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Abstract: The relationship between the optical emission spectroscopy and the microstructure of CoCrMoW coatings by laser melting

deposition was investigated. The relationship between the primary dendrite spacing and microhardness of CoCrMoW coatings at

different laser powers of spectral signal was studied. A new spectral signal index, the integral area, was proposed, and the electron

temperature was calculated from four discrete Cr I spectral lines. The results show that with increasing the laser power from 400 W to

1000 W, the average primary dendrite spacing is increased from 3.426 um to 7.420 pm, and the microhardness HV , is reduced from

3461 MPa to 3095 MPa. The integral area and electron temperature of the spectral is also increased with increasing the laser power.

The primary dendrite spacing of the coating is positively linear-related with the spectral signal, while the microhardness of the

coatings is negatively linear-related with the spectral signal. In this research, compared with the electron temperature, the integral area

shows a better potential for the prediction of the primary dendrite spacing and microhardness of coatings.
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CoCr alloy has been used in aero-engine, turbine blade!?,

and bioimplants, such as denture and artificial joints™*, due to
its high-temperature strength, high wear resistance, excellent
resistance, and biocompatibility. Traditional
manufacturing methods used in metal implants, including

corrosion

casting, cutting, and hot pressing, can lead to high defect, low
material utilization, a long production cycle, and high cost™.
In recent years, the laser-based additive manufacturing (AM)
methods, such as selective laser melting (SLM) and laser
melting deposition (LMD), have attracted wide attention,
because they can overcome many shortcomings of traditional
manufacturing methods and offer a way for feasible
manufacturing of parts with complex structure. Thus, the laser-
based AM has gradually become one of the most important
methods for repairment and fabrication of objects with 3D
structure”.

It is known that the mechanical properties of CoCr alloys,
such as tensile properties, wear resistance, and microhardness,
are determined by their microstructure. For example, Qian et
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al™ reported that the Vickers hardness and tensile strength of
CoCrMo alloy fabricated by SLM are better than those made
by casting. The improvement is caused by the heterogeneous
multiscale (from macroscale to nanoscale) textures formed by
SLM. Lee et al” found that the microstructures (crystal
orientation) determine the anisotropic mechanical properties
of SLMed CoCrW alloys. Hedberg et al"” found that the
SLMed CoCrMo specimens show better corrosion resistance
than the cast ones do due to the rapid cooling and fine cellular
structure. Ram et al"'"! found that the wear resistance of laser
cladded CoCrMo alloy is affected by the number and
morphology of cemented carbide particles in the
microstructure. In general, almost all these metallographic
specimens need to be carefully prepared (machined and
etched) to characterize the microstructure. Ideally, the
manufactured specimen should be non-destructive and
prepared without complex preparation procedures.

Recently, in order to improve the quality and reliability of

parts manufactured by laser-based AM, much attention is paid
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on real-time monitoring techniques"*"!

optical
monitoring using the plasma produced by the interaction

. For example, the
emission spectroscopy is applied to real-time
between the laser and metal powder. Song"* and Shin!* et al
established the relationship between plasma parameters and
elemental composition by analyzing element spectral lines,
which achieved the real-time detection of elements the LMD
process. Lednev et al"®'” showed the in-situ quantitative
analysis of key elements by laser-induced breakdown
spectroscopy in LMD. Ya et al"® studied the spectral signal of
the onset and extent of metallic bonding in LMD, and
suggested that the electron temperature shows a better
correlation with the dilution. Lough et al™ developed a set of
equipment for in-situ spectral detection during SLM and
found that the temperature of the vapor plume is correlated
with the melting pool size. Chen et al®*' established the
LMD spectral diagnosis system to investigate the relationship
between processing parameters and plasma radiation intensity
and the related influence on forming quality. In brief, the
spectral detection is mainly used for determination of element
composition and surface quality analysis in AM. However, it
is more important to establish a relationship among
processing, structure, and mechanical properties.

In this research, an in-situ spectral monitoring system was
established for manufacturing CoCrMoW alloy using LMD.
The spectra of the melting pool at different laser powers were
analyzed. The relationship among the spectral signal of the
melting pool, primary dendrite spacing, and microhardness at
different processing parameters using the integral area of
spectral curve and electron temperature was established.

1 Experiment

In this study, CoCrMoW powders with size ranging from 45
pm to 106 um were used. Fig. 1 shows the morphology of
CoCrMoW alloy powers observed by scanning electron
microscope (SEM). The elements of CoCrMoW alloy
included Co, Cr, Mo, W, and Si, as shown in Table 1.
CoCrMoW alloy powders were deposited on the Q235 steel
substrate with a dimension of 210 mmx>60 mmx10 mm.

In this study, a beam of continuous wave (CW) fiber laser

Fig.1 SEM morphology of CoCrMoW alloy powder

Table 1 Chemical composition of CoCrMoW alloy power (wt%)

Cr Mo Si w Co
24.52 4.82 0.61 5.12 Bal.

(wavelength of 1064 nm) was used for LMD. The powder was
fed into the melting pool through a coaxial nozzle using a RC-
PGF-D powder feeder (Raycham, China). In the multi-track
cladding experiment, the laser power was increased from 400
W to 1000 W with a step size of 200 W at a scanning speed of
8 mm/s, and the spot diameter was 2 mm. An overlap ratio of
50% and a powder feeding rate of 25 g/min were selected.

The spectra produced during laser cladding were collected
by a flame miniature spectrometer (Ocean Optics, Flame-S)
with an entrance slit of 25 um. The spectrometer used a linear
silicon charge transfer device array (Sony ILX 511) with 2048
pixels and an integration time of 10 ms. The detector was
fixed on the laser head with an angle of about 80°, i.e., about
10° from the substrate, as indicated in Fig.2. The detector was
focused on the melting pool. The spectrum was converged by
the focusing lens onto the optical fiber with a diameter of 600
um, then guided into the spectrometer, and finally converted
into the required digital signal. OceanView software was used
to control the parameters of spectrum acquisition and
subsequent data processing.

Metallographic specimens were prepared to study the
relationship between the spectral signal and the microstructure
of the coating. SEM (ZEISS Sigma 300) and X-ray diffraction
(XRD, D/MAX-2500, Cu target, 40 kV, 140 mA) were used to
analyze the microstructure and phases of the coating.
Microhardness of the coating was measured by HV-1000
Vickers hardness tester at load of 0.2 kg for loading time of 10
s. The collected spectra were analyzed offline to identify the
discrete spectra, and then the integral area and electron
temperature signals were used for further study.

2 Results and Discussion

2.1 Microstructure of multi-track coating
Fig.3 shows SEM images of CoCrMoW coatings prepared
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Fig.2 Schematic diagram of experiment device
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Fig.3 SEM images of appearances (a,~a,), bottom (b~b,), middle (c,~c,), and top (d,~d,) parts of CoCrMoW coatings at different laser powers:
(a, b, ¢, d)400 W, (a,, b,, c,, d,) 600 W, (a,, b,, c,, d,) 800 W, and (a,, b,, c,, d,) 1000 W

at different laser powers with a constant scanning speed of 8
mm/s. It is obvious that the average coating thickness is
increased from 0.37 mm to 1.23 mm with increasing the laser
power from 400 W to 1000 W, as indicated in Fig.3a,~3a,.
Due to the rapid melting and solidification of powders in
LMD, the microstructure can be determined by constitutional
supercooling theory™, indicating that the liquid temperature
is lower than the liquidus temperature, which is related to
temperature gradient G and solidification rate R. It can be

expressed by Eq.(1) and Eq.(2), as follows®;
2Kk(1-1,)

C=—p )

R= VSCOSQ (2)

where K is the thermal conductivity of alloy, 7T is liquid
temperature of alloy, 7, is initial temperature of substrate, ¢ is
absorption efficiency of laser, P is laser power, V, is laser

s

scanning speed, 0 is the included angle between V, and R.
During LMD, the cooling rate GR determines the grain size of
solidified structure with an inversely proportional relationship.
It is also known that the morphology of the solidified structure

is affected by G/R. With the decrease of G/R, the degree of

constitutional supercooling is increased, and the solidification
mode changes from planar to cellular and columnar crystal,
and finally to equiaxed crystal®”. The primary dendrite
spacing o reflects the extent of refinement of the
microstructure, which is related to G and R. It can be
expressed by Eq.(3), as follows™:

s
vV GR

where a is a coefficient.

€)

It can also be seen from Fig.3a ~3a, that the cracks appear
at 400 and 600 W, but disappear at 800 and 1000 W. This may
be due to the high-temperature gradient G; when the laser
power is low, it results in the high residual stress of the
coating and then the crack™,

At the bottom part of coating, as shown in Fig.3b~3b,, the
heat is mainly dissipated through the substrate. Columnar
dendrite crystals grow from the bottom of the melting pool
because of the large temperature gradient G and a small extent
of constitutional supercooling in this area. The growth
direction of columnar dendrite crystals is mostly along the
temperature gradient direction which is perpendicular to the
boundary of the melting pool™.
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The average primary dendrite spacing is determined by the
number of grains passing through a straight line of a certain
length, as shown in Fig.4. When the laser power is 400 W, the
average primary dendrite spacing of columnar dendrite
crystals in bottom part of coating is 4.538 um, as listed in
Table 2. With increasing the laser power to 600, 800, and 1000
W, the average primary dendrite spacing in bottom part of
coating is 4.969, 5.856, and 7.020 um, respectively. This
change can be explained by the fact that the cooling rate GR is
decreased with increasing the laser power, leading to a coarser
microstructure. Meanwhile, the primary dendrite spacing is
increased with decreasing the GR, according to Eq.(3).

Fig. 3¢,~3c, show the microstructure of middle part of
coatings. When the laser power is 400 and 600 W, the
microstructures are mainly equiaxed crystals with a small
number of columnar dendrite crystals. This is because the G/R
value decreases rapidly from the bottom part to the middle
part of the melting pool. Correspondingly, the columnar
dendrite crystals are transformed into equiaxed crystals®®.
When the power is 800 and 1000 W, uniform equiaxed
crystals are formed in the middle of the coating, and the grain
size of equiaxed crystal continues to grow. For equiaxed
crystals, the primary dendrite spacing can be regarded as their
grain size, so it is observed that the average primary dendrite
spacing is increased from 2.939 pum to 7.014 pm with
increasing the laser power from 400 W to 1000 W, as shown
in Table 2.

Fig. 3d,~3d, show the microstructures of the top part of
coatings. It can be seen that almost all the microstructures in
this region are equiaxed crystals at different laser powers. At

the top part of coatings, the main heat dissipation mode is heat
transfer inside the coating and heat convection on the surface.
Therefore, the cooling rate and solidification rate in this
region is fast and fine equiaxed grains are obtained. The
average primary dendrite spacing of equiaxed crystals is
increased significantly from 2.801 pm to 8.225 um with
increasing the laser power from 400 W to 1000 W, as shown
in Table 2. In general, the average primary dendrite spacing is
increased from 3.426 pum to 7.420 um with increasing the
laser power from 400 W to 1000 W.
2.2 Phase analysis

The phase component of CoCrMoW coatings at different
powers is analyzed by XRD. The influence of laser power on
phase component is presented in Fig.5a. The XRD patterns
show the presence of y and & phases with different grain
orientations”", and the change of laser power has little effect
on the types of the main phases. Fig.5b shows that the peak
position of the phase shifts with the increase of laser power.
When the power is 400, 600, 800, and 1000 W, the peak
position is 43.62°, 43.84°, 43.56°, and 43.78°, respectively.

Table 2 Primary dendrite spacing of CoCrMoW coatings at

different laser powers (um)

Laser power/W

Region
400 600 800 1000
Bottom 4.538 4.969 5.856 7.020
Middle 2.939 5.176 5.355 7.014
Top 2.801 4.544 5.176 8.225
Average value 3.426 4.896 5.462 7.420

Fig.4 Primary dendrite spacing of CoCrMoW of coatings at different laser powers: (a) 400 W, (b) 600 W, (c) 800 W, and (d) 1000 W
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Fig.5 XRD patterns of different CoCrMoW coatings at 26 =20° ~
100° (a) and 260=42°~44.5° (b)

This may be due to the shrinkage of lattice anisotropy and
lattice distortion caused by residual stress, which makes the
diffraction peak shift to a small angle”'. However, when the
residual stress is released, the diffraction peak shifts to a large
angle at laser power of 400 and 600 W. The diffraction angle
is related to the inter-plane distance, according to Bragg’s
Law™, as expressed by Eq.(4):

2dsinf=nl (n=1,2,3--+) 4)
where d is the inter-plane distance, @ is half scattering angle,
and / is the X-ray wavelength. The inter-plane distance shows
negative correlation with the diffraction angle. Consequently,
the inter-plane distance of CoCrMoW coatings decreases at
first, then increases, and decreases finally.

Meanwhile, the full-width half-maximum (FWHM) of the
diffraction peaks is decreased with increasing the laser power
from 400 W to 1000W, as shown in Fig.5b. According to the

Scherrer formula™, as expressed by Eq.(5):
K2

L= L cos
where L is the average grain size, K is a constant related to
grain shape, and f is FWHM. Therefore, FWHM is inversely
proportional to the average grain size, and the average grain
size is decreased with increasing the laser power.

2.3 Microhardness
Fig.6a shows the microhardness of the coating at different

®)

positions, and a clearly increasing microhardness can be
observed in the coating. The average microhardness HV, is
reduced from 3461 MPa to 3095 MPa with increasing the
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Fig.6. Microhardness HV , of different CoCrMoW coatings (a);
relationship between average microhardness and laser

power (b)

laser power from 400 W to 1000 W. When the laser power
increases from 400 W to 1000 W, the grain size increases as
the solidification rate decreases, as shown in Fig.3. According
to the Hall-Petch relationship®™, it is expected that the
microhardness gradually decreases, as shown in Fig. 6b.
Interestingly, the microhardness decreases almost linearly
with a constant decrement of about 4% after increasing the
laser power by 200 W each time. The result of a linear
relationship can be a good sign for accurate prediction.

2.4 Spectra of melting pool

2.4.1 Integral area of spectral curve

The original spectra of CoCrMoW alloys obtained during
LMD at different laser powers are shown in Fig.7a. Under the
laser cladding condition, the major component of the optical
emission is Planck’s radiation of the melt pool surface, and
thus a possible reason for the continuous background is the
thermal radiation from the surface. The spectral lines are
produced by the transition of electrons from high energy level

m to low energy level n®". The spectral intensity / can be

described as follows"*:

1, =N,A,,hv,, (6)
where N, is the population of the upper state m (cm™), 4,
is the transition probability, 4 is Planck’s constant, and v,,, is
the frequency of a photon. Assuming that the plasma is at
local thermal equilibrium, then the population of the upper
state can be expressed by Boltzmann law'", as expressed by

Eq.(7):
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Fig.7 Original spectra (a) and integral area IA of spectra (b) at
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N, g,

N z(r)
where N is the population of ground state particles (cm™), 7, is

the electron temperature of the plasma (K), Z(7) is the
partition function at 7, g is the degeneracy of upper state m,

E

m

AT,

exp @)

E, is the energy of upper state m (cm™), and k is the
Boltzmann constant.

It is known that in thermal radiation field, Planck’s formula
describes the relationship between the emissivity and
frequency of electromagnetic radiation emitted from a
blackbody. Stefan Boltzmann’s law states the total energy
radiated by a blackbody surface per unit area across all
wavelengths per unit time, which can be obtained by
integrating Planck’s formula over the entire spectrum™.

The spectral intensity [, in the whole monitored
integrated  without
subtraction, while the continuous background radiation is
treated as noise which needs to be deducted in normal spectral
analysis. The total integral area IA of the spectra can be

obtained, as shown in Fig.7b, which is regarded as the total

wavelength range s background

radiation intensity in this range. With increasing the laser
power from 400 W to 1000 W, IA is increased almost linearly
from 8.392x10° to 14.879x10°. It can be seen that the spectral
continuum is the main factor for the increase of the integral
area, which is closely related to the temperature of plasma.
2.4.2 Electron temperature

Electron temperature is an important parameter to
characterize plasma produced by the interaction between laser
and metal powder, which reflects the thermal input of laser.

Electron temperature can be calculated by the relative
intensities of discrete spectral lines by the Boltzmann plot
method"". In the calculation, the continuous spectrum should
be eliminated to reduce the error. Thus, the iterative stripping
method”” was used for background treatment.

By comparing the intensity /, of a wavelength i and the
average value of two adjacent sampling points in the
spectrum, the rapid changing information in the spectrum can
be stripped””. The flow chart of the background subtraction
algorithm using iterative stripping is shown in Fig.8. Then, by
substituting Eq. (7) into Eq. (6), after some mathematical
treatments, Eq.(6) can be expressed as follows:

- Nhe 1
ln(gmAm) o< In Z(T) - kaeEm

e

®)

where 4, is the wavelength of the spectral line (nm), ¢ is the
light speed (m/s). Eq.(8) shows a linear relationship between
In(Z,A,./2,4,,) and E , where In(Nhc/Z(T))) is a constant.

Thus, the electron temperature 7, can be estimated from the
inverse of the slope —1/(kT)) fitted from the calculated data of
multiple spectral lines, as shown in Fig. 9a. The parameters
used for calculation in Eq. (8) can be found in National
Institute of Standards and Technology (NIST) database. To
ensure the calculation accuracy, the energy level difference
between the two spectral lines used for calculation should be

Input spectral intensity /, and wavelength Z,

L]

pAU)"

/

Y

q=(pi1tpi1)/2

=i+l

Compare the result with that
of the previous iteration

Is {Apl} .
less than precision?

Square p, to get the estimated
background value 7,

!

Subtract 7, from 7,

Fig.8 Algorithm flow chart of iterative stripping
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as large as possible. Table 3 shows the spectral data of four
selected Cr I lines at 400 W because some parameters of other
lines required in Eq.(8) are not specified in NIST database.
The calculated electron temperatures in Fig.9b are increased
almost linearly from 2286.206 K to 2463.742 K with
increasing the laser power from 400 W to 1000 W.
2.4.3 Spectral intensity

Fig.10 shows the intensity of spectral lines at different laser
powers. Three spectral lines with the wavelength of 520.017,
580.022, and 605.513 nm were selected because of their
appropriate intensities, FWHM, as well as less interference. It
can be clearly seen that the intensities of three chosen spectral
lines are increased with increasing the laser power. The reason
for this phenomenon can be explained by Eq.(6) and Eq.(7).
Once the spectral line is determined, its intensity is mainly
related to the population of ground state particles N and the
electron temperature 7. When the laser power increases and
other processing parameters remain unchanged, there is no
clear change of the population of ground state particles N.
Thus, the increasing electron temperature, as shown in Fig.9b,
is the main factor in increasing the spectral line intensity™”.
2.5 Relationship between spectrum signal and microstruc-

ture

The relationship between the spectral related information
(integral area IA and average electron temperature 7)) and
microstructures (average primary dendrite spacing J and
average microhardness) of the CoCrMoW coatings are shown
in Fig.11. It can be clearly seen that all the four fitting curves
have linear relationships. Moreover, the integral area and
electron temperature are positively correlated with the primary
dendrite spacing 0 of CoCrMoW coatings, as shown in
Fig.11a and 1lc; while they are negatively correlated with the
microhardness of CoCrMoW coatings, as shown in Fig. 11b

Table 3 NIST data of four selected Cr I lines at 400 W

2,,/nm A,/s" g, E Jom'
534.044 69 1.45x10 3 46 448.629
544.240 69 3.90x10° 5 45 966.360
569.474 04 1.40x10’ 7 48 661.508
571.981 57 4.96x10° 9 41 782.131

3000

—o— 2=520.017 nm
2500 F—=— 4=580.022 nm
—v— 2=605.513 nm

Intensity/cps
I
S

600 800 1000

Laser Power/W

Fig.10 Spectral intensity of different wavelength at different powers

and 11d. This is because the microstructure and integral area
are closely related to the melting pool. The microstructure is
formed after the melting pool solidifies, and the spectral
signal radiated from the melting pool is determined by the
state of the melting pool which is related to the heat input of
laser. The increase of heat input leads to the increase of
the
excitation of particles, increases the number of excited state
particles, more photons through energy level
transition, and finally leads to the increase of the spectral
intensity radiated from the melting pool. Thus, the larger
integral area IA and higher electron temperature 7, can directly
reflect the increasing heat input, which leads to the grain
coarsening and reduces the microhardness of the coatings. The
results show that the linearity of relationship corresponding to
the integral area is more obvious than that corresponding to
electronic temperature due to the larger R-Square, namely
higher accuracy.

Therefore, the spectral signals can be used to predict the
average primary dendrite spacing J and average micro-
hardness of CoCrMoW coatings processed by LMD. In
addition, the integral area can directly reflect the heat input
determined by the laser power without complex calculations.
Thus, it can also be used to monitor LMD after calibration,
and to avoid the inaccurate output power caused by the
damage of optical lens or laser attenuation.

electron temperature, which promotes collisional

radiates
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3 Conclusions

1) The integral area of spectral curve proposed in this study
and the electron temperature are increased almost linearly
with increasing the laser power. However, the microhardness
of CoCrMoW coating is decreased with increasing the laser
power due to the coarsening of microstructure.

2) The spectral analyses indicate that the integral area show
good capability for predicting the average primary dendrite
spacing and the average microhardness of CoCrMoW coating.
The results suggest that the spectral signal can be used to
predict the microstructure (primary dendrite spacing and
microhardness) of the coating.
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(1. REETRSE P CAE2EBE, K 300387)
(2. REETMRE: HEPREE: S HEARSBE, KEE 300387)
(3. RARWIE S EL LR MBI AT, HEE RREE)E 12, 76131)

M OE: TR T RO LT CoCrMoW IR E IO ALV R AT IR &R, A REOLTIZE IS 55 CoCrMoW IR Z — AL H]
B RABEREMOC R PR T RO B SRR R TR, 4 SR B Cr TR ZR TS IR . S5 LRI, MOk T 400 W
HEINE] 1000 W, P2 — Yk 180 PR H 3.426 pm 3§01 7.420 pm, L GHAEE HV, , F1 3461 MPa £ 5 3095 MPa. i i AR 4y T AR AN 7
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