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Raman spectroscopy is proposed here for the study of forsterite-hydroxyapatite (FS-HA) composite
coating on a stainless-steel substrate. However, in order to analyze the Raman spectrum accurately, noise
and background removal is always required. A comparative study has been done for the correction of back-
ground. The wavelet-based denoising of the signal was done using level 6 decomposition with sym4 wavelet
and the thresholding method used was soft thresholding. In the present work, the effectiveness of the
wavelet-based denoising method has been compared with Savitsky—Golay smoothing, quadratic regression,
and low pass filter method. It is found that the wavelet-based denoising method works better as compared to
other methods as it is able to smooth the signal and to increase the SNR while maintaining the peak intensity
undistorted. Peaks are calculated for the different composition of the HA-FS composite. The variation of
peak location in the processed Raman spectra suggests that the variation in concentration of F'S and HA in
the coating can be studied by using Raman spectroscopy.

Keywords: Raman spectroscopy, MATLAB, Pulse Laser Deposition, signal processing, Forsterite,
stainless-steel.
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** Full text is published in JAS V. 87, No. 3 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).



507-2 ABSTRACTS ENGLISH-LANGUAGE ARTICLES

Qurbmpayuyu HUKUX Yacmom. YCmMawogneHo, 4mo Memoo Gelsiem-ulyMonooasienus pabomaem ayuuie,
yem Opyeue mMemoovl, maxK KAk Cnocoben cenadxiCusams CUSHANL U YBeTUIUBAMb OMHOUEHUE CUSHAT/UYM, CO-
Xpamss nUKOGYI0 UHMEHCUBHOCMb HeuckadceHHou. Tluku paccuumansl 0N pasiudnblx cocmagos gopcme-
PUM-2UOPOKCUANATMUMHO20 KOMno3uma. H3menenue pacnonodicenus nukog 8 oopabomannwix cnekmpax KP
no36051em NPeonoNod’CUMb, YMo U3MeHeHue KOHYenmpayuu Gopcmepuma u cUOPOKCUANAMUma 6 noKpbl-
muu moogicem Oblms UCCIE008aHO ¢ nomowvio cnekmpockonuu KP.

Knrwueewie cnosa: KP-cnexkmpockonusa, MATLAB, umnyascHoe 1azepHoe HanvlieHue, 00pabomxa cue-
HANo8, hopcmepum, HepIHCaserowds cmab.

Introduction. Forsterite (FS) is a mineral that belongs to the olivine group and commonly found in the
upper mantle layer of the earth's crust [1]. It has an orthorhombic crystal structure with the chemical formu-
la Mg>SiO4 and is named after the German naturalist Johann Forster. FS has shown superior biological and
mechanical properties desirable for coating material on implants [2, 3]. However, presently it is not exten-
sively explored as a coating material for metallic implants. Hence, FS has been selected for this study, which
focuses on exploring its potential application as a coating material on metallic implants.

Recently, hydroxyapatite (HA) is one of the most commonly used material for coating on implants due
to its chemical composition (chemical formula Ca;o(PO4)s(OH)2), which is similar to natural bone. Moreo-
ver, HA can be easily synthesized in powder form, which is suitable for coating applications. Levitt et al.
started the application of HA in medical science in 1969. They hot-pressed the HA powder and molded it
into different useful shapes for their biological experimentation [4]. This initial research unfolded the bio-
medical applications of HA mineral, and numerous research papers have appeared focusing on the various
aspects of HA as bone cement, composites, etc. [5—7].

Various types of biomaterials such as metals [8, 9], polymers [10, 11], ceramics [12], and compo-
sites [13] have always attracted the interest of clinicians and researchers in the functional development
of various part of the human body. The biological system of the human body has a fundamental nature:
it always rejects foreign materials/invasion. So, it is always a key concern to check biofunctionality and bio-
compatibility before the use of such materials. Generally, the corrosion problem still persists in the case
of using metals and alloys. Many approaches have been explored by various researchers to improve various
properties of metals and their alloys. One common and easy method that has been developed is a bio-
compatible coating over medical implant [14—18].

The Raman effect was discovered in 1929, but it remained on the theoretical level due to low sensitivity
and overlapping fluorescence phenomena. However, the use of Raman spectroscopy in the characterization
of material increased remarkably in the last three decades due to advancements in available detectors and
filters for the Raman system. The composition of materials influences the physical properties of the product
and thus the characteristic of the material. Raman spectroscopy is a powerful optical tool that helps in the
identification of materials and gives information on the structure without the destruction of the sample. Eve-
ry material has its own unique Raman fingerprint, which can be used to identify the presence in the composi-
tion of materials. Raman molecular spectroscopy is suitable for qualitative analysis. However, it can also be
used for quantitative study as the intensity of Raman scattered light is proportional to the amount of material
present in the sample.

In this work, the combination of FS-HA as the composite coating has been used over medical grade al-
loy i.e., stainless steel (SS 316L), using the pulse laser deposition (PLD) technique. The main focus of this
study is to validate the presence of forsterite and hydroxyapatite using Raman spectroscopy in the coating
film as their ratio in the coating materials is varied as given in Table 1. Signal preprocessing techniques are
applied to remove fluorescence background, and background removal is done along with smoothing to find
the dominant peaks in the signal effectively. To our best knowledge, no Raman analysis of FS-HA thin-film
coating is done to date. It is a very new approach to evaluate the thin film in this way because sometimes it
becomes hard to know the chemical compositions of the thin film having a thickness approximately in the
nanometer regime.

Materials and experimental methods. Synthesis of forsterite. Synthesis of forsterite (FS) powder was
done using the sol-gel method, which is explored by Prakash et al. [19]. The precursors such as magnesium
nitrate hexahydrate and sucrose were procured from Merck, Germany. Polyvinyl alcohol (PVA), nitric acid,
and Ludox SM colloidal silica (30 wt.% suspension in H,O) were procured from Sigma-Aldrich, USA.

The hydroxyapatite (HA) powder, according to the standards given in Khandelwal et al. [20], was
commercially available, and it was procured from Clarion Pharmaceutical Co., New Delhi, India.
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Preparation of PLD targets. Both the powder FS and HA were gently mixed together with 1% of PVA soluti
on using a mortar-pestle. For making PLD targets, the FS/HA was taken as in parts ratio and is listed in Table 1.

TABLE 1. The Different Composition Used for Coating on a Stainless Steel Target

Material P1* | P2* | P3* | P4* | P5*
FS powder (in part) - 1 2 3 10
HA powder (in part) 10 9 8 7 —

#P1, P2, P3, P4, and P5 are Pallets (Targets).

Targets of the required size (diameter ~25 mm) and thickness (~4 mm) were fabricated by compressing
the mixture of FS and HA powders with the help of an Ultimate Tensile Machine (UTM). The targets were
heat-treated at 1000°C for 4 hours for greater densification and further removal of other volatiles as well.

Coating using PLD technique. The laser system used in this study is a Nd:YAG (Instruments-Model:
Quanta System Q1 DNA) operated at 355 nm at 8 Hz repetition rate with eight ns pulse duration. The depo-
sition was done in a stainless-steel vacuum chamber at a maintained pressure of 107> mbar. The sintered tar-
get was kept on the target holder, 4 cm away, and exactly parallel to the substrate, which rotated for uniform
laser ablation. The deposition was performed on a heated substrate at 650°C. The plasma plume can be seen
inside the chamber, where it is generated by a laser beam incident on the target, by which the deposition was
done on the substrates.

Raman spectra acquisition. A Raman spectrometer (Renishaw, UK) equipped with 532 and 785 nm la-
ser source was used to acquire the Raman data from the coated substrates. Only 1% of total available power
(5 mW/mm?) of 532 nm diode-pumped solid-state laser excitation was used to avoid heating of the sample.
The 50x short distance objective lens was used to focus the excitation laser on the sample. The Raman scat-
tered light is collected back in backscattering geometry using the same objective lens, and a
2400 groove/mm grating was used as a dispersion element. The slit width was maintained at 50 um during
measurement. The resolution of the spectrometer is better than 1 cm ™' with a repeat deviation of fewer than
+0.2 cm!. Spectrometer scanning and data collection were done on a dedicated computer using the Wire 4.0
software. The recorded spectrum is further pre-processed to remove background and noise using MATLAB
for calculation of peaks. Processed spectra were plotted using Origin 8 software.

Signal pre-processing. The obtained Raman signals are affected by the intrinsic fluorescence properties
of the sample under the test. Moreover, due to the instrumental response of the apparatus, the signals are
contaminated with noise. The Raman spectroscopy is a weak phenomenon and thus is affected by the noise,
which will reduce the accuracy and precision of the analysis. Measurement with sensitive, stable instrumen-
tation and in optimal conditions is recommended to reduce noise. However, it is not always possible to ob-
tain such a situation. Hence, signal pre-processing is required to analyze the spectrum effectively.

Background removal. The application of Raman spectroscopy in the analysis encounters several chal-
lenges, among which background and noise are prominent ones. Backgrounds can be several times more
intense than weak Raman signal, and hence the removal of these backgrounds is essential for accurate quali-
tative and quantitative analysis of the sample. Some of the research works concentrated on the removal of
background and noise to extract spectral information [21] efficiently. A number of background removal
methods have been previously proposed, such as wavelength shifting, frequency-domain filtering, and first-
and second-order derivative. These methods show good results in the specified situation. However, these
have some limitations too, while polynomial fitting has the advantage of retaining spectral features and in-
tensities of the spectra. In this background correction method, the coefficient of polynomial P(X) of degree N
is required to fit the data by a least-square method. Another background removal method is spline fitting,
which is one of the best background removal techniques available for spectral analysis. In present work, the
background in the signal with peaks is adjusted in three steps. It starts with selecting a window of 200 sam-
ples from the start of the signal and estimating the background for the window size and then moving to the
next sample group. Further, it applies regression to these windows, and the final background is estimated
using a spline fitting approximation. The background was then subtracted from the input signal to remove
the background.

Denoising. The intensity of Raman spectra mostly depends on laser power but is limited by the maxi-
mum power that a sample can withstand without damage. In this case, the laser has to operate at low power;
however, this also introduces a high level of noise in the spectra. Further, in analysis such as peak detection,
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some degree of denoising is required where raw spectra are convolved with some weighted smoothing func-
tion. The basic smoothing technique is an equally weighted moving average where each point in the
smoothed spectrum Y is the average of N points from the raw spectrum S as expressed by the following ex-
pression:

Y[n]=%ZZ61S[n+i],n=1,2,3, ...... N, (1)

where N is the number of points used in the moving average filter and # is the running index of the ordinate data.

The Savitzky-Golay smoothing is another simplified method for spectrum smoothing using the least
square technique, preserving peaks and valleys of the spectrum [22, 23]. Moreover, the Savitzky-Golay
smoothing proved to work satisfactorily for the Raman spectrum; however, small and split peaks are also
removed in some cases. Another way for denoising the spectrum data is wavelet denoising. Here, it is as-
sumed that the background, noise, and Raman peaks are well separated in the transformed domain as noise is
considered to be a high-frequency component, the background to be a low-frequency component, and Raman
signal to be a mid-frequency component [24—26]. Generally, the denoising of spectral data using the wave-
let transform is carried out in three steps:

1. Decompose: the wavelet type is selected, and the signal is decomposed to level L.

2. Threshold detail coefficient: for each level detail coefficient, the threshold is selected and soft or hard
thresholding is applied.

3. Reconstruct: the signal is reconstructed using the modified details coefficients of levels 1 to L and the
original approximation coefficient of level L.

Initially, sym2, sym3, sym4, dbl, db2, and db3 were used with 4, 5, and 6 levels of decomposition to
check wavelet type. The level of decomposition was giving the optimal result. The results showed that sym4
with six levels of decomposition gives the best result among all considered combinations and is thus further
used for the denoising. The “Byes method” was used to determine the threshold value for decomposition,
and the median was used for threshold rule. A comparative study was also done for denoising capability with
other methods such as quadratic regression, low pass filtering, and Gaussian denoising.

Performance indicator. The intensity of the characteristic peak (/max), the goodness of fit, and SNR are
used to measure the ability of different denoising methods mentioned above. The goodness of fit compares
the spectrum data X with reference spectrum X using some measure function such as mean square error
(MSE) or normalized mean square error (NRMSE) to produce fitness. It is a quantitative representation of
the closeness of X to Xer. In this study, the background-corrected spectrum was taken as reference data, and
the denoised spectrum was compared to evaluate the data closeness. The performance indicator SNR was
used for the quantitative measurement of the desired signal level to noise level, calculated as

N 2
SNR=1max/ Lot @

where N is the number of data points in the featureless region and V; is the denoised signal.

Peak detection. The Raman spectrum of a sample is a requisite condition to analyze the accurate posi-
tion of each peak. Moreover, the Raman spectra are oftentimes overlapped with fluorescence background
and high level of noise due to instrumentation limits. This makes the peak finding difficult, especially if the
low intensity or split peak is there in the spectra. Due to this reason, background removal and smoothing are
done first. Generally, peaks are determined by finding local maxima in the data vector. A local maximum is
defined as a peak if it is either larger than two neighboring samples or is equal to infinity. Different
restrictions can be applied to specify the peaks of interest. In the case of the Raman spectrum, this process
becomes difficult because of inefficient determination of threshold value and peak-to-peak distance for locat-
ing maxima. In the said case, after capping the number of peaks, the range of the spectrum was selected
manually to capture the peak occurrence by introducing threshold intensity and peak distance restrictions.
The same procedure is repeated for the whole range of spectra. This procedure helped to determine the peak
position and Raman intensity accurately.

Result and discussion. The Raman spectrum was acquired from eleven samples, including bare stain-
less-steel sheet, five palettes of different compositions of HA-FS, and five PLD coated HA-FS on stainless
steel. Initially, the palettes were prepared for different compositions of HA-FS, and the same proportion of
composite was coated to stainless steel using PLD, as described in Table 1. Raman spectrum was recorded
using Wire 4.0 software and was exported as an excel file so that further processing and analysis can be car-
ried out using MATLAB.
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Background correction. The captured Raman spectrum file was imported in MATLAB and plotted to
check the type of background removal required. On the basis of background, viz. offset from zero axes, ini-
tial transient, linear trend, and polynomial trend, a total of four spectra was selected. Furthermore, the back-
ground removal was carried out using a polynomial fit, spline fit, and linear detrend method. The recorded
Raman spectrum with an offset from the background is shown in Fig. 1a. All of the three background re-
moval methods worked satisfactorily for this type of background. Figure 1b shows the background; system
transient caused the visualization and extraction of the peak at 410 cm ™! to be difficult. The initial value of
the spectrum increased abruptly. The background removal method resulted in a visible peak. Figures 1c, d
show the linear and polynomial background of the Raman spectrum and corrected spectrum using different
methods. The linear detrend method was found unsuitable in the case of the polynomial type of background.
Except for this, all spectra resulted in improved SNR and undistorted peak values pertaining to background
removal. This analysis resulted in the conclusion that the spline fit background removal method is best situ-
ated under such a scenario.
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Fig. 1. Polynomial, spline, and linear detrend background removal method applied to different types
of background shifts: a) offset from zero lines; b) initial transient; ¢) linear trend; d) polynomial trend.

Denoising. The spectral smoothing, in connection with background removal, plays a significant role in

improving the SNR. The improved SNR for a signal will increase the possibility of extracting molecular
fingerprints more accurately. In this study, there were four denoising methods considered, viz. Savitsky-
Golay, wavelet denoising, quadratic regression, and low pass filter. Raman spectrum is considered, and de-
noising is applied to CP3 (coated stainless steel, sample with 20% FS and 80 % HA). Figure 2 shows the
spectrum from 200 to 420 cm ™' only to better visualize the effect of the denoising method. The final pro-
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cessed spectrum for CP1 to CP5 is shown in Fig. 3. The intensity of characteristic peak, SNR, and goodness
of fit was used to measure the performance of the smoothing methods. The goodness of fit and SNR were
used to select the most appropriate method for smoothing the Raman signal. The best method should im-
prove the goodness of fit and SNR without reducing the characteristic intensity peak. The performance index
of different denoising methods is shown in Table 2.

IRn a. u. a —— Baseline corrected IRa a. u. b —— Baseline corrected
_ SGolay filter _ —— Wavelel dencising
1600 | 1600 1 ‘
1200 - 1200 1 |
800 1 800 ‘
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Fig. 2. Denoising method applied to background corrected spectrum: a) Savitsky-Golay filter;
b) wavelet denoising; ¢) quadratic regression denoising; d) low pass filter denoising.
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Fig. 3. Processed Raman spectrum of different coatings on stainless steel 316L: CP1 (100% HA),
CP2 (90% HA, 10 % FS), CP3 (80% HA, 20% FS), CP4 (70% HA, 30% FS), CP5 (100 % FS).

For stainless steel 3161 coated with 30% FS and 70% HA (CP4), the goodness of fit, SNR, and charac-
teristic peak value after processing the spline fit background corrected spectrum were considered. The Savit-
sky-Golay filter gives the best SNR for the given signal. However, the intensity of the characteristic peak and
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goodness of fit with respect to the background corrected spectrum were found to be much lower. On the other
hand, wavelet denoising is able to maintain the characteristic peak intensity near to the non-processed spec-
trum with the goodness of fit of 0.944. Further, it is also able to improve the SNR of the signal, too, and this
reveals that the wavelet denoising method proved better for Raman spectrum denoising.

TABLE 2. The Performance Index of Different Denoising Methods

Method Lo The goodness of fit (refe.rence back- SNR

ground corrected signal)
Background corrected 16613.8029 - 14.9646
SG 11819.6655 0.7288 17.7798
Wavelet 16632.1552 0.9444 16.2121
Quadratic regression 15044.9784 0.9098 16.1483
LPF 14162.7748 0.8340 16.2681

The Raman spectrum for 316L medical grade uncoated stainless-steel shows a sharp peak at 556 cm !,
which is mainly due to Fe;sCro4O4 formation on the surface [27]. Further, a broadband peak with a
maximum at 716 cm ™! was also observed. This broadband appears due to the oxidization of the upper layer
of the stainless steel. The Raman spectra of the oxidation layer were reported to be around 708 cm™'. This
shift may appear due to the presence of a higher degree of crystal disorder and/or strain [28]. The stainless
steel is required to be protected from such an oxidizing layer so that it can be used for biomedical
applications. To achieve this, the HA-FS composite with varying amounts of HA and FS was coated on the
stainless steel for further improvement of biocompatibility for implant application. The major peaks and
their assignment to different modes in HA are shown in Table 3.

TABLE 3. Peak assignments to different Raman peaks of Hydroxyapatite

Peak, cm! Assignment Reference
410 0-P-O bending modes (v,) of the HPO4>~ group [29]
961 Totally symmetric stretching mode (vi) of the tetrahedral 30, 31]

PO, group (P-O bond) ’
883,917 P-OH stretching mode (v1) of the HPO4>~ group [32, 33]
Triply degenerate asymmetric stretching mode (v3) of the
1050, 1073 POE groug (P-O bong) i ) [32, 34]

Finally, the coating was done with hydroxyapatite only (CP1), and the major peak in the Raman spec-
trum was found at 410, 961, 1050, and 1073 cm™'. These Raman peaks are mainly due to P-O and O-P-O
bond bending and stretching modes. Further, the coating was done using 90% HA and 10% FS (CP2). Addi-
tional Raman peaks at 880 and 906 cm ™! appear for the coatings composite of HA-FS. This confirms that the
presence of FS makes the HA more Raman active. The peaks at 880 and 906 cm™ are due to the P-OH bond
stretching mode of the HPO4>~ group. For increasing value of FS in the coating composite, the peak intensity
decreases due to the decreased amount of HA. This confirms that the coating has FS too. Although the syn-
thesized FS is very weakly Raman active, as shown by the Raman spectrum of pure FS coating with a very
small peak at 858 cm™!, it can be deduced that the coating has both HA and FS. Further, no Raman peak ap-
pears either at 556 cm™ or at 716 cm™!, giving the idea that the coating is uniform and corrosion effect is
absent from the surface of the stainless steel, making it more suitable for biomedical applications.

Conclusions. The background and noise in the Raman spectrum are some of the main reasons prevent-
ing the application of such a powerful tool in material analysis. The efficient removal of background can
lead to an easy and accurate analysis of materials using Raman spectroscopy. This work successfully evalu-
ated the efficiency of some background and noise removal techniques to the Raman spectrum. The results
from the spline fitting method show that it can maintain the significant peaks in the spectrum, while efficient
background removal from all of the four types of background generally arises in the Raman signal. Subse-
quent denoising using the wavelet method keeps the Raman intensity almost near to the original background
removed signal while increasing SNR with a high value of goodness of fit. From the above discussion, we
can conclude that spline fit background removal followed by wavelet denoising can work efficiently for Ra-
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man signal. We also successfully analyzed the HA-FS coated stainless steel Raman spectrum for the
composition of the thin film. From pure HA to composite of HA-FS to pure FS, there is a large variation in
the Raman peak, which confirms the composition of the coating. In the future, there is a need for detailed
structural analysis of coatings, which may be done with Raman spectroscopy for better characterization.
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