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Abstract: A 3D finite element (FE) model is built to numerically analyze heating parameters on
temperature during brazing diamond grains by the pulsed laser spot heating. A pulsed Nd:YAG laser
is used for experimental validation. The results show that during laser heating, the temperature varies
periodically because of the pulsed heat flux. Four key thermal indices, the maximum temperature
Tmax, the minimum temperature Tmin, the average temperature Tav and the temperature fluctuation
amplitude ∆T are addressed. The primary factor affecting Tmax, ∆T and Tav is the pulse power and
on Tmin is the pulse frequency. The secondary effect factor on Tmax, Tav and ∆T is the pulse width
and on Tmin is the pulse power. For engineering practice, the order of designing heating parameters
is recommended as: pulse power, second frequency and last width.

Keywords: pulsed laser heating; diamond; brazing; Finite element (FE) simulation; temperature

1. Introduction

Recently, the brazing diamond technique has been considered to be a promising method of
manufacturing diamond tools [1,2]. Owing to the strong chemical and metallurgical bonding within the
diamond/filler alloy interface, brazed diamond tools have high bonding strength, grain protrusion and
chip storage space [3]; this makes them ideal for the efficient and low-force grinding of difficult-to-cut
materials, such as carbides [4], optical glass [5], ceramics [6], aluminium alloy [7], stone [8], and others.

Furnace and induction heating are common methods for brazing diamond; however, laser heating
has attracted attention because it is a promising way for brazing diamond tools with grains in flexible
distributed patterns. It has been proved that diamonds can be brazed onto a steel substrate via laser
heating [9]. Wear performance assessments also confirmed that diamond grains brazed by laser
heating are qualified for grinding [10,11]. However, literatures [12,13] show that the graphitization
and cracking on the surface of the brazed diamond grains by laser heating can result in poor wear
resistance and even fracture failure of brazed diamond tools, and were associated with the high brazing
temperatures induced by laser heating [14,15]. Only a few investigations have been devoted to the
relation between laser heating parameters and brazing quality because the temperature induced by
laser pulse heating is not easily measured [16,17].

Numerical simulations provide another way to understand the brazing process. A finite element
model of brazing diamonds by continuous laser scanning was built and the effects of the heating
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parameters on the temperature of the brazing zone were simulated [18]. However, pulsed laser heating
is also commonly used in brazing. In contrast to continuous laser heating, pulsed laser heating is
more complex and difficult to control because the heating zone is created by a serial heat pulses.
Unfortunately, no simulation of the temperature field during diamond brazing by pulsed laser heating
is presently available.

In this work, the laser heating parameters and their effect on temperature during diamond brazing
by a pulsed Nd:YAG laser were investigated. A 3D transient temperature finite element (FE) model
was built and the heat source was treated as pulsed heating flux. Experiments were carried out for
verification of the proposed simulation model. The brazing temperatures were simulated by serial
combinations of laser heating parameters. Four key thermal indices for diamond brazing were evaluated
including the maximum temperature, the minimum temperature, the average temperature, and the
temperature fluctuation amplitude. The designing sequence of heating parameters to engineering
applications was recommended.

2. Experimental Setup

The laser heating device was a pulsed Nd: YAG laser (AXL-600 W, Dongguan Aoxin Laser Co.,
Ltd., Dongguan, China), shown in Figure 1, with wavelength of 1064 nm, average output laser power
of 600 W, maximum pulse heat energy of 130 J, irradiation spot diameter of 0.2–2 mm, pulse width of
0.3–20 ms and pulse frequency of 1–100 Hz.
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Figure 1. Experimental setup: (a) laser heating device, (b) temperature monitor, and (c) laser heating
zone in the chamber.

Diamond grains (HuangHe Diamond Limited Company, Henan, China) in 30/35 mesh were used.
A commercial Ni–Cr powder (Ni 81–Cr 7–Si 5–B 3–Fe 4 by wt %) in 100/150 mesh was used as the
filler alloy, with melting temperature of 1000–1030 ◦C. The substrates were cylindrical with diameter of
20 mm and height of 8 mm. The filler alloy was evenly coated on the top surface of the substrate with
a layer thickness of 200 µm, as shown in Figure 1c. Then, diamond grain was orderly placed on the top
of the coat. Subsequently, the specimen was placed in a chamber with the protection of nitrogen gas
atmosphere. Finally, laser spot heating was carried out to braze the diamond grain. The diameter of
the laser beam irradiated on the specimen was set as 1.5 mm.

A high-speed infrared thermal imager (ImageIR® 5325, InfraTec infrared LLC, Los Angeles, CA,
USA), whose temperature measuring range is −40–1200 ◦C and sensitivity is 0.025 K at 30 ◦C, was used
to monitor the temperature in the irradiated spot on the specimen, as shown in Figure 1c. The framerate
is 480 Hz.
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A digital optical microscope (VHX-1000, Keyence Corporation, Osaka, Japan) was used to observe
the bonding condition of brazed diamonds.

3. Simulation Model

3.1. Diamond Brazing by Pulsed Laser Spot Heating

The schematic of diamond brazing onto 1045 steel substrate by pulsed laser spot heating is
illustrated in Figure 2, in which Circle A denotes the laser heating and Circle B the cooling stage.
Owing to the high light transparency of diamond, the laser beam can be considered to directly irradiate
the filler alloy layer [18]. Thus, the laser energy is absorbed and transformed into heat, fast increasing
the filler alloy temperature, which is commonly called the brazing temperature. Because of the high
temperature, the filler alloy melts and forms a molten pool, in which an active carbide interface forms
at the diamond/filler alloy interface, bonding the diamond onto the substrate. Once the laser heating
stops or moves away, the brazing zone cools and the diamonds are firmly bonded on the substrate
(Circle B).
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Figure 2. Diamond brazing by spot heating with pulsed laser.

Compared with continuous laser heating, pulsed laser heating is more complex. Figure 3 shows
the output power waveform of the laser beam during pulsed laser heating. Obviously, the laser output
waveform has frequency f and the pulse duration Cp = 1/f. The key parameters of a pulse heat are the
pulse power P0 and the pulse width τ, and both control the energy of the pulse heat Ep by Ep = τP0.
The active heating time ratio eh is the ratio of heating time to the pulse duration, which is eh = τ/Cp or
eh = τf. As seen from the above complexity of pulsed laser heating, the laser generator input power Pin

is commonly used to represent the average power P by Pin = P = P0
τ

Cp
= P0τ f .
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3.2. Finite Element (FE) Model

The brazing zone basically consists of diamond grain, filler alloy and steel substrate. Owing to
the excellent light transparency and heat conductivity of diamond, the effect of diamond grain on
the brazing zone can be neglected [18]. Hence, the laser brazing diamond model is simplified to a
filler alloy layer and a substrate, as shown in Figure 4a. To simplify the computations, one-fourth of
the 3D finite-element model is built by the ANSYS software and is shown in Figure 4b. In the model,
the substrate is a 1045 steel cylinder with diameter of 20 mm and thickness of 8 mm. The filler alloy is
Ni–Cr alloy with thickness of 0.2 mm. The SOLID 70 element was used in the meshing. The mesh size
of the filler layer was set at 0.1 µm; however, for the substrate, graded meshing was used to improve
the computation speed.
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As shown in Figure 4, a cylindrical coordinates system was used. The z-axis is the symmetry axis
and its positive direction is from the filler alloy to the substrate. The zero point is set at the top surface
of the filler alloy. The central point of the irradiation spot is O. The radius of laser beam irradiation
spot is R. In this work, R is set to 0.75 mm. The radius r is the distance to the O. The materials used are
considered homogeneous and isotropic. The size of the diamond grains is much smaller than that of
the filler layer; thus, the effect of diamond grains on the temperature field is neglected.

The thermal interaction during laser brazing can be simulated based on heat conduction theory
and is described by the three-dimensional heat transfer equation [19–21]:

ρ(T)C(T)
∂T
∂t
−∇(k(T)∇T) = S, (1)

where T, t, ρ, C and k denote the temperature, heating time, mass density, specific heat and thermal
conductivity respectively. S is the heat generation rate.

The initial time is set at zero and the initial condition is:

T
∣∣∣t=0 = T(r, z, t) = T0. (2)

The boundary conditions are given below. During brazing, the workpiece exchanges heat with
the medium around it via convection and radiation owing to the large difference in the temperature
between the boundaries and the surrounding air. Owing to the different calculation methods for
thermal radiation and thermal convection, the radiant heat exchange and convection from the contact
between the object and the air having different temperatures are both considered using the total heat
transfer coefficient η. Thus, the total loss of heat transfer on the surface qs is [19]:

qs = η(T − Ts)
∣∣∣z=0, (3)



Metals 2019, 9, 612 5 of 11

where Ts is the ambient temperature.
In the calculations, the convective heat transfers and heat radiation at the surface of the brazed

filler metal are expressed via η, the nitrogen gas is continuously fed and Ts is set equal to T0.
Pulse laser heating was simplified as series based on the heat squared. However, owing to the

optics focusing system, the laser energy on the heated spot is not uniformly distributed and could be
oblong, circular, elliptical, or more often, Gaussian [22]. Based on the characteristics of the equipment
used in this study, the laser energy distribution is described by Gaussian. Thus, the absorbed heat flux
distribution on the laser irradiation spot (ql) at the top surface of filler alloy (z = 0) is [23]:

ql(r) =
3
πR2αP0· exp

(
−

3r2

R2

)
(4)

where r is the radial distance from the heating spot center point O, R is the laser heating spot radius
and α is the absorption coefficient of the laser energy, which is obtained by calibration in this study.

During pulsed laser heating, the top surface of the filler alloy is periodically heated. Therefore,
the laser heat source resembles series of heat pulses. In other words, pulsed laser heating can be
modelled by the cyclic loading of a single heat pulse. Therefore, a Do loop for the pulsed laser heating
was programmed by using the ANSYS parametric design language (APDL) language and integrated
with the FE model.

3.3. Calibration and Validation

For calibrating the absorption coefficient α shown in Equation (4), the laser heating parameter
combination of P0 = 570 W, f = 30 Hz and τ = 3 ms was used. Thermal conductivity and specific heat
of AISI 1045 steel and filler alloy are set according to the data in [18,22].

First, the laser brazing experiment was conducted and its brazing temperature was measured.
Then, the simulation was carried out with α initially set as 0.5. Finally, by adjusting α to make the
simulation match with the experimental result, the absorptivity was calibrated as 0.30, which is within
the range shown in [24]. The three temperature curves are compared in Figure 5a.
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(b) validation.

Further, the laser heating parameter combination of P0 = 380 W, f = 20 Hz and τ = 3 ms was
conducted for validation, whose results are also compared in Figure 5b. The rise and fall of the
measured temperature and simulated temperature are in close agreement. Although there are some
variations between the simulation and the measured temperatures, which are likely because of the
boundary conditions in the simulation and the limitations of the infrared thermal imaging temperature
measurement, the compared results in Figure 5 can support that the established FE simulation model
can be used to characterize the temperature changes during brazing.
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4. Results and Discussion

4.1. The Characteristics of Brazing Temperature Heated by the Pulsed Laser

Figure 6 is the temperature results simulated under the heating parameter combination of
P0 = 1710 W (Pin = 153 W), f = 30 Hz, τ = 3 ms and t = 3 s. Figure 6a shows the temperature of the laser
heating central point on the surface of the filler alloy. When heat flux is periodically applied to the
filler alloy, the temperature rapidly increases following the periodic fluctuation mode that coincides
with the rhythm of the pulsed heat source, which is similar to the simulated temperature curve shown
in [25,26]. Figure 6b–d show three temperature distribution simulations on the top surface of the filler
alloy. The maxima temperature at t = 0.966667 s is 402.85 ◦C and t = 0.969667 s is 3207.69 ◦C, revealing
the brazing temperature greatly fluctuating even in the stable stage. When the laser heating stops,
the temperature rapidly decrease. At t = 3 s, the maxima temperature on the filler alloy is 25.22 ◦C,
which is close to the initial temperature.
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4.2. Influence of Laser Heating Parameters on Temperature

Figure 7a shows the details of a temperature curve segment taken from the stable heating state
in Figure 6. Figure 7b shows the temperature versus the duration of the heat pulse. From 0 to
τ, the temperature rapidly reaches maximum (Tmax) and, when the heat decreases from τ to Cp,
the temperature quickly decreases to the minimum (Tmin) owing to heat conduction and thermal
convection. Based on the temperature curve segment from the stable heating state, the magnitude of

the temperature fluctuation is ∆T = Tmax − Tmin and the average temperature Tav is Tav =
∫ 0

Cp
T·dT/Cp.

In engineering applications, Tmax, Tmin, ∆T and Tav are used to control the quality of brazing. High Tmax

can lead to graphitization and cracking of diamonds during laser heating, high ∆T is responsible
for high residual stresses in the brazed joints and thus cracking in the diamond and filler alloy
layer, low Tmin will not melt the filler alloy and Tav should be within the active brazing temperature
zone because it generally reflects the fusion degree of filler alloy and the bonding reactions at the
interface [27–29].
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evolution within a heat pulse duration.

To assess the effect of laser heating parameters on the above four key indices, ten combinations
of heating parameters were simulated and summarized in Table 1. In addition, all the simulated
temperature results induced by a pulse duration are plotted and compared in Figure 8. The real
micrographs of diamonds brazed by the Case D, G and E heating parameter combinations are shown
in Figure 9. Because the Tav is higher than 1030 ◦C, the filler alloy fully melted, and the diamonds were
bonded during brazing. However, the diamond brazed in the D case cracked owing to the too high
Tmax. In the G case, the diamonds were not well bonded owing to the inadequate melting of the filler
alloy because of the too low Tmin. In the E case, the diamonds are well surrounded and bonded by the
filler alloy forming a hill-like shape, similar to the results in [10].

Table 1. Laser heating parameters and simulation results.

Simulation Case
Laser Parameters Temperature (◦C)

P0 (W) Pin (W) f (Hz) τ (ms) Tmax Tmin ∆T Tav

A 1710 153 30 3 3200 390 2810 1472

B 1710 230 45 3 3377 706 2671 1784

C 1710 230 30 4.5 3832 595 3237 1881

D 2565 230 30 3 4674 597 4077 2128

E 1140 153.9 45 3 2340 480 1860 1251

F 2565 153.9 20 3 4515 320 4195 1806

G 1140 153.9 30 4.5 2635 396 2239 1304

H 2565 153.9 30 2 3853 395 3458 1659

I 1710 153.9 20 4.5 3678 312 3366 1570

J 1710 153.9 45 2 2779 475 2304 1385
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Figure 9. Diamond grains brazed by: (a) Case D, (b) Case G, and (c) Case E.

Based on the data listed in Table 1, the effect of the laser heating parameters on the four indices are
quantified by exponential empirical formula and the results are obtained as the following equations,
in which R2 is the coefficient of determination:

Tmax = 1.3615P0
0.9270 f 0.1077τ0.4528,

(
R2 = 0.9988

)
(5)

Tmin = 0.00044P0
1.0111 f 1.4859τ1.0099,

(
R2 = 0.9997

)
(6)

∆T = 2.5598P0
0.9234 f−0.0878τ0.3804,

(
R2 = 0.9996

)
(7)

Tav = 0.2136P0
0.8974 f 0.4431τ0.5972,

(
R2 = 0.9977

)
(8)

The simulated results listed in Table 1 and the calculated results by the Equations (5)–(8) are
compared in Figure 10.

As shown in Figure 2, the pulse heat energy (Ep) is a function of the pulse power and the pulse
width, i.e., Ep = P0·τ. Thus, the increase in pulse power and pulse width will directly increase
the absorbed energy during pulse heating, directly resulting in increasing Tmin, Tmax, Tav and ∆T.
This is also supported by the positive exponential coefficients of the two factors in Equations (5)–(8).
From Figure 2, it is also clear that the active heating time ratio eh increases when the pulse frequency
increases. Therefore, with increasing pulse frequency, Tmin, Tmax and Tav increase, whereas ∆T
decreases owing to the shortening of the cooling stage in the pulse duration. Based on Equations
(5)–(8), it can be concluded that the dominant factor for Tmax, Tav and ∆T is the pulse power, but for
Tmin is the pulse frequency. Meanwhile, the secondary effect factor for Tmax, Tav and ∆T is the pulse
width and for Tmin is the pulse power. Therefore, in laser brazing, to reduce graphitization and
cracking caused by high temperatures, the pulse power and pulse width should be reduced, whereas
the pulse frequency should be increased. To reduce cracking of the brazing layer caused by rapid
heating and cooling, low temperature fluctuations are suggested and this can be achieved by increasing
the frequency. During brazing, the pulse temperature should be maintained within a certain range
and the temperature fluctuation should be kept at minimum. In practice, the recommended order of
designing and adjusting the heating parameters is pulse power, frequency and then width, and the
aim is to control the brazing temperature to meet the requirement of the active brazing temperature
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zone presented in [29]. In addition, the pulse heat power can be converted to the laser generator’s
input power Pin by the relation shown in Figure 3.
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Figure 10. Comparisons between the simulated and the calculated results: (a) Tmax, (b) Tmin, (c) ∆T
and (d) Tav.

5. Conclusions

The simulations of pulsed laser brazing of diamond grains onto a 1045 steel substrate with
Ni-Cr filler alloy are achieved by finite element (FE) modelling. The simulated results are verified by
experiments. During pulsed laser heating, the temperature varies periodically because of the heat
pulses. The primary factor affecting Tmax, ∆T and Tav is the pulse power and for Tmin is the pulse
frequency. The secondary effect factor for Tmax, Tav and ∆T is the pulse width and for Tmin is the pulse
power. In practice, the recommended order for designing and adjusting the heating parameters is
pulse power, pulse frequency and then pulse width.
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