coating to make strong
bond around the steel substrate and thickness of intermetallic also
affected. Hardness test performed after this activity results gained
were conferring to our prerequisite.
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3. RESULTS AND DISCUSSIONS
3.1. Microstructural characterization of coated samples

Figure 1 shows that three regions such as coating, intermetallic
and steel substrate. In this structure aluminum migrates toward the
substrate and iron element migrate outer side of the surface. When
aluminum and iron to meet made the intermetallic layers but the
percentage of silicon in this aluminum melts 8% therefore, we can
demonstrate that their intermetallic layer thickness more as

compared to others the aluminum alloy melts (Awan and Hasan,
2008). The structure shows that their crystal of silicon which were
not completely dissolved in intermetallic layer. The intermetallic
layer always made toward the substrate. Mostly alloy layer
thickness range as compared to the intermetallic layer more. In this
coating process the time was 120 seconds.

Stainless steel316L

| Intermetalliclayer [og
Fe-Al-Si

«

) > RE 4’_ b ,A -
N Al-Si coating [
— S0 ymis —

Figure 2 shows that the same regions in this metallography
structure in 10% AI-Si alloy here difference in thickness clearly
show that as the percentage of Si increases the thickness also

ercentage of silicon

ed the intermetallic layer and alloy

effecte dhintermetallic layeralso increases. The time given to this
actiyity was also same as given to other samples.

Intermetallic layer
Fe>Alz

structure due to pearlite dispersion. The pearlite then converted into
martensitic due to difference in liquid melt. The intermetallic range
at 12% aluminum silicon alloys.

SS 316L

Intermetalliclayer
FesAl =

4 Al-Sicoating

Figure 3. Micrograph of 12% Al-Si alloy coating

Page | 121



Muhammad Ans, Muhammad Atif Makhdoom, Ali Hassan

Figure 4 present very important relation as compared to other
aluminum silicon alloy structure. The condition was different as
compared to other aluminum silicon alloys and the thickness of
intermetallic layer was much increased. The reason is the variation
of Si in alloy and time. Time relation and silicon percentag

e directly

proportional to the intermetallic layer thickness. Because of the time
increased so that the aluminum iron and silicon made strong
intermetallic bond. The time given to this activity was 3 minutes and
percentage of Si was 14%.

3.2. Diffused and non-diffused samples

316L stainless steel in molten Al-Si alloys developed coating
as shown in microstructures obtained using optical microscopy
(Figure 5-10). Cross sectioning examination shows three different
zones namely, steel substrate, coating and the remnant of Al-Si
alloy adhered to the coating after dipping. It is clear from the figure

Table 1. Comparison of diffused and

Al-Si Alloy

Non-Diffused

Dif

-
D

270.78um

203.82um

Figure 6. Microstructure of diffused sample 10% Al-Si

Figure 8. Microstructure of non-diffused sample 12% Al-Si
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Figure 9. Microstructure of diffused sample 14% Al-Si

Figure 11 shows a close view of the indentation at nanoscale. | parallel direction with in thi i ated the
A crack can be observed at the intermetallic layer adhere to the | metal and not even t
metal. The interesting thing to note that this crack runs along the

Figure 11. SEM micrograph of non-diffiise o Al-Si (Spot 3 = Fe(Al)sSi; Spot 4 = Fe(Al)sSiz; Spot 5 = AlSisCr; Spot 6 = Al;Si;Ni;
ot 8 = AlsSi; Spot 9 = Ali3SigFe,Cr; Spot 10 = Al)

mechanical properties of coating and substrate.

Figure 12 shows a close view of the indentation at nanoscale.
A crack can be observed at the intermetallic layer adhere to the
metal. It is interesting to note that this crack runs along the parallel
direction with in this phase only and did not penetrated into the
metal and not even the AI-Si coating. The same behavior is
observed for all other Si percentage samples.

Figure 12. Nano-indentation close view of diffused sample 12% Al-Si
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The graph illustrated in Figure 13 shows the trend in hardness
as move from case to core (metal). Hardness of coating increases to
a maximum value and then decreases and attain a constant trend.
The initial value at the start is of pure Al-Si alloy at the outer
periphery but the higher hardness is recorded for the intermetallic
and these are considerably higher than the base metal itself. The
higher hardness value is assumed to be responsible for the
brittleness of the coating as the crack has appeared in the reign only.

12

10

Hardness (GPa)
(o)}

To evaluate this effect in more detail a comparison is made between
the diffused and non-diffused samples. Comparison showed that the
non-diffused sample has developed a relatively soft intermetallic
and crack has not been developed while indentation. A comparison
of diffused and non-diffused samples of Al-Si 14% is shown in
Figure 14 and 15.

A similar trend is observed in all other coatings as shown in the
graphs illustrated in Figure 16 and 17.
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Figure 14. Nano indengation close view of sed sample 10% Al-Si
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Figure 16. Hardness profile of diffused sample 10% Al-Si
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Figure 13. Hardness profile of diffused smple 12% AI-Si
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Figure 15. Nano indentation close view of non-diffused sample 14% Al-Si
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Figure 17. Hardness profile of diffused sample 14% Al-Si
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Figure 18 shows the variation in elastic and shear modulus as
move from case to core. It can be noted that the both the modulus
has variation in their values in the coating regions. This is again due
t the variable in composition in the coatings due to inward and
outward diffusion of the alloying elements. A constant value is
observed in base metal after a measured depth of 150 um. It is
interesting to note that the modulus of the coating is comparable to
the base metal and somehow it is relatively lower than that of the
base metal which is about 222 GPa. Nevertheless, the fact that the

250
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E/G (GPa)
&

=
o
o

50

0 50 100

Distance from case

3.4 Properties evaluation vs corrosion

Corrosion analysis of the samples was carried out
simulated body fluid i.e Ringer’s solution at body tempera
C). Electrochemical impedance spectroscopy (EIS) along
Potentiodynamic polarization technique has been utilize
evaluate the electrochemical corrosion behavior g h

program.

Figure 19 shows the behavior of coate
after 15 minutes immersion in the Ri
polarization curves of both the
region. This may be attri
conditions of intermetallic
has formed at the inter;
behavior it is diffi

of the stee
to evaluate the ¢

oating. Under passive
ion response of the

modulus of coating is much higher than that of bone (which is about
10-20 GPa) but it is very useful for the mechanical response to it.
This is because that the resulting gradient of modulus at bone/metal
interface helps in transferring the load and hence reducing the so-
called “stress shielding effect”. The said effect is a clinical
complication considered for extreme desorption of implanted bone
and arises due to the difference in the elastic modulus of implant
and natural bone (Rubash et al., 1998).

150

it is determined by current density.
that both coated and non-coated samples

d attack can also be evaluated by the length of passive
e basis of this technique it is revealed that non-coated
ample demonstrates nobler behavior than that of coated one. i.e -
216 and -425 mV/SCE respectively. The pitting potential (Epit) for
he coated sample is about -155 mV/SCE which is much lower than
the uncoated sample whose value is 693 mV/SCE. Therefore, the
length of passivity for coated specimen is shorter than the non-
coated one i.e. 580 vs 909 mV respectively. It is therefore deduced
that the coated samples demonstrate higher susceptibility to
localized corrosion after short immersion i.e 15 min than that of
non-coated sample. However, they both have same passivation
current density and similar corrosion rate.
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Figure 19. Polarization curves of coated and uncoated stainless steel
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On the other hand, after one week both the curves i.e coated,
and non-coated samples depict active and followed by passivation
behavior as shown in Figure 20. The curve shows an increase in
corrosion potential up to 600 mV and then a steady state reached in
both the samples and continues until pitting potential is reached.
This shape of the curve demonstrates the growth of an oxide layer
while in active phase. This grown oxide layer is attributed to the
passive behavior under oxidizing environment. It is further noted
that the corrosion potential of coated sample shifts towards more
cathodic values with time i.e. -754 mV/SCE but Ecorr 0f non-coated
sample increases to more nobler values with time i.e. -152 mV/SCE

as compared to its previous initial Ecor Value. lcor Values of both
materials were estimated from Tafel slopes i.e 7.49 X 10° and 3.29
X 10° A/lem? for coated and uncoated samples respectively which
are lower than initial lcor values for both samples by two order of
magnitude. This demonstrates that as the time passes, the protective
oxide layer get coarsened and thereby reduces the electrochemical
activity. Also, shift of pitting potential (about 1V) towards nobler
values for the coated sample after 1 week is comparable to the bare
steel i.e. 876 mV/SE. This behavior depicts a remarkable
improvement in propensity of localized corrosio 2002).
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the uncoated sample depicts one constant time for all imme
time at bode phase angle plot and a phase angle of -85 is for al

gh frequencies
e value while
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Figure 21. Impedance spectra corresponding to uncoated samples
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(after one week)
ayers. At the same time, a difference is also

f impedance Bode diagrams for both types

slopes at different linear stages are observed for coated sample and
it is due to the two distinct contributions observed in the phase angle
lots. A slope value of -0.92 has been observed at medium-high
frequencies but a significant decrease is observed from 1 Hz
suggesting the presence of a diffusion response. The development
of /Z/ Bode plot with respect to time demonstrates that the vanishing
of low frequency response leads to a nearly pure capacitive
behavior and this can be simulated using an equivalent circuit
consisting a resistor that is connected with a capacitor in series. But
the experimental results deviate from the ideal values that can be
obtained by such an equivalent circuit.

Angle(deq)
&

1z
2

100 10° 100 4 10'  10° 108 10t 10°  10°
Frequency (Hz)
Figure 22. Impedance spectra corresponding to coated samples
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4, CONCLUSIONS

In HDA the intermetallic layer gained consists of mainly
Fe,Als phase between. The growth of inter-layers into the steel
substrate found as finger-like columnar crystals, oriented
perpendicular to the surface being aluminized. These orientations
in the form of columnar finger-like crystals exhibit a preferred
lattice such that is normal to the substrate surface and along the
longitudinal axis of the columnar crystals.

Diffusion treatment makes the coating brittle and it is thought
to be due to the formation of complex intermetallic.
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